- ;] ke3evs\ " ~$6ZTHML9 Sept ember 2002 1 | MPROVEMENTS TO DI POLE DETECTI ON AND
LOCALI ZATI ON PROCESSI NG BACKGROUND  The present invention rel ates

- generally to dipole detection and | ocation processing, and nore
particularly, to processing and processing apparatus that provides for

hi gher spatial resolution, that provides for the use of re t @

Ander son functions in the Anderson function expansions, 8’@8 er&r? use of
nmul ti pl e processing of data and subtrdctions to achieve multi pl e target
resol ution. The subject of dipole nonent detection has been a

vari ous patents and publications. Mre s ecificall United St m’mmmumm’m
No. 5,239,474 (U.S. SEMIPROYXEMENTS 1) DI PL%QW&I»&& 24, E at on,
Jr., et al discusses dip al i zat i on Unl
States Patent No. 5, 264, %@@J@@fmmg ?BS to Lo,

di scusses split array di pol e nmoment detection and | ocal i zat| on. ”"Im"uumummlm

patent application No. 0503384Al1 (application no. 92103332.0) by i U&’o@d& ors
Lo, et al, discusses three-axis H&éﬁgg sensor fiel d al i gnnment and

regi stratl on. A solution is presented to the problem of magnetostatic
| ocation and dbe epresanh mfvemmmaeltateseg¢@nﬁlmbpedtmlmfdembpmr@nd/ loeation in a

techni cal _pa itled ".L ti f and ent,i as roy j ects”
by N FecPieEoaHE S14 ForEprtirna s, S BrSsiph e puiarin 2BRAhe B BRGS0 25
(1990) MegrChighd¥ospaial PeBIuNEH ktth))rov:Pdds hotghe b€ ofilinvte thed eliree catlieksdachi ngs
represent a contrl bution to the technol ogical field, they do not enploy the

processi fyctensinithe daderson frcher sEnansions dad ifmthanse Al P’#B}Pé‘?/ér%%ﬁsln&&f
aspects g, bLhe fiuRel &E%ta@xﬁ&-{ré)nﬂ}lﬁl?ﬁe tlcu%%?}e'sglﬁﬁbr?n systems known in the art.

Therefore, it I's an objective o esent I nvention to provide for

that provi do. 705 ootiar SRR aRRy ReLaN phl ER ARt LR BRI

Ander son ﬁumtmmsmie Qpéteficdlly, wr@t%d(matfsm)atm N, 530U @S .aBetial No.
Iocallzatlon of nmultiple dipoles, and processing techni ques that 19

Sept enbeP7/6960.259) isgued AmgBSIl?&el 9%k toHatong &t 1 Siscussrs diplamoment detecsion

mul tiple e ﬁﬁ}ﬁ% y. el

subt ract f“r(l)(i; (f% aﬁ?éugﬂlﬁgmﬁb{{@%é, %ﬂlﬁi&%ﬁl ?oldlcg%brogl\“/% t he

processi Bgal dRedssds dplieurmal difee inmoedrit idetection (ahd)ﬂﬁdthlzaitldnheEuropean patent
application No. 0503384A1 (application no. 92103332.0) by inventors Lo, et al,

discusses three-axis magnetometer sensor field alignment and registration. A solution is
presented to the problem of magnetostatic location and detection of compact ferrous
objects of arbitrary shape in a technical paper entitled “Locating and Identifying Compact
Ferrous Objects" by McFee et al (8110 IEEE Transactions on Geoscience and Remote
Sensing 28 (1990) March, No. 2, New York US). Although the above referenced
teachings represent a contribution to the technological field, they do not employ the
processing techniques of the present invention which improve various aspects of the

dipole detection and localization systems known in the art.

Therefore, it is an objective of the present invention to provide for dipole moment
detection and localization processing systems and methods that provide for higher
resolution of dipoles, the use of higher order Anderson functions in order to provide

for better detection and localization of multiple dipoles, and processing techniques that



- above-identified patent application, the present invention provides for an
i nproved di pol e detection and | ocalization system and processi ng net hod

- that enpl oys processing techniques that inprove various aspects of this

" detection and | ocalization system According to a first aspect of the
present invention, as described in claim21 hereinafter, t hod di pol e
nonment detection and | ocalization processing extends thg£§%§gpggﬁ%b%nction
expansi ons enpl oyed in the detection #nd | ocal i zati on systemto include
more than three Anderson functions. The use of nore than three Anderson
funct i onalsé provida fast the aietegtiom fand deeabizatidmel owitinle dargeindeiectwpewtiinctheof t he
preconpuﬁgg gggnfoni ﬁg@eLéégggngﬁzapd gs nore effective in noise and
clutter PE LSRRG ety gl B ?PP@BFarIy ef fective when the high
resol uti on process descri bed above is not used, and a relatively high
output resolution is present in the processed signals. In the present
invention, the field resukMOIIARPORTHININVENTION uSsing only three

