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Abstract: It is important to determine the lo-
cation of electromagnetic noise sources within the
electrical and electronic equipment under real op-
erating conditions, to reduce the undesired noise
emissions from the equipment. In this work
we develop a system to locate electromagnetic
sources, especially low-frequency (< MHz) mag-
netic dipoles (current loops), by measuring the
magnetic field distributions around the sources.
We apply the MUSIC algorithm to estimate both
the locations and orientations of the incoherent
multiple current loops. With simulations and ex-
periments we evaluate the performance and accu-
racy of the MUSIC algorithm. We then visualize
the estimated sources superimposed on the actual
camera image of the sources.
Keywords: Low frequency, magnetic dipoles,
current loops, MUSIC algorithm, Localization, Vi-
sualization

1. Introduction

To reduce the undesired electromagnetic (EM)
noise emissions from the electrical and electronic
equipment, it is important to identify the locations
of EM noise sources within it. For the equipment
under real operating conditions, we need to esti-
mate the source locations inversely from the EM
fields observed around it.
For high frequencies (more than hundreds of

MHz), the EM sources at finite distances have
been located for example with holographic imag-
ing [1], estimation of current distributions based
on CISPR measurement system [2], and the MU-
SIC algorithms [3][4][5]. On the other hand, at
very low frequencies, the problem of localizing
near-field EM sources has been solved for example
in bioelectromagnetic inversion problems, such as
the localization of the current dipoles within hu-
man brains [6]. The use of the MUSIC algorithm
to characterize the near-field sources has also been
discussed in a more general way [7].
In this study, we apply the MUSIC algorithm

to localize the low-frequency (< MHz) magnetic
dipoles (current loops), on the basis of the EM

near-field measurements with an array of magnetic
vector sensors. We then develop a system to lo-
calize and visualize the locations and orientations
of low-frequency current loops.

2. MUSIC Algorithm

2.1 Field measurement model
Here we apply the MUSIC algorithm [8] to es-

timate the 3-d locations and orientations of the
low-frequency magnetic dipoles. For such a non-
linear optimization problem the MUSIC algorithm
can give an efficient and high-resolution estima-
tion, with only a single dipole search over the 3-d
space [6].
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Figure 1: Magnetic dipole sources and magnetic
sensors

As shown in Fig. 1, we have NS incoherent source
magnetic dipoles at arbitrary locations lS,i and
orientations dS,i (i = 1, 2, · · · , NS). The source
signals si(t) input to the dipoles are assumed to
be narrowband, and the locations and orientations
of the dipoles do not change during measurement.
The magnetic field distribution radiated from the
source dipoles is measured by NA magnetic sen-
sors whose locations and orientations given by lA,j

and dA,j, (j = 1, 2, · · · , NA). Here the number of
sensors NA should be larger than the number of
sources NS .
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The magnetic field waveform at the j-th sensor
is written as xj(t) =

∑NS

i=1 ajisi(t) + nj(t), where
nj(t) is the additive noise being zero mean and
white with variance σ. Here the steering vector
component aji depends nonlinearly on the dis-
tance between the j-th sensor and the i-th source,
as well as on their orientations.

2.2 MUSIC estimation of source parame-
ters.
With the eigenanalysis of the covariance matrix

Rxx calculated from the measured magnetic field
vector X(t), we have NA − NS noise eigenval-
ues. The space EN spanned by the corresponding
eigenvectors are orthogonal to the steering vector
for the true sources, ai(lS,i, dS,i), so that we can
determine the source locations and orientations,
by evaluating the local maxima of the MUSIC cost
function Pmusic, given as,

Pmusic(l, d) =
‖a(l, d)‖2

‖EH
Na(l, d)‖2

(1)

where H means the Hermitian conjugate. Here
a(l, d) represents the steering vector for the loca-
tion l and orientation d of the dipole sources.
To search for the local maxima of Pmusic with

(1), we may have to impractically scan all of the
possible combinations among the locations l and
the orientations d of the source dipoles. How-
ever, it turns out that we can scan only the loca-
tions l, to estimate both the locations and orien-
tations of the dipoles. We decompose the steer-
ing vector into the elementary steering vectors
ax, ay, and az , which correspond to x, y, and
z-directed source dipoles, respectively [6][9], as
a(l, d) = [ax| ay| az] d ≡ axyzd, where we have
defined axyz ≡ [ax| ay| az ]. From this, the cost
function Pmusic can be modified as the function of
only the locations l, as

