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1. Introduction

It is important to identify the locations of electromagnetic (EM) noise sources within the
electrical and electronic equipment, for the reduction of undesired noise emissions from it. To
search for the EM noise sources in the equipment under real operating conditions, usually
we need to determine their locations from the EM field distributions observed around it. By
observing the vector magnetic fields around the small current loop sources at low frequencies
(less than tens of MHz), we have applied the MUSIC algorithm to estimate the locations and
orientations of them assuming that they are point sources (magnetic dipoles) [1]. However,
actual current loops existing in the equipment usually have finite sizes, for which our previous
MUSIC algorithm would not be accurately applicable.

In this study, we extend the MUSIC algorithm to localize the finite-size current loop sources,
by estimating their sizes in addition to their locations and orientations. We evaluate the appli-
cability of this algorithm with simulation.

2. MUSIC localization of current loop sources

First we briefly explain the MUSIC algorithm [2][3][4] to estimate the 3-d locations and
orientations of the low-frequency magnetic dipoles [1]. As shown in Fig. 1, we have Ng incoherent
source magnetic dipoles at arbitrary locations lg; and orientations dg; (i=1, 2, ---, Ng). The
source signals s;(t) input to the dipoles are assumed to be narrowband, and locations and
orientations of the dipoles do not change during measurement. The magnetic field distribution
radiated from the source dipoles is measured by N4 magnetic sensors whose locations and
orientations are given by 14 ; and da ; (j=1,2,---, N 4). Here the number of sensors N4 should
be larger than the number of sources Ng.

With the eigenanalysis of the covariance matrix R,, calculated from the measured magnetic
field vector X (t), we have N4 — Ng noise eigenvalues. The noise subspace Ey spanned by the
corresponding eigenvectors is orthogonal to the steering vector for true sources, a;(ls;, ds,;), so
that we can determine the source locations and orientations, by evaluating the local maxima of
the MUSIC cost function Pp,qysic, given as,
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where  means the Hermitian conjugate. Here I and d are the parameters to be scanned during
the peak search in 5-dimensional space (3 for I, 2 for d). Here we can reduce the number of
parameters to only 3 for I. First, we decompose the steering vector into the elementary steering
vectors az, ay, and a., which respectively correspond to x, y, and z-directed source dipoles, as
a(l,d) = [agzlay|a;] d = ayy.d, where we have defined a,y. = [az|ay|a.]. From this, the cost
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function P,,ysic can be modified as the function of only the location I, as
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where A\pin() means to take the minimum eigenvalue of the matrix in the parenthesis. The
modified cost function Py,ysic(l) takes maximum at each of true source dipole locations, where
the eigenvector e;.;, corresponding to the minimum eigenvalue represents the orientations of
each dipole.

When the source current loops have finite sizes, their steering vectors become different from
those of point dipoles. In order to know the sizes as well as locations and orientations of
the loops with the MUSIC algorithm, we need to scan the additional “loop size” space, with
changing the steering vectors. This would increase, however, the computation burden of Pj,qysic
drastically. Here, first we try to estimate the locations and orientations of the finite-size current
loop sources with the point dipole model. Such estimated locations and orientations would not
exactly indicate the true values, so that by changing the size of the current loops, we re-scan
Prusic in the location space limited to the vicinity of those estimated with the point dipole
model. Here we tentatively fix their orientations as estimated by the dipole model, because
for the finite-size current loops we cannot decompose their steering vectors to estimate their
orientations as in (2).

3. Simulation

As an example of the simulation model of the MUSIC localization of the current loop sources.
The MUSIC scan is done over the 3 mx3 mx3 m volume, with the resolution of 10 ¢m, and the
number of snapshots is 2000.

3.1 Magnetic dipole sources

We have two incoherent magnetic dipole sources, #1 and #2, with the locations and orien-
tations as the “True” values in Table 1. We put three triaxial search coil sensors at the locations
(x,y, z) = (0, 0,0), (1, 0, 0), (2,0, 0) [m], at each of which the sensor measures the z-, y-, and
z-components of the magnetic field. The frequencies of the dipole sources #1 and #2 are 10
kHz and 10.5 kHz and the their signal-to-noise ratio (SNR) are 38 dB and 47 dB, respectively.
Here we define the SNR of the received signals as the ratio of each of the signal eigenvalues
to the maximum of the noise eigenvalues of the covariance matrix of the sensor output. Fig. 2
(a) and (b) show the Pysic distributions over two x — y (horizontal) planes at z = 0.0 m and
z = —0.4 m, for the sources #1 and #2, respectively. The “x” marks in the figures indicate the
true locations of the sources, which agree with two local maxima of P,,,s.. The exact values of
estimated locations with interpolation are listed as “Estimated ” in Table 1. In this case we can
estimate the locations and orientations with the small errors of several centimeters and several
degrees, respectively.