Ander son functions is expanded to a hi gher nunber of functions (five, for
exampl €) wi t Nihrglp s He bédting RBaRicirahd AReRHANHisEldd Rle (i€l d
effects are nore accurately r presen%e . I Se sources and ot her phenonena
such as fboykddentified patehi applicatmndthe preskent invdntion paowddésrfopar impravetrdipelet i pl e
di pol es, ,cannot be conpl etely expanded in.terns, o nly three Anderson

f unct i ondetecfioa ﬁ‘?‘gé%‘ﬁ’thzi“m}’eﬁi/ﬁit@ﬂ mﬁg PEOFSENNG Heeth?f{rﬁﬁat BPISS SERSIPEnct i ons

used in Qkﬁﬁ&?e%itﬂzﬂ iﬁl?f(ﬂf%tvaﬁé‘lﬁsaas &tP5OUsdR AN BE ToehliAREE Sste and

| ocalization’in a nolse environhrent or in the case of closely spaced

di pol es. 19 r 2 C i . her & of t pk esent

i nvention, asAgggéﬁgggda?ﬁgc?§Fn1gpﬁerQ?ﬁ%?f@%%hgﬁng?ﬁggg%ﬁﬁé? esn#gr

mul ti pl ehgraimafienih higthosl dfaligdé npnene daedtipnaind dadatizaasproedsing ekteadstheay of
sensors gg ris%ﬁg.the ma netoneter(f[ra%. First, t&g I?cation of the
'argest APAURAN AR GPRIsacBPIored b g daipetian qad dosalizdion SYRFM 8 monent
and ori epfeflde WoR' thafl GhiRE ARREon ifctidis! ATHUGsE B GnHeRBLE thkee tAiRferdoRCat i ON
and orientation is then renoved fromthe neasurenents and the process is

r epeat edfunttiensfis eait ffeativawf adrrbalizenghoutabe range depenidencecafrthe phagbimpntetio each

of the sensors in the nagnet.oneter array, and th stimating. the..J.ocation
of the SBuEmaizeseelicRRY I HoR B B RS A DS S o] Thc S
provi desigthgiculirly dffectife WREPIERigHteEo1Mich prab&edescribbE abbvills hesakdtanan

processi ng techni'que has been shown by neans of sinulated data and field
data to preativly highe oulpsuresolitipedapresers inothe prefegeadesignals. hdn pheprosent or

absence of noise. e QVi the high reseol uti i t i que,
e pr os iR GHes Tre,Hoa Rl et nel ol R4 o9 RorBl ARAERHM AN
et hod weitpanbed ®bd Righer rwigtiee bf &ndtiony @iverfodeaiaple) vithanteanyredithed eabj,ect s.

The ability to achieve higher |ocation resolution also helps in )

di scri ni Pk YA agfaqtﬁ@ddmgb'élew fagld sftects) e meregrcsrately deprasentsd:  Noises known
t hat the esen ' e egLlig. f4,el | WcTell uires
the use S1ToR g Ak Tha ek O B Bl e

t hat t heparsieulaf nmitiplet dipoles,hcamovdecaupletehnexpanded iin tetmes wf ordy shreg has
the foll qwi.ng advantages, It extends the ca ilities he process to

b ovi de. Ao HE G0, L RE TN Er Gt G RBaDr Abr sorad it BRET: pol e
A more caggal B BroR¥RfS tRPetOdath 6 f8ViAE fof EReOHetebtforS b abcai@stioneth faf om t he
sensors is achieved, which noise terns are used to provide better noise

nor mal i zaviseenvitsinoient er intipeasent clpealy spased digolehe presence of the dipol es.
Additionally, static fields, such as quadrapole or other nultipole fields,
may be used to detect targets, or gradioneter readings of a field
measurenent in which the space-gradient of the field is nmeasured rather the
field itself my also be used to detect targets by enploying nore than the
t hree Anderson functions appropriate for a static dipole. The use of

mul tiple pass processing provides for the detection of a dipole located in
t he presence of another dipole that has a nmuch | arger nagnetic held or is

| ocated closer to the array. This is inportant when a smaller target dipole
tries to hide by locating itself in the general nei ghborhood of a |arger
target dipole. Wile the new nultiple pass approach does not offer a
conplete solution to this problem it is a nuch better solution than if it
were not used. It has been shown by way of simulations that the present
invention is able to separate targets that are not separable using single
pass processi ng. 19 Septenber 2002 4 BRI EF DESCRI PTI ON OF THE DRAW NGS
The various features and advantages of the present invention nay be nore
readily understood with reference to the follow ng detailed description
taken in conjunction with the acconpanyi ng drawi ngs, wherein |i ke reference

. o o, .



- Fig. 4 shows a flow diagramrepresentative of nultiple pass nmultiple dipole

processing in accordance with the principles of the present invention;

- Figs. 5a and 5b show nmesh and contour plots of the natched-field response

" for a conventional detection and |ocalization process; Fig. 5c and 5d show
mesh and contour plots of the high-resolution response H? accohdgﬂgﬁ wth

the high resol ution processing described with referencel?SRFRIFLYZ F g,

6a shows the first five contours of the matched-field processor out put

using the first three Anderson functions that is enployed in the

conventional dgdseshd Rnsde alcsjﬂ?%ﬂtﬁé‘ﬁrkééﬂt IRVRGES 85 ddstribed BPcIBRON Berbifatef,i I St

five contours of the matche ield processor output using the first five

Ander sona mket pravidesfos andindraprsemipltipls terget pEgosssigtol dpfo @ieesugrs bypthg amrayof and 7b

