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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, dnd processing techniques that
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obj ective of t(Epolg rdeetggur})tn ang\f hzauon system and processing method that employs one or
more of three processing techniques that improve various aspects of this detection and
localization system. The first improvement is a high resolution processing technique,

10 similar to a maximum likelihood beamforming technique. The second improvement is
an extension of the Anderson function expansion technique to include more than three
terms. The third improvement provides for multiple processing and subtraction 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 magnetorneter 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 detection 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 parucularly 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 1o 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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of Anderson functions used in processing target data to provide for better detection and
localization in a noise environment or in the case of closely spaced dipoles.

The third improvement provides for multiple-pass multiple target processing of
data measured by the array of sensors compnising the magnetometer array. First, the

5  location of the largest dipole in the field-space of the array is determined, and its
moment and orentation are determined. The field due to a dipole at that location and
orientaton is then removed from the measurements and the process is repeated. The
field is removed by subtracting out its contribution to each of the sensors in the magne-
tomeler array, and then estimating the location of the second largest dipole. Simula-

10 tions have shown that this process provides the ability to resolve multiple targets.

The high resolution processing technique has been shown by means of simu-
lated data and field data to provide more accurate locations for a dipole in the presence
or absence of noise. By employing the high resolution processing technique, the
present dipole moment detection and location system and processing method will be

15  able to detect and more accurately locate smaller objects. The ability to achieve higher
location resolution also helps in discrimination against closely spaced clutter dipole
anomalies.

It is 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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Fig. 1 is a block diagram showing a portion of the aforementioned dipole
moment detection and localization systemn that is useful in understanding the present
invention;

Fig. 2 shows a flow diagram with an additional processing path that is

10  representative of high resolution processing in accordance with the principles of the
present invention;

Fig. 3 shows a flow diagram illustrating the use of extended Anderson function
coefficients to achieve multiple dipole detection and localization in accordance with the
principles of the present invention;

15 Fig. 4 shows a flow diagram reprcscniative 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. Sc 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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restricted 10 linear, array of magnetic sensors 11 to detect and localize a first dipole 13a.
A betier understanding of the design and operation of this system 10 may be had from a

5 reading of the above-identified patent application. The system disclosed in the above-
cited patent application has the ability to adequately detect and localize only the first
dipole 13a if the first dipole 13a is substantially larger or is substantially closer to the
array of magnetometers. The processing provided by the present invention, however,
provides the ability to detect and localize additional dipoles 13b, that are located in the
10 vicinity of the first dipole 13a, as will be described below.

More particularly, Fig. 1 shows a detection and location system 10 that includes
an array of magnetic sensors 11 that is coupled to processing apparatus 15. The array
of circular locations represent magnetic response locations 12 that are searched for the
presence of dipoles relative to the array of magnetic sensors 11. The magnetic response

15  locations 12 have precomputed magnetic responses associated therewith that represent
the magnetic field that would result if a magnetic dipole were present within each
particular magnetic response location 12 at a plurality of different orientations. Also
shown in Fig. 1 are two particular magnetic response locations 12a, 12b (highlighted)
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 dipole 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 ton 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
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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 JaL(©) = (BT(©) B(©)) /1 (BT(8) RT 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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J(x,y,2,0) = (aT(x,y,z,¢) R al(x,y,z,¢) + €I)
where R=r,T
and where the precomputed Anderson function coefficients for a location (x,y,z,¢)
are put into the vector a(x,y,z,¢) and the vector r is the same vector of coefficients for

10 the measured as opposed to precomputed coefficients. The quadratic output of the
newly constructed high-resolution process has the form:
Im1(0) = (aT(x,y,2,0) a(x,y,2,0))(aT(x,y,2,0)(Rayaa+€l)1aT(x,y,2,0))
where Rgygg =1 r’. 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
maitch, 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 rrating 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 processing 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 395, 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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An additional processing path comprising 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 precomputed dyadic matrices are added to a multiple
of the identity matrix. In process step 38, a maximum likelihood high resolution output
1s formed using the modified dyadic matrix denived 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

15  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 resolu-
tion processing of the present invention compared to conventional dipole moment
detection and localization matched-field processing provided by the invention disclosed

20  in the above-cited patent application. Figs. 5a and 5b show mesh and contour plots of
the matched field processor output, while Figs. Sc and 5d show mesh and contour plots
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 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

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.

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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10 tions 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
hi(y) = ¥17(1 +4)52,i=1,2,
7= tan (6)

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 bertter 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
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det ulm | ization processing in accordance with the

pri present invention. The sensor portion of this

5 system 10 is described in U S. Patent Application Serial No.

