1 | MPROVEMENTS TO DI POLE DETECTI ON

AND LOCAL| ZATI ON PROCESSI NG : ACKGROUND
The present i'nvention relates generally to dipole detection aoh%a?gcat ion
process- ing, and nore particularly, to processing and processing

apparatus that provides for

IMPROVEMENTS TO DIPOLE DETECTION
AND LOCALIZATION PROCESSING

BACKGROUND .

The present invention relates generally to dipole detection and location process-
ing, and more particularly, to processing and processing apparatus that provides for
higher spatial resolution, that provides for the use of more than three Anderson func-

5 tions in the Anderson function expansions, and for the use of multiple processing of
data and subtractions to achieve multiple target resolution.

The improvements provided by the present invention relate to the dipole
moment detection and localization invention described in copending U.S. Patent Appli-
cation Serial No. 07/616,158, filed November 20, 1990, which is assigned to the

10  assignee of the present invention. The dipole moment detection and localization
described in this application provides for an improved method of: processing multiple
field sensors in a dipole field than any method previously used. In this dipole moment
detection and localization system, detection and localization is accomplished using the
outputs from a fixed vector- or total-field-magnetometer array. The dipole moment

15  detection and localization described in this patent application has yielded dramatic
performance improvement over existing magnetic anomaly detection systems that use a
single sensor to detect a change in the total local magnetic field derived from a dipole.

Therefore, it is an objective of the present invention to provide for dipole mo-
ment detection and localization processing systems and methods that provide for higher

20  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
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terms. The third improvement provides for multiple processing and sugtraction to
resolve closely spaced targets or targets with highly differing dipole moments, or for
pairs of targets, one of which is substantially closer to a magnetometer array (array of

15  sensors) of the detection and localization system.

The first improvement provides for higher spatial resolution by extending the
capabilities of the dipole moment detection and localization processing technique used
in a processor of the detéction and localization system in analogy to a maximum likeli-
hood beamforming process to detect and locate wave propagation phenomena. The

20  high resolution improvement is comprised of using the sensors’ data in the form of a
vector of coefficients (rather than a matrix). The use of this vector to form a dyadic
matrix mimicking a correlation matrix, such as in acoustic maximum-likelihood beam-
forming, and adding a multiple of the identity to the dyadic matrix to prevent it from
becoming singular. .

25 The second improvement to dipole moment detection and localization process-
ing extends the Anderson function expansions employed in the detection and localiza-
tion system to include more than three Anderson functions. The use of more than three
Anderson functions is most effective of normalizing out the range dependence of the
precomputed beamforming coefficients and is more effective in noise and clutter repre-

30 sentations. This is particularly effective when the high resolution process described
above is not used, and a relatively high output resolution is present in the processed
signals. In the present invention, the field resulting from a single dipole using only
three Anderson functions is expanded to a higher number of functions (five, for exam-
ple) without any residual error, but noise effects and multipole field effects are more

35  accurately represented. Noise sources and other phenomena such as fields due to high-
er order multipoles, and in particular multiple dipoles, cannot be completely expanded
in terms of only three Anderson functions. The present invention increases the number
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dependence of thqtis known that the representation of the magnetic field of a single dipole
requires the use of only three Anderson functions. However, it has been determined

20  that the use of more than three Anderson functions in the processing has the following
advantages. It extends the capabilities of the process to provide for simultaneous
matched-field processing of more than one dipole. A more complete expansion of the
noise terms of the signal derived from the sensors is achieved, which noise terms are
used to provide better noise normalization which is important for sensing the presence

25 of the dipoles. Additionally, static fields, such as quadrapole or other multipole fields,
may be used to detect targets, or gradiometer readings of a field measurement in which
the space-gradient of the field is measured rather the field itself may also be used to
detect targets by employing more than the three Anderson functions appropriate for a
static dipole.