respect i ¥&kofs SEHPMsme MeHienableathy P IFRES thflochiidh dT B Mafg8d Qlpéld iR MheOfiUt from
the present invention illustrating detection and |ocalization of a first
di pol e henpPef the areay &t defeaniped. andsids nerapn Arborientatioparp deeratined: dhe feld degind
di pol e hayi,B[ afthkit@bdatibry £l briedTRloh 8¢ thEPIRBNRAGTonPRE mEA HftmediS aRlle fdcess is
respectively show contour and nesh plots of the high-resolution output from
the presemedtsdavEstiielhisiremensd by sphifgclens we ith eentaigion Breach shihe sense i HE second
di pol e afhefetctit raﬂ%‘ Q0 tHah edihirihEhRUbMEBEY of BE BRAERRRA Mot Esitllatie fi 1St
di pol e. Al'LED DESCRI PTION Refefring to the drawing figures, Fig. 1 shows
a di pol eh#¥sseevm thetithic propesqprgvidescdhg abildy toggsolvepuitiple Begetsenpl oys di pol e nonent
detection and | ocalization processing in accordance with the principles of
the present i Ryehigh Grolutimerasesiig tochrifts indesn shayyndy maang of supypteheinds andoo2
system 1@ejdYatd %%Bbih@gloferhc&_ré‘ﬁe 1oBa{o8 8 for ARIPoleGR tHe PReserRE bRdbsdiRe oPrdi] By158,
filed Novenber 20, 1990. This system 10 enﬁ%oys a fixed, nomnally [inear
but not pweleYing thechigh resplitéory progeasing, teghniqus g e tresens chiraliy momentidsicgdanednd and
local iz elcﬁatfdnrszételﬂ laﬂ?%t%ce%ﬁﬁg m@th@cﬂvﬁﬁ&e aBnasdekandd H;ﬂreojcc%r&?l%'d&)‘étegﬂlaﬁé}d

e

operation of this system 10 may be had froma reading of the . i

above- i debigsts.i Ehe g@ﬁ@ﬁ? aglypye; igher dsationygsadytion alsodielps |1 diserimigatiqreagainst
above- ci tgelipah&RlcARipdi@idopAlidtas the ability to adequately detect and

| ocalize onl'y the first dipole 13a if the first dipole 13a is substantially

llarger or is gybsiodmtthad tte Yerrds@iiftlon o tHe R gAdtic I a BRSO AIpPRIFBERINSs théuse
proceSS|ng/nethod provi ded by the present_invention, however, provjdes the
a

. he pres
abi ity Phonlsthses Andersop Senstipnse HRYEVEn s besnysisicauingdihat the e of moedhan; ed i n
the Vi Ci firdey AQferddnefuhétiont iflitRObRcI3Bg RS thé dllohmgdRpanthited hedx@nds Mer e
partlcularlg 1 shows a detection and | ocatjon system 10 that incl udes

o Fi Q. .
an array g lﬁﬂ“gsrfgfhed’r%céﬁé‘bp@“fi for gupultprecpupirhed-fiels! prpcseineqf mpraiipheist us 15.

The arr ayipefe. A mbté! @fnpleRCAbARIIA of BRMBRE HmITBONELibkal HEHRE BBt thOSkbORS 12
that are searched for the presence of oles relative to_ the array of

. di |

magnet i ¢ 2dugysd rdichmoisy framarg H@éit%prpé@ﬁBﬁ@bnqlﬁd&w%ﬁ%n%zvmréwwge%ﬁﬁut ed
nmagnet i C s&@HP RS Beschss OF tdt @bldsh eA&MidnalI, Nddtic IR SRR tas tuedraFIN 6t biber | €l d
that would result. if a magnetic dipole were presgpt mntg%g each particul ar
magnet i ¢ MREBRlsHclds) TeyAte Wt tpsleiaet tarags. OF SRMIPTCsE reRfiings Of & Apld PRI Bins .
?Izg 0( rs1 h ommdhmhd%ggoe;gla@mﬁ*}]@oftm@ﬁm ]gs_tﬂm&ulrad ﬁfmgmeﬁgla i @ERMNSSO 1_Le<mslad io(Bjé-f?i:ctl 2 ?,3 ]

ighlighted) in which the first and_second magnetic dipal e a,
are |oc attaé%F?ﬂé'aFé‘%PIWH\gi mye Hﬁa‘F P‘@Iﬂg?ﬁ E“qugf”ﬂ funptiqoy QQPH@%E‘EJW atﬁ?f’é"’ BH’P oses of
this descriptipon, the first nmagnetic dipole . 13a_hag a, relatively l|large
field strengt hg%o?FﬁaP%d“Tprlf h%a%§e‘2f8??8s“?£d’ﬁ‘é‘? ¢ mrpg’feed'it%m AO‘SIaurdQO;Qt y of
arr ows r @aes arnhé peseh@Catlahathdrid@olei hey Smich 1ager midgne fRlid @ idiotged dasen each

sensor of the array of nagnetjc sensors 11 toward th neti ¢ response

| ocat i onwﬂila afray- WHiL 1 PRt ¥ arﬁa&ﬁ%fttﬁréetoqwg? e o idecDy Bpatine foclign e
Sensor' s ge@adlinBightoatitlodl iob bll2ger far g thpofe. WeEileOths néw diuiiplel pass fprdableddes@at i on of
the first magnetic dhgole %3 a, .t hereby fﬁ@ﬂing a.sepnse _signaturg pat is
pr ocesse@HEsT PPI9iESOLEIoR & i rEgblempdt 19 A duigh betten SUNHINIRRNIE LTI B Bl ow. A
simlar shgbehdicwn 18 whyser dimilamas tat the pecsat enpaliciEg bisté kCsegarpeltagddthat and