07/ 616, 158, filed Novenber 20, 1990. This system 10 enpl oys a fi xed,

nom nally |linear but not restrictéd to |inear, array of magnetic
sensors 11 to detect and localize a first dipole 13a. A better

under st andi ng Df Thdeird@spgreanat aﬁpl&:r;atiomnimtmtdnimo@#&tfenprb@cmia thepheeanf r om
a o reading (ﬁ}clufngdcqpo%vf%n&t%%gwo 1{ &%, Wﬁlgﬁéwﬂﬁm J et c%r].x %uﬁ%ghﬁm stcp

disclosed in t ication ha
adequat el y det?éi:mcemtlledt@ngrE@t@nldWLlch@tffculﬁrgt:stdlpolc l’dapﬁllédlswal jrfstg f| rst

dipole 13a is WQ%%Rédafﬁéld’ dhAOARE 1aBfest cﬁﬂ&k' Q&h&nidbahétw &bRASRE meSsukdericld
array of nagnetoneters A processin provi ded by the present
i nventi on, howes\)éprovxdcd in step 42. The subtracted dala 1s then reprocessed to detect and locate

the next largest dipole 13 in the detection region, as is indicated by step 43. The last
three steps are repeated as necessary to detect and localize all detected dipoles 13.

The third improvement in the dipole moment detection and localization process-

ing, which has been simulated, is also illustrated with reference to Figs. 7a-7d. Figs.
10 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.

7¢ and 7d show the resulting mesh and contour plots of the high resolution output after
15  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 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.



provides the ability to detect and | ocalize additional dipoles 13b, that
are | ocated Imﬁeplaced vicinity of the first dipole 13a, as will be

descﬂ“mmi More particularly, Fig. 1 shows a detection
and |
t hat

10 that includes an array of magnetic sensors 11
roce55| ng apparatus 15. The array of circular
| ocati ons represent magnetic response | ?gat lons 12 that are searched for
t he presence of dipoles relative the array of magnetic sensors 11.
The magnetic response 15 | ocations 12 have preconputed nmagnetic responses
associ at ed t herew t Whitégclaippg ésent the magnetic field that woul d
result if a magnetic dipole were present wthin each particul ar
magneti c response | ocat | on 12 at a plurality of different orjentations.
Al so shown i n !Fifydipe cé’t“&?%‘%“ﬁé?ﬁ“&%‘é‘r’“%%@? f:o"r“é%m‘)‘hs‘éj ipdeat i ons

12a, 12b (hi ghhtﬁmcﬁ@nd localization s%'tbx@]f(1@)hﬂatfplrcﬁ‘.&(ﬂesmdugleEssﬂldnﬁiﬁgﬁﬁlﬁzdﬁoﬁibDO| es
13a, 13b are | eac freld stre For the
pur poses of thi é" g“ég?@i pt HHCYCWHE gﬁppgtgeﬁﬁa%?qdeloﬁqlﬁﬁ?@ 3™ 08§ & COTHRIE®Y

rel atively | ar ge afraebfismstinkndisinboedpengeetid enidre(1d ¢ dunehchrpgmedd cutpazignalsl 3b.
A plugal ify fm&’i%&t%sof a?&{gﬁéxﬁ@ﬁ%&‘%ds@&ﬁk#e??ﬁﬂa?@m{e‘%@&ﬁs% ha ﬁﬁl Shown

extendi ng fromeac Sensors t oward
the magnetic r digsdn€la)l me@ts:sloa meaws (15) coupled t@mec‘ﬁmryrcé sensoss (1hipagenaradngonl e

13a is | ocat ed.,d536B4 3R s‘s«rrdﬁaéibmc %@ﬁédcmeﬁ@ﬁmau&é by t%ﬁre@neé’@@&x@r s
i ndi cative of the |ocatio first magnet|c t here

f or mi ng an@@ﬁ%@pgxedhi» Eﬂdefof RERVIIRE P ‘&‘éé%‘é’& 5@?%6@?@6&?&9@5 s of
the present i nsidnhiuod) aad processmodxasarsl(bﬂcfob@ioewsmgusd cmr*ewtecsmgﬁatsbg‘rﬁlsl 18 al so

I ﬁ;m;idrrfplog @he in c.{tﬁgne%ngl éﬂ%{ellﬁwg orientation o]f:?r?é mggn%uE % O(t 1% wsnle natdge s
method (30) comprising the steps of sensing a magnetic dipole (13) using the 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 the magnetic sensors (11) to decompose the

15 magnetic field sensed thereby into its magnetic field components to generate respective
magnetic signatures produced by the magnetc field and the dipole (13) that represent
magnetic response functions of the dipole (13), and wherein the magnetic field
components have the form of either a vector of magnetic field components or a vector

.of Anderson function expansion coefficients, and wherein the improvement comprises:
20 processing (35) the magnetic signatures to produce a dyadic matrix;
adding (37) a multiple of an identity matrix to the dyadic matrix to prevent
singularity thereof and to provide a modified dyadic matrix; and |
processing (38) the magnetic signatures in accordance a the maximum
likelihood beamforming process using the above derived modified dyadic matrix to
25  provide signals that are indicative of the location and relative orientation of the dipole

(13).