30 The use of multiple pass processing provides for the detection of a dipole
located in the presence of another dipole that has a much larger magnetic field or is
located closer to the array. This is important when a smaller target dipole tries to hide
by locating itself in the general neighborhood of a larger target dipole. While the new
multiple pass approach does not offer a complete solution to this problem, it is a much

35  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
processing.
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coefficients to achieve multiple dipole detection and localization in accordance with the
principles of the present invention;

15 Fig. 4 shows a flow diagram representative of multiple pass multiple dipole
processing in accordance with the principles of the present invention;

Figs. 5a and 5b show mesh and contour plots of the matched-field response for
a conventional detection and localization process;

Fig. 5¢ and 5d show mesh and contour plots of the high-resolution response in

20  accordance with the present invention;

Fig. 6a shows the first five contours of the matched-field processor output
using the first three Anderson functions that is employed in the conventional detection
and localization process;

Fig. 6b shows the first five contours of the matched-field processor output

25  using the first five Anderson functions in accordance with the present invention;

Figs. 7a and 7b respectively show contour and mesh plots of the high-resolu-
tion output from the present invention illustrating detection and localization of a first
dipole having a relatively large response in the presence of a second dipole having a
relatively smaller response; and

30 Figs. 7c and 7d respectively show contour and mesh plots of the high-resolu-
tion output from the present invention illustrating detection and localization of the
second dipole after subtraction of the relatively large response due to the first dipole.

DETAILED DESCRIPTION
35 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
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in which the first and second magnetic dipoles 13a, 13b are located, each having differ-
20  entfield strengths. For the purposes of this description, the first magnetic dipole 13a
has a relatively large field strength compared to the second magnetic dipole 13b. A
plurality of arrows representing localization vectors 14 are shown extending from each
sensor of the array of magnetic sensors 11 toward the magnetic response location 12a
in which the first magnetic dipole 13a is located. Each sensor's reading contributes a
25  setof vectors indicative of the location of the first magnetic dipol-e 13a, thereby forming
a sensed signature that is processed using the concepts of the present invention as
described below. A similar signature is also formed for the second magnetic dipole
13b, and the total signature is the simple sum of the two signatures.

With reference to Fig. 2, in a first aspect of the present invention, high resolu-
30 tion processing in accordance with the present invention is achieved as follows. Fig. 2
shows a flow diagram representative of high resolution processing in accordance with
the principles of the present invention. Figs. 3 and 4, in turn, show the modifications
for achieving the extended Anderson function approach in accordance with the present
invention, and the multiple processing approach to resolving closely spaced dipoles or
35  dipoles embedded in magnetic clutter, in accordance with the present invention.
By way of introduction, dipole moment detection and localization is based on a
matched-field processing approach applied to magnetic fields analogously, to acoustic



4 BRI EF DESCRI PTI ON OF THE DRAW NGS The
various features and advantages of the present invention may be nore

readi |y understood wth reference to the followi ng detailed descri ption
taken in conjunction with the acconpanying draw ngs, wherein |like

ref erence nunerals 5 designate |like structural elements, and in which:
Fig. 1 is a block diagramshow ng a [§ort i on of the aforenentioned dipole
nonent detection and | ocalization systemthat is useful in understanding

t he presentmatched ﬁeilcmpmésismg introduced for the modiil gropagatonwe acodstiofieldis aga am wi t h

an addi {1 ORLoBLPEERS 0 BRI A bt B EREE SR AkdlEs Blalilsd 501t on

processi ng Araccsrdance
i nvention; basedona matChed-If ligr C®CSMOV'@ICH i iIngwmdhasest emihe ﬂaushwachwgzt he use of

ext ended Arl?lé‘c{u%ﬁ éf‘fﬂﬁétio%l analysis. AO06dabif6ineuSed 1A sBRAY a8Y Padlly i BaReEoll PO €