3.2 Finite-size current loop sources

Next, we have a 70 cmx70 cm (the radius of its circumcircle is 50 cm) square loop source
placed with its loop plane horizontally, at the frequency of 10 kHz with the SNR around 40 dB.
We put five triaxial search coil sensors arranged in the vertical (x — y) plane at the locations (z,
y, z) = (0, 0, 0), (1, 0, 0), (2, 0, 0), (1, 0, 1), (1, 0, -1) [m], at each of which the sensor measures
the z-, y-, and z-components of the magnetic field. As mentioned in the previous section, first
we try to estimate its center location and orientation by using the magnetic dipole model when
scanning the MUSIC cost function P,,ysic. Fig. 3 (a) shows the Pp,,si. distributions obtained
with the magnetic dipole model over the z — y (horizontal) plane at z = —0.2 m. The “x” mark
and the square in the figure indicate the center location and outline of the current loop. The
exact center location and the estimated location are listed as “True” and “Estimated (dipole)”
in Table 2. In this case the center location of the square loop is surprisingly well estimated by
the MUSIC dipole model with the estimation error almost the same as in the case of magnetic
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dipole localization in 3.1. Then we estimate the size of the loop by re-scanning the P,y for
various-size hexagonal loops put at the locations in the vicinity of the estimated dipole location.
The solid line in Fig. 4 (b) shows the variation of P,,,s;. with various loop radius (circumcircles
of the hexagonal loops) where the maximum value of P, s should indicate the estimated size
of the current loop. In this case the estimated value of 0.45 m is in fairly good agreement with
the true size of the square loop (circumcircle 50 cm). The estimated center location of the loop
is indicated by the “o” mark in Fig. 4 (a). Fig. 4 (b) also plots the radius estimation for larger
square loops with circumcircle radii of 70 cm and 100 cm, respectively, by the dashed and dotted
lines. Shown as the “Estimated (loop)” radii in Table 2, they are estimated fairly well, with the
error less than 10 cm.

We also try to estimate an “oblique” loop with the orientation of the loop normal pointing
to the direction of (1, 1, 1), the center of which is placed at the same location as in the previous
case. Fig. 4 (a) shows the Py,ysc distribution with the dipole model, where the center of the 50
cm-loop looks almost accurately estimated. Fig. 4 (b) and Table 3 show the radius estimation
for the oblique loops with the radii of 50 cm, 70 cm, and 100 cm. In this case the P45 maxima
become not so well-defined and the estimated radii tend to be smaller than the true values. This
would be caused by that we have fixed the orientations of the loops as those estimated with the
dipole model.

5. Conclusion

We have extended the MUSIC algorithm to localize finite-size low-frequency current loops.
We have confirmed the effectiveness of the algorithm to estimate the sizes as well as the locations
and orientations of the finite-size current loop sources. This technique, however, would have
larger estimation errors for the loop sources whose loop planes becoming more parallel to the
sensor arrangement, for which we need to improve the localization accuracy in the future.
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Table 1: Source parameters for magnetic dipoles

Location [m] Orientation(d,, dy, d.)
71 : True (1.72, 1.25, 0.14) (0.71, 0.00, 0.71)
#1 : Bstimated | (L.71, 1.28, 0.13) (0.71, 0.01, 0.70)
42 : True (0.88, 0.96, -0.45) (0.00, 0.00, 1.00)
#2 : Bstimated | (0.88, 0.98, -0.45) | (-0.00, -0.01, 1.00)
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Figure 1:

Table 2: Source parameters for finite-size horizontal current loops

10.0 kHz Location [m] Orientaion (ds, dy, d.) | Radius [cm]
True (1.04, 1.26, -0.16) (0.00, 0.00, 1.00) 50
Estimated (dipole) | (1.04, 1.19, -0.16) (0.00, -0.01, 1.00) —
Estimated (loop) (1.04, 1.27, -0.15) (0.00, -0.01, 1.00) 45
True (1.04, 1.26, -0.16) (0.00, 0.00, 1.00) 70
Estimated (dipole) | (1.03, 1.12, -0.14) (0.00, -0.03, 1.00) —
Estimated (loop) (1.04, 1.28, -0.13) (0.00, -0.03, 1.00) 60
True (1.04, 1.26, -0.16) (0.00, 0.00, 1.00) 100
Estimated (dipole) | (1.07, 1.04, -0.12) (-0.00, -0.07, 1.00) —
Estimated (loop) (1.05, 1.35, -0.09) (-0.00, -0.07, 1.00) 88

Table 3: Source parameters for finite-size oblique current loops

10.0 kHz Location [m] Orientaion (ds, dy, d.) | Radius [cm]
True (1.04, 1.26, -0.16) (0.58, 0.58, 0.58) 50
Estimated (dipole) | (1.09, 1.26, -0.10) (0.60, 0.54, 0.59) —
Estimated (loop) (1.08, 1.25, -0.12) (0.60, 0.54, 0.59) 29
True (1.04, 1.26, -0.16) (0.58, 0.58, 0.58) 70
Estimated (dipole) | (1.14, 1.22, -0.05) (0.61, 0.51, 0.61) =
Estimated (loop) (1.12, 1.25, -0.07) (0.61, 0.51, 0.61) 42
True (1.04, 1.26, -0.16) (0.58, 0.58, 0.58) 100
Estimated (dipole) | (1.23, 1.22, 0.05) (0.65, 0.45, 0.61) —
Estimated (loop) (1.16, 1.22, -0.00) (0.65, 0.45, 0.61) 67
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Figure 3: Estimatied source location and ra-
dius of a finite-size horizontal square loop
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Figure 4: Estimatied source location and ra-
dius of a finite-size oblique square loop
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