2. A method (30a) of detecting and localizing a magnetic dipole (13), said
method comprising the steps of sensing a magnetic dipole (13) using an array of
spatally 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

5 (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, and wherein the improvement comprises:



Wth reference to Fig. 2, in a first aspect of the present invention, high
resol u- 30 tion pr egessi ng in accordance wth the present invention is

achi eved a§“fasqiela®m ig. 2 shows a flow di agramrepresentative of

hi gh £ ssing in accordance with the principles of the
pr esent gs. 3 and 4, in turn, show the nodifications for
achi evi Xt ended Ander son funct I on approach I n accordance with the

pr esent i nvention, and the mul tiple processing approach to resolving
cl osely spaced dipoles or 35 di pol es enbedded in magnetic clutter, in

accordance with t hEC\QﬁﬁﬁiGQK'ﬁidm‘kﬁnﬁ dgontic ﬁpld du’ivpd from theBYipo@Y1 39fusing more than
I ntroducti

lgf g ¢ Lfg m% cti T VIB f os G 1.5111{40 N Ids bb*afgrerq e

mat ched- fi &1 d PFSLAEETRY 31?);5?8%1(:0?{)3 ¥ i 84 fb ?rrﬁ‘ hétT & e oS RIS gy

to acoustic of magnetic features not caused by the dipole (13); dnd 6
processing (36, 39) the magnetic signatures to provide signals that are indicative

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

3. 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

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 conmibution 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) ourput signals from the array of magnetic sensors
(11) to decompose the magnetic field sensed thereby into its magnetc 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).



mat ched field processing introduced for the nodal propagation of acoustic

fields in a bounded region such as in a shallow water application. The
mat ched-field process is based on a matched-filter concept, which is
in turn based on the Cauchy- Schwar z i nequal ity of functional analysis.

A beanformer used in sonar and radar is based on 5 this concept, since it
is a matched processor for a plane wave arriving froma given

direction. The high resolution process déscribed herein extends this
acoustic analogy to make it applicable to nagnetic fields rather than
acoustic propagations. IMPROVEMENTS g My VEI DRTEXOCESSES i n sonar and

radar are generally based 0- sensor

si gnal - pl us- noi se or noi sexﬁrﬁ)ne()?@s@’}:ﬁw 3 B ﬁ‘i‘ﬁﬁﬁg I?{H The power 10

out put of a conventional beanforner is given by the so- cal |l ed Bartlett form
J([err]) = BT([err]) RB([err]) Aﬁ‘@‘?h‘?ﬂt@’&[e”]) is a steering vector

of the beamand Ris a cross-correlation matrix. The result has a

maxi mum val ue when tﬁ@ﬁ@@cﬁn@)a%@mmﬁ@ jvsterrisandmedwds emplolyinghimpravedest
field source. Thecd@nb Mk, @ImBs}e@em 'EE%hm ey jolyg nf&gb‘?/fomgﬁier Pt he

form 15 Jlerr]( err]) = (Blerr ( err]
(Blerr]([err]) TREAPR] By inapiemgrying maxi mmw# Alika9d b r@lf@imaqeémgg Kufrgecs and ce
in the field oflothte aaigoky(16§ xmgmtdr@naegtﬁx@ﬁ@m&brddaﬁsm ofwa»@@fréﬂgﬁﬁérpﬂﬁh

SRR N EXC 1yt Ve S e o
snmal | nunber ( aanvaTay dfanzmenc sensorm (i) elra js aradgtdie thefoohutf iaoecionof arefificiafts
the sharpness of; |fi&fheSRINSPhidVedod HRBE Rfkr e magnetic field components or the
Anderson function expansion coefficients and is used to form a dyadic matrix (35), to
which a multiple of an identity matrix (37) is added to prevent singularity. The second
10 improvement (30a) uses more than three Anderson function expansions (34a) to
achieve detection and localization of the dipole (13). The use of more than three Ander-
son functions (34a) more effectively normalizes out the noise dependence by providing
better noise representations, and provides for detection and localization of multipoles.
The third improvement (50) provides for multiple-pass multiple-target processing of
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)