the total signature i.s the sinple sumof the two signatures. Fig. 2 shows a
flom1dia§FHW?$@ﬁ? § BRSPS P'RTGT  esol uti on processing. Figs. 3 and 4,
in turn, show the nodifications for achieving the extended Anderson
function approach in accordance with the present invention, and the
mul ti pl e processi ng approach to resolving closely spaced di pol es or dipoles
enbedded in nmagnetic clutter, in accordance with the present invention. By
way of introduction, dipole noment detection and |localization is based on a
mat chedfi el d processi ng approach applied to magnetic fields anal ogously, to
acoustic ~ ~ ~~e zo0z 6



- matched field processing introduced for the nodal propagation of acoustic
fields in a bounded region such as in a shallow water application. The
~matched-field process is based on a matched-filter concept, which is in
turn based on the Cauchy-Schwarz inequality of functional analysis. A
beanf ormer used in sonar and radar is based on 5 this C\%ﬁeﬁt Si%{bﬁﬁ it is
a mat ched processor for a plane wave arriving froma gi VeRcRiFRB®30894.  The
hi gh resol uti on process descri bed heréin extends this acoustic anal ogy to
make it applicable to magnetic fields rather than acoustic propagations.
Hi gh resol ution procesSgRIERDESCRIPTAON ORATHE PRAVARNGY al | y based on the use
of a sensor-to-sensor signal-plus-noise or noise-alone cross-correlation
matri x. The pOheraribs deatypert arslf advantages exfit tho pedsert savehtiomeny ibs mergemadily t he
so- cal | egnddatdoli iith feferdice) ((he FolBMikg) ddtailkd (dd3criptiih Rkén h3ddajunbtfonawidtt &er i ng
vector o a%ﬁjg A1 5 : t t,,qas a
maxi mum %/cgﬁlﬂ%n\?\ﬁ gﬁq} t he S??’féez??ggé %Zez%nggﬁl?g&ia%\ Hgshq%g%iﬂrkbegt{limﬁgcﬂegtﬁwg’ 2]Imgr gest
field solr'E8™ The maxi num | i keli hood beanforner, on the ot her hand) has the

form15 JM( ~F1?: " iBE(YoX Ghgram hBWing Rpdrtioh oYViRNafoht@leRtidned AippleBbRerit r ONg
1

source i .Of . ' 0 : correlation
matrix i get%ﬁ%g%e d[eﬂ())é%lsl?a%la%ﬂ Fgg‘fe,%{t[&%gsn‘%%%pﬁ%ggé%%ngﬁ%gﬁer‘:lgr%ﬁéé?‘%pﬁ%mhant is close
to zero, and Fige2 Eiwdlal fldwodiagrhd twithi ane:abitiomhl pfocéssiflg beth ithdt RGapreRhtativesstal |
nunber (gioN f¥iufig: 9€ nunber), and the resolution in terns of the sharpness
of the regponse as a function of 20 steering direction is nmuch better than
in a conventi Bigal3 Heanforflver diagrama jijoktyating eha ey of antehdedli Andeamni fudetoat ed i n
Fig. 2) teffiditsdiddatiRev@OmEBIRiple dgih6l6 tde@bticinend AscalizaBiad 1i® McElr@HES SvithOthe

i mpl errenhrh]i ﬂﬁes%‘fﬁé ngeﬂtﬂjﬁgﬂ{khon’ several conceptual changes are applied.
di pol e

First) i ment detection and | ocalization, time (or noise

st ati onari ty) Figs4 stotwvs b dladi diagramvpilesdntativé of dudtipie pass enitipleatipabaproessinginf or t he

array of a&@f&%&k%vit%ﬁhe%inciﬁé%ﬁﬁ&%@seﬁt Hyade matrix aTa is formed that is the
dyadi ¢ product of a vector a with

itself. The vector conprises the Anderson
coefficients Bigst feeamedls shenemesls andicentay plets| ofi the awatrhbdefi¢li arespenseofior of
magnet i CcdrivertidndlRBiB o8 ABdoGalizdiodpasdes; product is formed by the

mul tiplication of a columm vector by a row vector. The second concept ual
change is conpigi Sedandf S&shesy rmueshiang qontoyr \piatt of the highaesehuion resperresin For

t he 30 casveriaideovithlthahigiolesolutivnpricesdiap descried vathdefereaal to Fgute®) process, the
coefficients are organi zed as a set of three-by-thre trices, one row or
col urm for eafl® of? tShaVt Hieelitgto fyBnemirrott fhg H@&Qﬂf‘@g& PRFEOr aRPYthe

ot her di neing thenfirstefiresséndesson Henctiongethatoif eniployed sip dhst ¢opuentipepd rdsispiionuandt i ons.
The hi ghldcaigatiaiiprasesspr ocessi ng of the present invention puts this
arrangenent in a conpletely new order, nanely that of a vector wll up to
35 3x3=9 conpbifentbssheys Fhe NER izet sentquss (%fsé‘et meatohpdsfigld RQessFE TRWPY 1 at her
t han Andesispthe Eoefive Aidersbn Ametians exchcedilanse witlethe prelsant ingéntiomns or