detectlon and | ocalization i n’accordance W|th he rinciples of the
present i nVBIRGPBEEPL SHCE it is 2 matchegpEoCcessoE fR5Rp! aawquma&?\a SemapveRent at i ve
of mul tipl edippRion."Thd high eesgiuioh @rocess des@ited demimexienisalis aceRE Enaldgyrot he
B cont our it SRR MaRieRERer Sber b squcpgpeaticon” 20 02 PO, S
det ecti on and | odighiresclution procassssdn sonar and radar are génegallyShasedidn et ushofianesh
?Eg g?gts g‘;{ ﬁ%}d\?&é—s?ﬁso& BEn 05 hESO Ui aIbAS R8RS Cortelatiod marRk € The pB&Er Wi LN
10 output of a conventional beamformer is given by the so-called Bartlett form
J(8) = BT(8) R B(B)
where B(6) is a steering vector of the beam and R is a cross-correlation matrix. The
result has a maximum value when the steering vector is in the direction of the largest
field source. The maximum likelihood beamformer, on the other hand, has the form
15 JmL(8) = (BT(8) B(8)) / (BT(6) R-I B(8)).
When there is a single strong source in the field of the array of magnetic sensors 11 the
correlation matrix is close to singular, meaning that the matrix determinant is close to
zero, and the result for that direction is the reciprocal of a small number (a very large
number), and the resolution in terms of the sharpness of the response as a function of
20  steering direction is much better than in a conventional beamformer.
To apply the above analysis (as indicated in Fig. 2) to the dipole moment detec-
tion and localization process to implement the present invention, several conceptual
changes are applied. First, in dipole moment detection and localization, time (or noise
stationarity) is not readily available to form a correlation matrix for the array of sensors
25  11. Therefore a dyadic matrix aTa is formed that is the dyadic product of a vector a
with itself. The vector comprises the Anderson coefficients of the measurements, are
as well it can be the vector of magnetic field measurements. A dyadic product is
formed by the multiplication of a column vector by a row vector. The second concep-
tual change is comprised of constructing this vector of the measurements. For the
30 conventional dipole moment detection and localization process, the coefficients are
organized as a set of three-by-three matrices, one row or column for each of the three
components of the measured field, and the other dimension represents the order of the
respective Anderson functions. The high resolution processing of the present invention
puts this arrangement in a completely new order, namely that of a vector with up to
35  3x3=9 components,, or an NxN vector in case the field measurements rather than
Anderson coefficients are used. N is the number of sensor (magnetometer) measure-
ments. This is required in order to form the dyadic matrix. A third concept is required
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newly constructed high-resolution process has the form:
IML(E) = (aT(x,,2,9) a(x,y,2,90))/(aT(x,y,2,0)(Rayaa+el)1aT(x,y,2,0))
where Rgyga =1 rI. The evaluation of this expression is the process depicted in Fig.
2, in process steps 37 and 38. An examination of this expression using the fact that the
15  a'sand r's are normalized shows that as the precomputed and measured coefficients
match, the denominator becomes small as in the analogous sonar or radar situation.
When the field measurements are used, the a-vectors in this development are replaced
by the field measurements.

More particularly, and with reference to Fig. 2, it shows a flow diagram illus-

20  trating a high resolution processing method 30 in accordance with the principles of the
present invention. 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

25  used to adjust the values of the data computed in the first proceséing step 31. Further-
more, 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

30 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 of the present invention, and as is indicated in process
step 35, stored data is generated in terms of the Anderson functions which comprise
magnetic responses associated with each of the maximum response locations 12 that

35  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.
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Fig. 2

of the high resolution processor output of the present invention. The peaks shown in

Figs. Sc and 5d are located precisely at simulated dipole locations, and are much

sharper (higher resolution) for the high-resolution processor .

25 In a second processing method 30a of the present invcnti;)n, 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

30 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

35  more than three Anderson functions is expanded upon below.

Itis 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



shows a flow di agramrepresentative of high resolution processing in

accordance with the principles of the present invention. Figs. 3 and
4, in turn, show the nodifications for achi eving the extended
Ander son function approach in accordance with the present i nventi on,

and the nmultiple processing approach to resolving closely spaced di pol es or
35 di pol es enbedded in magnetic cl@®ter, in accordance with the present
i nventi on. By way of introduction, dipole nonent detection
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cross- corr el at i ofonseqnently, Fhaeger number of Anderson functions (> three) defined by

hip) = ¥ 111+ 2)512 ;i=1,2,.
Y= tan (8)

15  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 proces-
sor 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 reso-

20  lution, 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

25  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 correla-
tion 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,

30  such as a better description of the noise environment. This extra parameter (the dimen-
sion of the Anderson function expansion) offers one more parameter over which the
signal processor has control.