20 steering direction is much better than in a conventional beanformner.
To apply the above analysis (as indicated in Fig. 2) to the dipole nonent

det ec- tion and |l ocalization process to inplenment the present
i nvention, several conceptual changes are applied. First, in dipole
nonment detection and |ocalization, tinme (or noise stationarity) is

not readily available to forma correlatiion matrix for the array of sensors
25 11. Therefore a dyadic matrix aTa is forned that is the dyadic

product of a vector a with itself. The vector conprises the Anderson
coefficients of the neasurenents, are ¥ as well it can be the vector of
magnetic field neasurenents. A dyadic prpduct is formed by the

a\

mul tiplication of a columm vector by a ector. The second concep-

tual change is conprised of constructingathifs vector of the measurenents.
For the 30 conventi onal di pol e nonent Q%t- tion and | ocalizatiqy process,
the coefficients are organi zed as ¢ slet of thtee-by-tt#*ee-matrices,
one row or colum for each of the three conponents of t measur ed
field, and the other dinension represertSJth- order pf the

respective Anderson funftions. The high ﬁgso utme ocessing of the
present invention ts this arrc----v t inN conpletely new order,
nanely that of a vectg =9 co gonents, or an NxN vector

ysed. N_is the nunber™e e pAqur e- nments. This

nderson coefficients are
hird concept is required
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7 to conplete the construction of the high resolution process, which
Is conparable to a maxi mum | i kel i hood beanf onni 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 matrix; The quadratic output of the conven- 5
tional dipole nonment detection and | ocalization process has the Bartlett
form J(x,y,z,[err]) = ([err](x,y,z,[err]) R

[err] T(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 same vectOn of |{coefficients f.ar 10 t he sured &s opposed to
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new y constructed high-resolution process has the form Jlerr]([err])
= (a[err](x,y,z,[err])

a(x,y,z,[err]))/ (a[err](x,y,z,[err])(Rerr]+[err]l)[err]alerr](x,y,z,[err])
) where Rlerr] =r rT. The evaluation of this expression is the
process depicted in Fig. 2, in progess steps 37 and 38. An

exam nation of this expression using the fact that the 15 a's and r's are
normal i zed shows that as the preconputed and neasured coefficients

mat ch, the denom nator becones snmall as in the anal ogous sonar or radar

si tuation. When the field neasurenents are used, the a-vectors in

t hi s devel opnent are« epl aced by tdhe fiel doreasurenents.

More particularly, and\with reference td&?Fig. 2,%it shows a fl ow di agram

illus- 20 trating; |l ution od 30 in accordance
with the principles|of Phg L] prese na first processing
step 31, data from tthe atray @@ sensors$ E%Fis rocessed using a
| i near nodel to predi;t”zJé ¢gseénsor's va g i ot her sensors.
In addition, in a s¢eor@ @ §§ sing stepYBe is tinme averaged to
performa | ong Z%miuntu@ ration ther i%hg perates as a | ow pass
filter on the data. fﬂk§{b§3a0 hg%g the values of the data
conputed in the firs&rﬁﬁé@e§%§ rQ nore, in athird
processing step 33, %gggé?&amc I@e, |as modified by the
time averaged data, |i g@t‘c‘é@ surred data data. first
t hree process st éps o 33 are noise nornalization progesses
common to all forns © i detection and | ocalizati@n
processors, and equi application of an inverse 30 g
correlation matrix, achi eve noi se normalization. =
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magneti c

use of the present
stored data is

Lgnatures for a

step 35,
I f a magnetic di pole were

ic\response | ocation in

maxi num r esponse | ocation 12. The
nmeasur ed Anderson coefficients.

a preconputed set of Anderson

[o}]

agai nst

step 34. Prior to operational
each particul ar

tations at any oné of the magnet

i sing the set of aragnetic

0 .
!‘.PB

The nmeasured Anderson coefficients are then matched

and as is indicated in process

I n
responses associated wth each of the maxiymum response |ocations 12 that 35

represent the magnetic field that would result

The resultant data is processed against the set of stored Anderson
present within

functions
generated in terns of the Anderson functions which conprise

processing results in a set of

8
filtered (correlsated)

coefficients c
plurality of o

i nventi on,
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processing step 36. This correlation conprises a dot product of the two
sets of data, 5 and the correlation produces sharply increased nornalized
val ues when the two data val ues are substantially the same, while
producing rel atively | ow val ues when the data is only noderately
different. An addi tional processing path conprising two
process steps 37, 38 is represen- tative of high resolution
processi ng i n accor dgREE h;th the principles of the present 10 invention.
In process step 37, /X P o
of the identity B

ﬁ b‘) 11
TOPEES ! axi . . .