(rmagnet onet er ). neasur, nts “flits is requjred in order to formthe dyadic
e A hi Hieoma T Feprescly Pl conidyt G mesaitts ShS hheloRiiih pipu Y b
const r ucfiownthefprespe IRvegHon dldusirating etostiaic ands locglization pk a dasipdipeleIheving ag

maxi num kdlkistly hogdrelasd io tin prepeppread @ second Hipsle havvg d edatively smblleevésperisgn of

t he hi ghaglegree of singularity of the dyadic matrix. This is acconplished
by adding a small nmultiple of an identity matrix to the dyadic matrix. The
quadr ati c out pigs. Tsfand e respenfisely iskavaroniiup endemadraiets ofjthe dighireselugigg output

| ocal i zaffiomnthp rppesestSintasion HltusBaing | detectidroami lodalicaiionz of the second dipolelafier ~P~ R
~ F X~Y~Z qubiraction of thih@4tReRR 1argd refpbnse due to the first dipole.

DETAILED DESCRIPTION

Referring to the drawing figures, Fig. 1 shows a dipole moment detector and localizer
system 10 that employs dipole moment detection and localization processing in accordance with
the principles of the present invention. The sensor portion of this



- and where the preconputed Anderson function coefficients for a |ocation
(x,y,z,cp) are put into the vector a(x,y,z,~) and the vector r is the sane
- vector of coefficients for the neasured as opposed to preconputed
~coefficients. The quadratic output of the newy constructed highresolution
process has the form JM. ~J- ~aT ~x~Y~Zs ~J a~x~Y~z~ ~ ~~~~aT y
~~~Rdyad+~~ ~aT~xsY~Z~ 4~~~ where Rdyod = r rT. The evaﬂ%§ﬂW@W qpé
expression is the process depicted in iﬁg 2, in process steps 37 and 38.
An exam nation of this expression using the fact that the a's and r's are

nor mal i z&teshbwis depraibecdién Vive Pptericopnbiortvn Seriel Ned(lédS%dded Nevesrbes 20mt ch,

t he deno at RS I a i Juation.
When t hem%gloel ’g{lsnegggéur engﬁn Saar g§%ds ggﬁﬁmﬁﬂgéagg@;&g) rt E&P’%Eﬁd% lfngeﬁl £rfa§’ nfgnt are
r epl acedmegnetipgenpgre] ldweta@@nélmﬁtzs a ﬁmﬁﬂl@Olpaﬁ% i & better pyderstpndingpf the ﬂ@f@r ence
to Fig. 2ng %ereﬁm% this sb&&h Gl'oar%ﬁﬁé ihhd Ydht 2lbdithgPofing habl’)&‘eslgédﬁhh@ ﬁatent
processi ng first’ processing st eé romthe array of
sensors applicgiopr oEless @étfnu éiSﬁgseé in| the gbovgrsdted Ptlfsntpﬂ@biﬁ%lpn dwae thes ailitgrtos val ue
usi ng. { NERldlay JRERSAN Scalikdor it btPlipolt 13 REHRR Bl QSR RSUMBHISRaricr, L e
data is tine avera performa long termintegration t ereo

oper at eso&is sabsmwlgaé@err iOI theprrayrofirpagnetametersTHY progessing/method prpvided b]dfh@st t he
val ues Obrokdinlathidn, GBHBIE Govides hﬁ%ﬁ § el IR RELIA a8 iR dipolEHBbNERITDN €,
inathifd processing ste é Fedi cted sensor data varlue, ~as modified
by t he t iggocaipd frethevicidiy ef the firsedipale hH@t asavitl be descried pelawur ed dat a data. The
first three p @ﬁih i es
common to allw? C%;aﬂ? h létlj) Shgﬁs 2 git%%gr? f%gr?b%ﬁgﬁl%%gri %@g%‘l 1§Jn‘ud|§§ gtges ors,

and equi o&megnetiq ssnsorel 1gpaing @aplccbw pefcessingiannagatesel S Jihe etraxt ofircytentledasionsnel |
known_t o, ¥l Repdias [FBkioAS11 B ard RrchePtl IR Breslt Bt iiBolBY RRARSRC

agai nst the set of stored Anderson functions iIn step . Prior

oper at i ofi§l arigg eof magnptic pengere diledThan n}gw@éggspgmsedowon%ﬂ%mw amqannu@d

gener at eghapitit S4sPFhsQf as&&ﬁteérlﬂé%vﬁﬁﬂhgt”t@ﬁ%éeﬁpﬁe fdtic GRIFMASFUTRRNAL G
responses associated wth each of the maximum response | ocations 12 that

r epr eseninagheéic dipglsavarepeseal within gach\patiicalay maguetic seppogseigeptien 12 aig plutabtyner e
present W hifdefinfafhaRets! | A Q{or‘:)égﬁ igIm efr@f\??ﬁa?ﬁcdlé?(iﬁ{gha{a rl%ons-gh R6RCESSI g

results in a set of neasured rson coe cients er 2002 8
The neas b d2inthighliglied) dowhich giedirstsing sesondapengia dineles 132 t@r@@lloe@cdr eedhat ed)
agai nst f t of
ragnet | o AR FE RelpR) O ERERR S ICLRROR (ROMRLLahOR i PR
magnet i ¢ hsesisltivay la&,eaﬁqlct)wenﬁh pmn@égisfp kg sseand ne@netipHlipple by &) alurabify of

conpri s eﬁné\wsdx‘efre&'n%%ah?;tloh REctdr¥01 52 KR extiAliRg fARatNEnERLF B SrkyOdt
produces sharply increased nornalized val ues when the two data val'ues are
subst ant mapefic s¢psors hhiewaighihq magsetigenonsy lecatien 12adn yh1cbwe\fa$t gegnefi divolehe dat a
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present invention, extended Anderson function expansions are achi eved as
follows. Fig. 3 shows a flow diagramillustrating the nethod 30a and the
use of extended Anderson function coefficients to achieve inproved dipole
detection and localization in accordance with the principles of the present
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- 1. A nethod (30a) of detecting and | ocalizing a magnetic dipole (13), said

met hod conprising the steps of sensing a magnetic dipole ( 13) using an

~array of spatially distributed magnetic sensors ( 11 ) and providi ng out put

" signals fromeach of the sensors ( 11 ) that are indicative of the nagnetic
field sensed thereby; and processing (31-3 6) output si | s fromthe array

of magnetic sensors ( 11 ) to decorrpose the magnetic fi gﬂ? e@@ﬁégdzqoﬂereby

into its magnetic field conponents to generate respective magnetic