In a third aspect of the present invention, resolution of multiple target dipoles
13a, 13b using multiple processing is achieved as follows. Fig. 4 shows a flow

35  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" pro-
cess steps 31-36, and 39 are as has been described above with reference to Figs. 2 and



result has a maxi num val ue when the steering vector is in the direction of

t he | argest field source. The maxi mum | ikeli hood beanforner, on the
ot her hand, has the form 15 JM_([err]) = (BT([err]) B([err])) /
(BT([err]) Rerr] B([err])). When there is a single strong source in
the field of the array of magnetic sensors 11 the correlation matrix

Is close to singular, neaning that the nmatrix determnant is close to
zero, and the result for that directildn is the reciprocal of a small nunber
(a very large nunber), and the resolution in ternms of the sharpness
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to two signals, one of which is located at the point 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

20  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 measure-
ments 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

25  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

30  above-described embodiments are merely illustrative 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.



7 to conplete the construction of the high resolution process, which

Is conparable to a maxi mum | i kel i hood beanf orm ng process. This
provi des for alleviation of the high - degree of singularity of the
dyadic matri x. This is acconplished by adding a snall mul tiple of an

identity matrix to the dyadic matri x. The quadratic output of the conven-

5 tional dipole nonment detection and | ocalization process has the
Bartlett form J(xyz,[err]) = ([err](x,y,z,[err]) R
[err](X,y,z,[err]) + [err]l) wher e R=rrT and
where the preconputed Anderson function coefficients for a | ocation
(x,y,z,[err]) are put into the vector a(x,y,z,[err]) and the vector r
is the sane vector of coefficients for 10 the nmeasured as opposed to
preconputed coefficients. The quadratic output of the new y
constructed high-resolution process has the form JM_([err]) =
([err](x,y,z, [err]) a(x,y,z,[err]))/(a[err](x,V, z,
[mr”(ﬂew]ﬂew&@ﬁﬁﬁgﬁﬁgL [err])) where Rlerr] = [err]. The
eval uation of this expression is the process depicted in Fig. 2, in
process steps 37 and 38. An exam nation of this expression using the fact

that the 15 & SlﬁJt&%&héd @O%Me%hhgﬁﬁﬁbﬂﬁ% Db x?e‘iicttﬂ%l@(l@)?,l%mﬂ ed and

measured coefficients tch, the denom.n o&éscomas sna s in the
anal ogous somathod comprisipg thersteps ohsensing a magRge, diprle (PLyIngREIAYNent s are

used, the a-yAGAIY EisirdbutcdintagleNEicnrite _(Ill)lafxdilpfoﬁ'iﬂmg' dbﬁk_put signaflsb&‘omlbﬁclf ofe ::d
measur ement s re.particul ar Wi reference to Fig.
e hons e SrasRrRa a7 MCBuPE e hé HiaBhodt g ek (hetBbhliedng 3
met hod 3G i n(3de35)odgrue signals Frotrhibe prrayief phgretiokernsoes (11) to deppmpessithe nvent i on.
In afirst procestiALl Shed érfbfﬂﬁc?‘itsf @9@&@ ﬁeﬁlrcro?rﬁ)oﬂéq@ &sRksueltshedty
processed using a |l near nodel to0 preditt each sedsor' s value using the

ot her sensor magnetic signamrespipgucss by the dipae () dhas reraesssl magnetie pesponset he dat a

is time aver ageodQoRRE AiPbi) shd Whein the improvement comprises: :
expanding (34a) the magnetic ficld derived from the dipole (13) using more than

10  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
5 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
10  represent magnetic response functions of the first dipole (13a);
expanding (34a) the magnetic field derived from the first dipole (13a)
using more than three Anderson functions to normalize out range dependence and
noise; and

O O



termintegration thereof which operates as a |ow pass filter on the data.
This data is 25 used to adjust the values of the data conputed in the
first processing step 31. Further- nore, in a third processing step
33, the predicted sensor data value, as nodified by the time averaged
data, is subtracted fromthe neasured data data. The first three process
steps 31, 32, 33 are noise nornalization processes comon to all forns of
t he di pol e detection and | ocalization processors, and equivalent to
the application of an inverse 30 correlation matrix, well known to

achi eve noi se normalization. The resultant data is processed
agai nst the set of stored Anderson functions in step 34. Prior to
operational use of the present invention, and as is indicated in process
step 35, stored data is generated in terns of the Anderson functions which

conpri se magneti c responses aszlgci ated with each of the maxi num
response | ocations 12 that 35 represent the magnetic field that would
result if a magnetic di pole were present within each parti cul ar

maxi mum r esponse | ocation 12. The processing results in a set of
measur ed Anderson coefficients.