23 PSRt he nodi fied dyadic matrix derived
figs= .’.S\}“\ X

7 " 7 rbyggpsing step
/A

fromstep 37
36 and the high

cessed in step

/7
s
//

il
:;o!?ﬂ/r y
39, wherein a't 0‘3:\3‘%/% &R T)The final
step of the netho-‘@mzfﬁ 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
processi ng of the present invention conpared to conventional dipole nonment
detection and | I I -field processing provided by the
i nvention di scodsed-20._.in the ahave-citedpatent application. Figs. 5a
and 5b show nesh—and-¢ontour-ptoets-ef——t he matched field processor
out put, while Fijgs. 5c and.bd-shew nmesh and jcontour plots of the high
resol ution praggssor output of the present ignvention. pe shown in
Figs. 5c and 5d ave | ogat ed preciself\at ékzulated diEgr Loggiyons, and
are nuch / A N
y . N (PRIOR ART)
107 /,'l "\\ \
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shar per (higher resolution) for the high-resolution processor. 25
In a second processing nethod 30a of the present invention, extended

Ander son functi on expansions are achieved as follows. Fig. 3 shows a
flow diagramillustrating t he met hod 30a and the use of extended
Ander son function coefficients to achi eve’ i nproved di pol e detection
and | ocalization in accordance with the principles of the pr esent

invention. Fig. 3 is substantially the same as Fig. 2 except that the high
30 resol ution processing steps 37, 38 are not present, the expansion step

34 provides for expansi on using nore than three Anderson functions,
and is indicated in processing step 34a, and the preconputing step 35
provi des for the useofmore tham three Andersom functions, apd is
indicated in pyggessing step 35a. The processing is general |l yl as has
been descri bed prievi ously, but the inprovenents provided by using 3% nor e
than three Anderdgon functions is expanded upon bel ow. It is

general l'y wel|l-&rnown that the conplete description of the field of a dipole

13a requires the luse of only three Andersﬂ“ functions. The use of nmpre than
t hree
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FIG. 6a

(PRIOR ART)
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Ander son functions when processing a dipole 13a provides an inprovenent as
far as noi se (or anomaly) rejection is concerned. This is particularly
true when conparing the conventional dipole nonment detection and

| ocal i zati on process to the high resolution processi ng of the present
invention. 5 The expansion of/7%t he sensor neasurenents in terns
of Anderson functions is anal ogous to the expansion of an acoustic
array's neasurenments in terns of arriving
deconposition). The finer the deconpositi
to reject sources of interference. Another
deconposi - tionin terns of a Fouri ¢
possi bl e trigononetric func- 10 ti
conpl ete description of the po 1
Consequently, a |arger nunhesSs
hlerr]([err]) = [err]-1 FREEEFE
[err] = tan ([err]) 15 aréghﬁgf;‘*'
and | ocalization processing. FiGgss

\ransfotﬂ¥(é; ly a few of the
Aed in pgﬂgaon, a
;?. rumis not achi eved.

& ons (> three) defined by
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et 2R3

. . . . Tes
Show5therase”of a di.pol e..processed using a conventional dipole nonent

det ectiion.and-" “l:ocakiizati;on process, and specifically the first five
corit our s of the nh?dﬁed f4iel.d:proces- sor output using the first
t hwee Anderson fumctions:.:® k. g; 6b shows the sanme scenario as Fig. 6a
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i 15 The improvements provided by the present invention
relate to the dipole moment detection and localization

invention described in copending U.S. patent application

serial No. 07/616,158 (now US-A-5239474), filed November 20,

1990, which is assigned to the assignee of the present

20 invention. The dipole mament detection and localization

N

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

25 localization is accomplished using the outputs from a fixed
vector- or total-field-magnetonmeter array. The dipole
moment detection and localization described in this patent
application has yielded dramatic performance improvement
over existing magnetic anomaly detection systems that use a

30 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 moment detection and localization
processing systems and nethods that provide for higher

35 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 also provide for the detection and localization of
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the principles of the present invention. Wth reference to Fig. 4, the
"front end" pro- cess steps 31-36, and 39 are as has been descri bed
above with reference to Figs. 2 and

10 3. The third inprovenent of the present invention provides for
processi ng the precom put ed Anderson functions fromstep 35 al ong
with the detected | argest output from step 39 to conpute a nmagnetic
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
measured field 5 as is provided in step 42. The subtracted data is then
reprocessed to detect and | ocate the next largest dipole 13 in the
detection region, as is indicated by step€43. The | ast

multiple target detection within the field of the sensors by
field substraction techniques.

In order to improve the processing capabilities of the

invention disclosed in the above-identified patent

5 application, the present invention provides for an improved

dipole detection and localization system and processing

method that employs a processing technigque that improves

various aspects of this detection and localization system.