si gnatures produced by the dipole (13) that represent magnetic response

f unct i ont completectheirnetrection hthe bighreselition progdsatwhithels gempasableiormpmixdaym

expandi ngkeﬁlﬁ&@)bemﬁnﬂﬁg BRkLsS. ’nln@{n‘awd@srfbx\/amév&ﬁ&mf&ﬁmg; dnge@oﬁsL?g)uanrg nor e

than three Anderson functions t rovj noi. s ization and a

better r@ﬁfi&d&%ﬁflroﬂ s ?'Fﬁ@‘ﬂ%ltsg Ye"é’filﬁllgé‘ssnﬁgtm‘ﬂ%ﬁ% eﬁﬂﬂgl?ewtwema%a? °(13);

and procegdicngafri6, TO)quadretinwgmpet iof the gomtenti@al dipofer meindet détgutiah sanidhat ar e

i ndi cati of..the | ocat nde.relative orientation of the dipole (13). 2.

A et hod%fgﬁ?tlonfpr%e?ﬁ éh gal% %f "ocal i zi ng a magnetic dipole (13), said

met hod (50) cm;zmﬁfqrmlez @tlép%(xorfz,qf)s‘eﬂlibl ng a first magnetic dipole (13a)

havi ng ag, f“’ﬁ Latively largegmggmetic field using an array of spatially

di stributed magnetic sensors (11) and providi ng output signals fromeach of

t he sensmdswlnemfathe@r@ommi#cténﬁemncfﬁnetlﬁecmféﬂmq r f ilechipns@ Y@ arh pwtahip;

estimati pg Johi6r %@%@%ﬂﬂé’v&%&”k%& Uleddi o chérhbieRa trelah & ( 132)

by: processing ignals fromthe array of magnetic sensors

(11) to méﬁép@s@eqoﬁ@u%gﬁ@ftﬁmemﬁ eihg aadratg OFtﬁ‘étr‘gb‘}‘e iNRVE sonstrystedniEel-c fi el d

conponen;egomtqbng%begsa;agthemect| ve magnhetic SI gnhat ures produced by the first
di pol e (13a) hat, resent etic s,e functions of the first

di pol e (13a); ’#x( ul4 ﬁ’d"% féﬁy’{'ﬂ)y‘f%g"dh’e?)( y“f’ 4 C68FPed fromthe first

di pol e (¥Ba} Rg,h&mti’t dihe senthaliyn ofithis egpressios it thaprotdss depicietide Fana, ﬁlmmbésons to
nor mal i g Qui; [an %péaﬂl%ﬁ&l %Pﬂné‘%l %e%mgﬁ%n tﬂe9fa§t5§a129192a 1%@3 SS1 ng

(36) 39) the magnetic signa oV at are catlve
of the | seraelitsd shwus thet as 1h9@r@t§¢m@mdamdomeaéwe@ ﬁ@efﬁ@mts wpish| e @i@&)mat%d -

subtract béwmeél&nam%)m%g aﬂafb@od@sﬁﬁ'@tdr Gadht ShudtiGO Ve ite IR ﬁb@u&ﬁeﬁtb gref I 1 St
magneti c dipol e 2 ﬁl fh of the se(rlliorstJﬁthe arra
used, the a-v ctors n this deve opment are replaced by the field measurements.

More particularly, and with reference to Fig. 2, it shows a flow diagram illustrating a high

resolution processing method 30. In a first processing step 31, data from the array of sensors 11
is processed using a linear model to predict each sensor's value using the other sensors. In
addition, in a second processing step 32, the data is time averaged to perform a long term
integration thereof which operates as a low pass filter on the data. This data is used to adjust the
values of the data computed in the first processing step 31. Furthermore, in a third processing
step 33, the predicted sensor data value, as modified by the time averaged data, is subtracted from
the measured data data. The first three process steps 31, 32, 33 are noise normalization processes
common to all forms of the dipole detection and localization processors, and equivalent to the
application of an inverse correlation matrix, well known to achieve noise normalization.

The resultant data is processed against the set of stored Anderson functions in step 34.
Prior to operational use, as is indicated in process step 35, stored data 1s generated in terms of the
Anderson functions which comprise magnetic responses associated with each of the maximum
response locations 12 that represent the magnetic field that would result if a magnetic dipole were
present within each particular maximum response location 12. The processing results in a set of

measured Anderson coefficients.



- estimating the location and orientation of a second nmagnetic di pole (13b)
having a smaller magnetic field than the first dipole (13a) by: 20

" processing (31-33) output signals fromthe array of nagnetic sensors ( 11 )
" to deconpose the nagnetic field sensed thereby into its magnetic field
conponents to generate respective nmagnetic signatures uced

second di pole ( 13b) and that represent nagne?ic respogiggﬂﬂﬁ@Pﬁﬁﬁgaof t he
second di pol e (13b); expanding (34a) the magnetic field derived fromthe
second di pole (13b) 25 using nore than three Anderson functions to

nor mal i ze out ThmessyredeAndgesop speffipients grecthemmatched filkered (carrglated) agaiest 2
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5k 1| wr mh&hiv] OEEIAPE FoRwFiEes) & alot Fredyrt af dhy eug s cof] datay) and) the vy @m ca] caV
] ca] ca] cpdodades aharphUncreadedajoembljzed |vahies avheén the two data values are substantially

* 2
, 7QBuQ ﬁé@%ginﬁﬁnﬁ 1?%4%1;}16 é?%‘%&@@g&y Vg%e%%&@a\a GnhPn6aVA R Aateal cal cal ¢

ﬂigg] coa ocessin pat erns g two pr cesl ste C3a7] ggllsc %Lres‘ln%gl galca ca

<>>>777@P1§1@RBA@AEAAMMD@@HIM®T¢ nce-withjtlee princigd¢seofzhg presgnt jvenfiara]lba] cal ca
] cal ca UMloealseep IVlikapredomhpired Wy sdaVingRices are added to a multiple of the identity
matrix. In process step 38, a maximum likelihood high resolution output is formed using
the modified dyadic matrix derived from step 37.

The outputs of the correlation processing step 36 and the high resolution processing
step 38 are processed in step 39, wherein a threshold is set and targets are detected. The
final step of the method 30 is to track detected target objects, as is indicated in processing