8 The nmeasured Anderson coefficients are then matched
filtered (correl ated) agai nst a preconputed set of Anderson
coefficients conprising the set of magnetic signatures for a plurality

of orientations at anyprocssiag (36)S9)theneignetid ﬂgmmetd 16%dE 6ignkl8 that are
R N T T I A
val ues When t he two daﬂugtractmg (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 magnetic 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).

0y



val ues are substantially the sanme, while producing relatively |ow val ues
when the data is only noderately different. An addi ti onal
processi ng path conprising two process steps 37, 38 is represen-

tative of high resolution processing in accordance with the principles of
the present 10 invention. In process step 37, the preconputed dyadic

matrices are added to a nultiple of the identity matrix. |In process
step 38, a maximum likelihood high resol ution out put is formed using
the nodified dyadic matrix derived fromstep 37. The out puts

8]; of:ggsicggrgr g![ thi gg mﬁmgﬁéﬁﬁjg @gﬁg?@%ﬁpﬁéﬂ ﬁf’ iagﬂol dis set and

targets are 15 det ectAND ERCALRZATION RROOESSENGod 30 is to track

detected target objects, as is i ndi cated in processing step 40.
Figs. 5a-5d show the difference in_the resolving capabilities of the high
resol u- tion processing of A 'Iﬁﬁégélﬁt i nvention conpared to

conventional di p@lﬁbl@ﬁ&@fﬁonandlocaﬁﬁn%fs @@n@mmﬁa@&m A Apreb&r-fiel d
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15  data measured by the array of sensors (11). First, the location of the largest dipole
{(13a) in the field-space of the array is determined, and its moment and orientation are
determined. The field due to the dipole (13a) at that location and orientation is then
removed (42) from the measurement data and the process is repeated. The field is
removed by subtracting out (42) its contribution at each of the sensors (11) in the array,

20  and then estimating the location of the next largest dipole (13b). Simulations have
shown that this process (50) provides the ability to resolve multiple dipoles, when
applied as many times as is needed.

(Figure 1)



35 nore than three Anderson functions is expanded upon bel ow.

It is generally well-known that the conplete description of the field of a
di pol e 13a requires the use of only three Anderson functions. The
use of nore than three

9 Ander son functions when processing a dipole 13a provides an

| nprovenent as far as noi se (or anomaly) rejection is concerned. This
is particularly true when conparing the conventi onal di pol e noment
detection and | ocalization process to the high resolution processi ng
of the present invention. 5 ThePexpansi on of the sensor
measurenents in terns of Anderson functiofs is anal ogous to the
expansi on of an acoustic array's measurene in terns of arriving

pl ane-waves (a wave- nunber deconposition).ccThge finer the deconposition the
greater the ability to reject sourfc of interference. Anothgr
analogy is to spectral deconposi - tighn }n terns,.0f a Foumerv
transform If only a few of the possibl g td“s‘,ig)nonetrié‘func- 10ﬁions are
used in the expansion, a conplete descrilptOontgf the power density spectrum
is not achieved. Condedfen] 'y~ | frger nunber of

Ander son functions (> thrpee) defined by , hferr]([err]) = [err]
[ (1 + [err])[err] ; u'i‘H',ﬁl.'l"l'; err] = an ([err]) 15 are
used in the present di e mpne)ft et o€t iy @ oc/ization processing.
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shows the case of a dipole processed using a conventional dipole nonent

detecti on and | ocal i zati on process, and specifically the first five
contours of the matched field proces- . sor output using the first
t hree Anderson functions. Fig. 6b shows the sanme scenario as Fig. 6a

but where five Anderson functions a5F7used The latter case has better
reso- 20 lution, as is indicated by the tighter set of contour curves. The
I mproved resol ution in the latter case is associated with the
normal i zati on of the magnitude of the dipole nonent from the dipole
12a divided by the cube of the offset distance to the array of
sensors 11. ThIS(BOFHH|I2atI0n IS acconpllshed by dividing by the square
root of the T-squares of the coefifi ci enfs of t he& Ander son
function expansi h the 25 prégent t gchni queof using nore than
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t he
PSS,
3pn
pnent . Thi s
expansi on)
has

tHeE saé'ﬁf

magnetic respons
There are many 0
functions, 30
extra paraneter
of fers one nore
control . O-Jn:m
resol ution of rrul‘t)l'fﬁl@ % d | pI e
processing is ac v shows a fI ow 35 d| agram
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10 3. The third inprovenent of the present invention provides for