The processing method according to the present

10 invention, which is defined in claim 1 hereinafter, provides

for higher spatial resolution by extending the capabilities

of the dipole moment detection and localization processing

technique used in a processor of the detection and

localization system in analogy to a maximum likelihood

15 beamforming process to detect and locate wave propagation

phenomena. The high resolution improvement is comprised of

using the sensors! data in the form of a vector of

caefficients (rather than a matrix). The use of this vector

to form a dyadic marrix mimicking a correlation matrix, such

20 as in acoustic maximum-likelihood beamforming, and adding

a multiple of the identity to the dyadic matrix to prevent

it from becoming singular.
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present dipole moment detgction and location system and processing method will be
able to detect and more accukately locate smaller objects. The ability to achieve higher
location resolution also helps X discrimination against closely spaced clutter dipole
anomalies.

It is known that the representation of the magnetic field of a single dipole
requires the use of only three Anderspn functions. However, it has been determined
that the use of more than three Andersan 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 sehsors is achieved, which noise terms are
used to provide better noise normalization whic] is important for sensing the presence
of the dipoles. Additionally, static fields, such as\quadrapole or other multipole fields,
s of a field measurement in which
the space-gradient of the field is measured rather the feld itself may also be used to

detect targets by employing more than the three Andersgn functions appropriate for a

may be used to detect targets, or gradiometer readi

static dipole.
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
le. While the new
multiple pass approach does not offer a complete solution to this priplem, it is a much

by locating itself in the general neighborhood of a larger target di

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 usigg single pass
processing.

A e e

ST e

05 FEB }995”; =

dlizamont 1hea ms:uvmrﬁrs or im the case obeldsaly Sp;acpi dnpohbe f or better

) 'tﬁ%' tﬁxr& éﬁt%?%ﬁgc%?{iﬂpgmgg ]faﬁ}ﬁﬁ tipld tafiRt processingdf, 2nd

orutron out put

Yo 5| gnal.s,” one o Ioca tt |nt rked

R P§8‘?‘a%?{bf‘“e de‘emf‘% @li‘ctl ‘(et R ‘gléﬁ%ﬂ il )

e@edmittveamrohenbe Dafirbeens ad the procesdie ré;ﬁﬁfc@u'ﬂ'h@LOt 2ion
se to t he

ment s

Jugien rp@gcgma ‘S?hfmll?déé Segrsshoginch weans of sath be

oF @%ﬁ@ﬁ@e Ribre! d&@mﬁl%Q&fhdoﬁB 20k Gipbibindke féscned be
herg has been



processi ng and processing apparatus that provides for higher spatial

resol ution, that provi des for the use of nore than three Anderson
functi on expansions, and multiple processi ng of data to achieve

mul tiple target resolution. 30 5 It will of course be understood
that the present invention has been descri bed above purely by way of

exanpl e, andydRho is describRtnfts SaP4ORAA i PSdriaf RO, b6 TRESE, Wi n t he
scope of the 1 nvent]on, i 11 . Wiat is clainmed is:
November 20, 1990. This system 10 employs a fixed, nominally linear but not

restricted to linear, array of magnetic sensors 11 to detect and localize a first dipole 13a.

S Ao  ding of the doecion andomeratiamfthic cuetorielOomas
S o < ai Y

a = = naten DR B on
a0 & &-p PHPBHEAEO

3 above-ide ed-pa ~ The system disclosed in the above-
cited patent application has the ability to adequately detect and localize only the first
dipole 13a if the first dipole 13a is substantially larger or is substantially closer to the
array of magnetometers. rocessixfé‘.efarfg%%cd by the present invention, however,
provides the ability to detect and localize additional dipoles 13b, that are located in the
10 vicinity of the first dipole 13a, as will be described below.

More particularly, Fig. 1 shows a detection and location system 10 that includes
an array of magnetic sensors 11 that is coupled to processing apparatus 15. The array
of circular locations represent magnetic response locations 12 that are searched for the
presence of dipoles relative to the array of magnetic sensors 11. The magnetic response

15  locations 12 have precomputed magnetic responses associated therewith that represent
the magnetic field that would result if a magnetic dipole were present within each
particular magnetic response location 12 at a plurality of different orientations. Also
shown in Fig. 1 are two particular magnetic response locations 12a, 12b (highlighted)
in which the first and second magnetic dipoles 13a, 13b are located, each having differ-

20  ent field 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 dipole 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  ton 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