step 40.

Figs. 5a-5d show the difference in the resolving capabilities of the high resolution
processing described hererin compared to conventional dipole moment detection and
localization matched-field processing provided by the invention disclosed in the above-
cited patent application. Figs. 5a and 5b show mesh and contour plots of the matched field
processor output, while Figs. 5¢ and 5d show mesh and contour plots of the high resolution
processor output of the present invention. The peaks shown in Figs. 5c and 5d are located
precisely at simulated dipole locations, and are much sharper (higher resolution) for the
high- resolution processor.

In a second processing method 30a of the present invention, extended Anderson
function expansions are achieved as follows. Fig. 3 shows a flow diagram illustrating the
method 30a and the use of extended Anderson function coefficients to achieve improved
dipole detection and localization in accordance with the principles of the present invention.
Fig. 3 is substantially the same as Fig. 2 except that the high resolution processing steps 37,
38 are not present, the expansion step 34 provides for expansion using more than three
Anderson functions, and is indicated in processing step 34a, and the precomputing step 35
provides for the use of more than three Anderson functions, and is indicated in processing
step 35a. The processing is generally as has been described previously, but the
improvements provided by using more than three Anderson functions is expanded upon
below.

It is generally well-known that the complete description of the field of a dipole 13a

requires the use of only three Anderson functions. The use of more than three
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The expansion of the sensor measurements in terms of Anderson functions is analogous
to the expansion of an acoustic array's measurements in terms of arriving plane-waves (a wave-
number decomposition). The finer the decomposition the greater the ability to reject sources of
interference. Another analogy is to spectral decomposition in terms of a Fourier transform. If
only a few of the possible trigonometric functions are used in the expansion, a complete
description of the power density spectrum is not achieved.

Consequently, a larger number of Anderson functions (> three) defined by

=7 /11+97;i=1,2,..

y=tan (6
are used in the present dipole moment detection and localization processing. Fig. 6a shows the
case of a dipole processed using a conventional dipole moment detection and localization process,
and specifically the first five contours of the matched field processor output using the first three
Anderson functions. Fig. 6b shows the same scenario as Fig. 6a but where five Anderson
functions are used. The latter case has better resolution, as is indicated by the tighter set of
contour curves. The improved resolution in the latter case is associated with the normalization of
the magnitude of the dipole moment from the dipole 12a divided by the cube of the offset
distance to the array of sensors 11. This normalization is accomplished by dividing by the square
root of the sum-of-squares of the coefficients of the Anderson function expansion. With the
present technique of using more than three Anderson functions, the denominator of the equation
used in the process becomes larger in cases where there is not a good correlation match. This
makes the response smaller in those regions of the magnetic response location space where there
are no dipoles.

There are many other advantages of using more than three Anderson functions, such as a
better description of the noise environment. This extra parameter (the dimension of the Anderson
function expansion) offers one more parameter over which the signal processor has control.

In a second aspect of the present invention, resolution of multiple target dipoles 13a, 13b
using multiple processing is achieved as follows. Fig. 4 shows a flow diagram representative of a
multiple pass multiple dipole process 50 in accordance with the principles of the present
invention. With reference to Fig. 4, the "front end" process steps 31-36, and 39 are as has been

described above with reference to Figs. 2 and
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region, as is indicated by step 43. The last three steps are repeated as necessary to detect and

localize all detected dipoles 13.

The second improvement in the dipole moment detection and localization processing,
which has been simulated, is also illustrated with reference to Figs. 7a-7d. Figs. 7a and 7b show
mesh and contour plots for the high resolution output that are the results of processing a field of
two dipoles 13a, 13b by estimating the field of the largest contributor (the first dipole 13a) and
subtracting it from the measurements in order to provide for better resolution of multiple targets
(the second dipole 13b). Figs. 7c and 7d show the resulting mesh and contour plots of the high
resolution output after subtraction of the larger response from the first dipole 13a.