processing the precom put ed Anderson functions fromstep 35 al ong
with the detected | argest output from step 39 to conpute a nagnetic
field due to the largest dipole 13, as is indicated in step 41. The

conputed field due to the largest dipole is then subtracted fromthe
nmeasured field 5 as is provided in step 42. The subtracted data is then
reprocessed to detect and | ocate t h8/hext | argest dipole 13 in the
detection region, as is indicated by step 43. The | ast three steps
are repeated as necessary to detect and localize all detected dipoles 13.
The third i nprovenent in the dipole nonent detection and |ocalization
process- i ng, m@%ch has been sinulated, is %Lso illustrated with
reference to Figs. 7a Figs. 10 7a aBd 7b shew nesh and cont our pl ots

for the high resolution butput that are tﬂg Yesults of processing a
[

field of two dipoles esti mat p fl@gl djof the | ar gest
contributor (the firsg a) and sugf ac in%ﬂit fromthe nmeasurenents
in order to prqv=i$- ZFoF tter reso%hm o] Ijti ple targets (the
second dipole 13b). HifHS s S w|7c and {desHdw th%%gﬁsulting mesh and
contour plots of the|l &)@cﬁ-’ution outp@uaf er subtraction of the
| arger response from t5 fu-rét%}j('-i—po-l-e-!éa.j;o -—»C’a Figs. 7a and 7b
show the result of appf r@ I2 |pr esent hff'g@r bso| &tOqdn process to
two signals, one of Wrgy © @@(ated at tﬁ§<po nt rqed D1 (the first
di pol e 13a) and Dﬁ?gr%enmm (the s¢c&hd d| poj 1}3b) which is |ocated
at the point marked D27 (E ﬁ& the—contour——ptdt in Fig. 7. As can
be seen, because the! e 13a is closer to the 20 ar r ay ¢pf
sensors 11, its response npl etely dom nates the output. Figs. 7« and 7d,
on the ot her hand, show the result of estimating the contriBution due
to the first dipole 13a at tnp location of the second di pol € 13b. The
estimated contributignz %e %u €- pe——rR@ats.is subtracted ®ut and
t he high-resolution gres Eglw €pepted| As can fge_seenjin ‘Hg. 7d,
the presence of the se@ uglﬁ)%gl%ﬂ af \D2 gan g%%te:ted and |(2‘35
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1. A nethod (30a) of detecting and | ocalizing a nmagnetic dipole (13),

sai d

nmet hod conprising the steps of sensing a magnetic di pole (13) using an

array of
out put signals fr
the magnetic fiel

om each of t he sensors

d sensed thereby;

and processing 5

spatially distributed magnetic sensors (11) and providing

(11) that are indicative of
(31-36) output

signals fromthe array of nagnetic sensord/1{11) to deconpose the
magnetic field sensed thereby into its nagnetic field conmponents to

generate respecti
t hat
the i nprovenent c

to provide for
magneti c feature-
processi ng (36,
i ndi cative
(13).
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2. A nethod (50) of detecting and localizing a

sai d

13),
sensing a first nmagnetic dipole (13a) having a relatively large magnetic

and providi ng &
i ndi cative of the
the I ocation and
processing (31-83
(1 1) to deconpog
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by the first dit
functions of the
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12 processing (36, 39) the magnetic signatures
to provide signals that are 15 indicative of the |ocation and rel ative

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 seggprs in the array;

estimating the location and orientation of a second nagnetic dipole (13b)

havi ng a smaller magnetic field than the first dipole (13a) by:
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20 processing (31-33) output signals fromthe array of

magneti c sensors (11) to deconpose the nmagnetic field sensed thereby
into its nmagnetic field conponents to generate respective nagnetic
si gnatures produced by the second di pole (13b) and that r epr esent

magneti c response functions of the secorfid?di pole (13b);

expandi ng (34a) the magnetic field derived fromthe second dipole (13b) 25
usi ng nore than three Anderson functions tdjAnormalize out the noise and
better represent clutter features; a

processing (43) the magnetic signatures tofffjovi de signals that are
indicative of the location and relative orjfgRtation FE zige cond di pol e
(13b). | IG. 7a
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