X i TR S N Ly
“ AMATRIDT SHEET

EB 1999



1. A dipole detection and | ocalization nmethod (30) for use with a dipole
detection and | ocalization system (10) that provides for high resolution

| ocal i zati on of di poles (13), and wherein the dipole detection and
| ocal i zati on system (10) conprises an array of spatially

di stributed nagnetic sensors (11) that8each provide output signals 5
that are indicative of a magnetic field sensed thereby that corresponds to
a magnetic The chdaalred Ahdgrsoneceffsantswe theamsat¢hed filileredtattldted)t he array

f 11). f L d . ti ' . f
Che’ magnet | ¢ Pt PERORINES By MsepPaseriibiens R IRERL CrofBRRRY ° Proi o
(13), and f osigpawoxesdomaplotaliuof ariegtasibes atnpdy one diibe ofagndns mspgnsst location in

e . . Lt
signature aBgOé:Qgs?x?§§§;5 56, ?ﬁgr&lanéﬁéén Egh rg,rc@sagﬁreau& la_?ufeq%%k@to@ga@ﬁepu

signals to I ndi ca ocation and relat)ve orientation o
magnet i c ¥i panéthergyrelagpe peadncessharply increased npgnalized valogs wherpihe Svagatehe
steps of senshmgs dre¥BBNIAIHally thePahR, While predbdifg fl@ivalylay vafues when the data

spatially distributed i c sensors (11) and provi ding output signals
from each of lsonlym"%e”t‘naggghﬁﬁ%'rs (11) that are indicative of the magnetic

field sensed ther elwyaddirichap pracesiigpmth comprising thdlpr8€ess stepp3it, 38iigrepresed-r om
h f ' . : . ti
e 3 Lot o BRIt Mo Bl URERE g Bol of e prligr ™! ©

field sensed tThere ponen 0 gen e
respecti V@ invention. Ineraeass step Bgrihe precempyted dyasic myrichearnagddrst to@ milgpld and

the di pol e (13}heliB&lady 8RS Siliprocess step 38, MBADSMUA KIRHRGRBRigh ¥6lutidR Sulu t he
di pole (13), .and wherein the_, etjc field, C onents have 't he
form of eit hd$ 1AmGREige r&éﬁmﬁ%‘gfg‘gaﬁd‘? RIS ‘feﬁ‘ﬁﬁbﬁ@ﬂ‘tséc Q{]‘g vect or

of Anderson funct iThe ®xpasef e copaidinprotdssing stopBoandthedhigh iesoluiad t he

[rgt B?g dﬁggpglpié%zﬁigg Ffég '3§ gre processed igrs%%eﬁ?{vﬂgregn?’; ?lvésggldqggcr?%cli ?argétg zrl]raet ures

15  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 resolu-
tion processing of the present invention compared to conventional dipole moment
detection and localizatdon matched-field processing provided by the invention disclosed

20 in the above-cited patent application. Figs. 5a and 5b show mesh and contour plots of
the matched field processor output, while Figs. 5c and 5d show mesh and contour plots
of the high resolution processor output of the present invention. The peaks shown in
Figs. S5c 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 ef-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

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.

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




adding (37) a nultiple of an identity matrix to the dyadic matrix to

pr event singularity thereof and to provide a nodified dyadic

matri x; and

W th processing (38) the nmagnetic signatures in accordance
W th a maxi num | i kel i hood beagrf orm ng process using the above
derived nodified dyadic matrix to 25 provi de signals that are
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tion in terms of a Fourier ransform. If only a few of the possible trigonometric func-

10 tions 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
hi(p) =¥ 11 (1 +9¥)52i=12, ..
v= tan (6)

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 efthe-presentinvention, 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 1o Figs. 2 and

|
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12 - expandi ng (34a) the nmagnetic field derived fromthe dipole
(13) using nore than 10 t hree Anderson functions to provide for noise

normal i zati on and a better representation of magnetic features not
caused by the dipole (13); and processing (36, 39) the
magneti c signatures to provide signals that are indicative of the

| ocation and relative orientation of e dipole (13). 3. A
met hod (50) of detecting and |ocali zi a magnetic dipole (13), said

met hod (50) conprising the steps of ) sensing a st magnetic

di pol e (13a)3.hEke igrdampedvatricnedfihi wA-provides$ fbr processingsihagrezomar r ay
of spatial | ypgtfhnhadNSPRNCRGRG dnf séﬁ% Qfoﬁg Whth) th@BeREPIF UL U LRI step
39 to compute a magnetic field due to the largest dipole 13, as is indicated in step 41.
The computed field due to the largest dipole is then subtracted from the measured field
5 asis provided in step 42. The subtracted data is then reprocessed to detect and locate
the next largest dipole 13 in the detection region, as is indicated by step 43. The last
three steps are repeated as necessary to detect and localize all detected dipoles 13.

The third improvement in the dipole moment detection and localization process-

ing, which has been simulated, is also illustrated with reference to Figs. 7a-7d. Figs.
10 7aand 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
15  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 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 1o 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 muldple target resolution.