Figs. 7a and 7b show the result of applying the present high-resolution process
to two signals, one of which is located at the pont marked D1 (the first dipole 13a) and the
second (the second dipole 13b) which is located at the point marked D2 (shown on the contour
plot in Fig. 7d). As can be seen, because the first dipole 13a is closer to the array of sensors 11,
its response completely dominates the output. Figs. 7c and 7d, on the other hand, show the result
of estimating the contribution due to the first dipole 13a at the location of the second dipole 13b.
The estimated contribution to the measurements is subtracted out and the high-resolution process
is repeated. As can be seen in Fig. 7d, the presence of the second dipole 13b at D2 can be
detected and its location determined.

Thus there has been described an improved dipole detection and location processing and
processing apparatus that provides for higher spatial resolution, that provides for the use of more
than three Anderson function expansions, and multiple processing of data to achieve multiple
target resolution. It is to be understood that the above-described embodiments are merely
lustrative of some of the many specific embodiments which represent applications of the
principles of the present invention. Clearly, numerous and other arrangements can be readily

devised by those skilled in the art without departing from the scope of the invention.
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comprising the steps of sensing a magnetic dipole (13) using an array of spatially
distributed magnetic sensors (11) and providing output signals from each of the sensors
(11) that are indicative of the magnetic field sensed thereby; and processing (31-36) output
signals from the array of magnetic sensors (11) to decompose the magnetic field sensed
thereby into its magnetic field components to generate respective magnetic signatures
produced by the dipole (13) that represent magnetic response functions of the dipole,
characterised in that the method comprises:

expanding (34a) the magnetic field derived from the dipole (13) using more than
three Anderson functions to provide for noise normalization and a better representation of
magnetic features not caused by the dipole (13); and

processing (36, 39) the magnetic signatures to provide signals that are indicative of

the location and relative orientation of the dipole (13).

2. A method (50) of detecting and localizing a magnetic dipole (13), said method
(50) comprising the steps of:
sensing a first magnetic dipole (13a) having a relatively large magnetic field using
an array of spatially distributed magnetic sensors (11) and providing output signals from
each of the sensors that are indicative of the magnetic field sensed thereby;
estimating the location and orientation of the first magnetic dipole (13a) by:
processing (31-33) output signals from the array of magnetic sensors (11) to
decompose the magnetic field sensed thereby into its magnetic field components to
generate respective magnetic signatures produced by the first dipole (13a) and that
represent magnetic response functions of the first dipole (13a);
expanding (34a) the magnetic field derived from the first dipole (13a)
characterised by:
using more than three Anderson functions to normalize out range

dependence and noise; and



& 10% & ()- 109 & ()-SH10% & () - YsXssstuudBYNC! ! 10!!Tyy$ 109

@:10% & ()-110% & ()-f3"10% & ()-310% & ()- 10% & ()-uuvdBYNC'! 10!!yy$
10%6"S"& ()-T @:10% & ()-110% & ()-f3"10% & ()-(nl0% & ()- s'10% & () -
Normal " "Headi ng 13]c" "Heading 23]c" "Heading 33]c" "Heading 43]c"

"Headi ng 53] c" "Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A
"Default Paragraph Font>#% ; EoQh\ gnsxz| ~6UgqvHI JKL"

5, ?"&-1346_<?DCl mif\g_vdj . npqsuvMNOPQRSTUVWKYZ[ \ |~ " abcdef g6Ti mes New
RomanAri al Courier New'h Root EntryWrdDocunent

" #$9R' ()*+, -./0123456789: ; <=>?@\BCDEFGH JKLIMNOPQRSTUVWKYZ[\] " " abcdef ghi

109%&' ()-s. 109 ()-qqg+rrrsdeEYNC' ! 10! |'10% & ()-&$10% & () - é&;@%ﬂh}
(

12

processing (36, 39) the magnetic signatures to provide signals that are
15 indicative of the location and relative orientation of the first dipole (13a); and
subtracting (41, 42) out the magnetic field contribution due to the first
magnetic dipole (13a) at each of the sensors in the array;
estimating the location and orientation of a second magnetic dipole (13b) having
a smaller magnedc field than the first dipole (13a) by:

20 processing (31-33) output signals from the array of magnetic sensors
(11) to decompose the magnetic field sensed thereby into its magnetic field components
to generate respective magnetic signatures produced by the second dipole (13b) and that
represent magnetic response functions of the second dipole (13b);

expanding (34a) the magnetic field derived from the second dipole (13b)

25  using more than three Anderson functions to normalize out the noise and better

represent clutter features; and
processing (43) the magnetic signatures to provide signals that are
indicative of the location and relative orientation of the second dipole (13b).