30 It will of course be understood that the present invention

has been described above el f ex 1
modifications of detail can be made WJ.th:Ln the scope of the 1nventlon
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5 signals from each of the sensors that are indicative of the magnetic

field estimating the location and orientation
of th ’j"idl pol e (13a) by: processi ng
(31-33) out put 8S omthe array of magnetic sensors (11) to

deconpose the nagnetic field sensed flpereby into its magnetic field
conponent s to generate respective nagneti signatures produced by the
first dipole (13%%T§”qﬂ&ﬁ%%1&° represent magnetic response functions of
the first dipole 3 expandi ng (34a) the magnetic
field derived fromthe first dipole (13a) using nore than three

Ander son functi ot 4 GeRRIdILELGFoRtbcIBRs: AERGALRNGG BB o dipolfOf sei and

processmg (.36, e _magnetic signatures to I‘OVI e sig that are 15
i ndi cative 8etegtip anédaqaiha«'fm%rfdsm (&) et Rspvideniar high f??PIUPHéquW@POH%oI e

(13a); and dipoles (13) and whcrem the dlpm&memﬁbm vt 16é=ihza6&) syRtéin ¢1b§eccsfﬁgmgl c
field contribution pol e

13 h of
he. sensor s 4 iy GF sy cistibuted agneric,sensifh it ghat e EGRGY QPG Hgnal "
ori ent at$ on tlet a@ isdicative of agrephetic ficlp oémsed thta:)Jy Iﬂmwcorgesponds to ansagaetcer

magnetic fi

oy scessi ng. DGR sk Mlcat 83) folcletfih ¥ ardlor sensor (11) for senerating.a

(11) to deceoreeewred magnetiggpignaiuge of e magmtyéij:ld h@d@@ﬁ thIl‘lQ)PIICS@CT«rQ@ﬂiet ic field
conponent s magneué&pgﬁgﬂ)a&?dfoeﬁmmgsum@msqnatmwa%@&@é@ced by the

second di pol e éle g essm means (lg)efgrr erséggstsmrra%(ie}%#gq Hg \E)onse ngt i ons of
t he second §ighaiuEe. apg gyocessing P gt BYH)E magneti c
field depi veghiatome ibeatuse aadrtlalive ohientaddhf the magnetic dipole (13), wherein said
method (30) comprising the steps of sensing a magnetic dipole (13) using the array of
spatially distributed magnetic sensors (11) and providing output signals from each of
the sensors (11) that are indicative of the magnetc field sensed thereby; and processing
(31-36) output signals from the array of the magnetic sensors (11) to decompose the
15  magnetic field sensed thereby into its magnetic field components to generate respective
| magnetic signatures produced by the magnetic field and the dipole (13) that represent
magnetic response functions of the dipole (13), and wherein the magnetic field
components have the form of either a vector of magnenc ﬁeld components or a vector

of Anderson function expansion coefficients, aa
20 processing (35) the magnetic signatures to produce a dyadic matnx,
adding (37) a multiple of an identity matrix to the dyadic matrix to prevent
singularity thereof and to provide a modified dyadic matrix; ?Lntd
processing (38) the magnetic signatures in accordance,a the-maximum
likelihood beamforming process using the above derived modified dyadic matrix to
25  provide signals that are indicative of the location and relative orientation of the dipole
(13).

hod-30a)-of detectng-andlocalizing a-macnetc-dipe Atd
g g g 3

method comprising the steps of sensing a magnetic dipole (13) using an array of
spatially distributed mragnetic sensors (11) and providing output signals from each of
the sensors (11) that are indicative of the magnetic field sensed thereby; and processing
5  (31-36) output signals from the array ofumagnetic sensors (11) to decompose the
magnetic field sensed thereby into its magneticCfield components to generate respective
magnetic signatures produced by the dipole (13) that répresent magnetic response

a¥a herein a¥- ROV AR -COMBRcan
= - » inw
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" using nore ree Anderson functions to nornualize out the no e and
better l‘li”u H\E clutter features:; and
tﬁ

proces netic signatures to provide signhals that are
i ndi catfve" of | ocation and relative orientation of the second dipole
(13b).

12

expanding (34a) the magnetic field derived from the dipole (13) using more than

10  thige Anderson functions to provide for noise normalization and a better representation
of magnetic fearures not caused by the dipole (13); and

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

tion and relative orientation of the dipole (13).

3. A'xpethod (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 spytially 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 logation and orientation of the first magnetic dipole (13a) by:
processing\31-33) output signals from the array of magnetic sensors
(11) to decompose the magnstic field sensed thereby into its magnetic field components
1o generate respective magnetid, signatures produced by the first dipole (13a) and that
10  represent magnetic response funcgions of the first dipole (13a};
expanding (34a) the\magnetic field derived from the first dipole (13a)
using more than three Anderson funcons to normalize out range dependence and
noise; and
processing (36, 39) the magnetic signatures to provide signals that are
15 indicatdve of the location and relative orientatjon 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 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 fromthe 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 functons 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 nolse 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 (1

P R T T I S s T s

AMENDED SI:%EET '3
05 FEB 1999