Pmusic(l) =
eH

minaH
xyzaxyzemin

λmin

(
aH

xyzENEH
Naxyz

) (2)

where λmin( ) means to take the minimum eigen-
value of the matrix in the parenthesis. The mod-
ified cost function Pmusic(l) takes maximum at
each of true source dipole locations, where the
eigenvector emin corresponding to the minimum
eigenvalue represents the orientation of the dipole.
We can further save the MUSIC search by inter-

polating the true source locations from sparsely
distributed scanning points [10]. Around each of
the local maxima of Pmusic evaluated at the sparse
3-d grid points, we select the four grid points
which are not on the same plane, lj (j = 1, 2, 3, 4).
We assume that the denominator of Pmusic, de-
fined as v, varies linearly over these grid points.

Defining

[vxj|vyj|vzj ] ≡ EH
N [ax(lj)|ay(lj)|az(lj)] (3)

we calculate vj ≡ vxj ∧ vyj ∧ vzj , where ∧ is
a wedge product. The linear combination of vj

should become zero at the true source location so
that

[v1|v2|v3|v4] c = v0
∼= 0 (4)

where the coefficient vector c is normalized as
[1 1 1 1] c = 1. Solving (4) for c, we can inter-
polate the true source location l0, by

l0 = [l1|l2|l3|l4] c. (5)

Note that combining this interpolation with (2),
the maximum number of estimated sources NS is
reduced down to NA − 4.

2.3 Simulation
We have performed a couple of simulations, to

demonstrate the validity of the MUSIC algorithm
developed in the previous section. By using three
magnetic vector sensors at the locations (x, y, z) =
(0, 0, 0), (1, 0, 0), (2, 0, 0) [m], we have tried to lo-
calize two incoherent magnetic dipoles at the fre-
quencies of 10 kHz and 10.5 kHz, respectively,
with arbitrary locations and orientations. When
the SNR of the measured signals are as good as
more than 30 dB, the location accuracy (the rms
error variance) has confirmed to become less than
1 mm at the locations about 1 m away from the
sensor array. As the distance between the sources
and the sensor increases, the estimation error vari-
ance increases up to centimeters because of the
reduced SNR. In addition to such rms error varia-
tion, another “bias error” of the MUSIC algorithm
appears in the estimated locations. Though the
MUSIC estimator itself is an “unbiased” estima-
tor, here the bias error comes from the interpo-
lation scheme shown in (5) [10]. For the MUSIC
scanning resolution of 10 cm over the 3-d volume
including the sources, this bias error makes the
estimated locations deviate by up to centimeters
from the true source locations, which can be re-
duced if we adopt finer scanning resolution.

3. Location and visualization experiment
for low-frequency current loops

We have developed an experimental system to lo-
cate and visualize the low-frequency current loop
sources as in Fig. 2, with the MUSIC algorithm.
As an example of the experiments, we set up two
small current loops with diameters of about 10
cm. As in the simulation the current loop sources
#1 and #2 have the monochromatic frequencies
at 10 kHz and 10.5 kHz with the dipole moments
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Figure 2: Experiment configuration for low-
frequency current loop visualization

of 6.3 × 10−3 A/m and 1.8 × 10−3 A/m, respec-
tively. Their locations and orientations are listed
as the “True” values in Table1, where the orien-
tations are represented as the zenith angle θ from
the z-axis and the azimuth angle φ from the x-
axis.
Again as in the simulation we put three tri-

axial search coil sensors at (0, 0, 0), (1, 0, 0), and
(2, 0, 0)[m]. These sensors have been developed to
observe the weak electromagnetic waves in space
plasmas around the Earth onboard scientific satel-
lites [11]. The wave forms of the measured mag-
netic field are sampled at 200 kHz.
The MUSIC scan is done over the 3 m×3 m×3 m

volume including the sources, with the resolution
of 10 cm, where the SNR for the sources #1 and
#2 are 36.2 dB and 31.0 dB, respectively.
Figs. 3(a) and (b) show the Pmusic distributions

over two x− y (horizontal) plane at z = 0.1m and
z = −0.1m, for the sources #1 and #2, respec-
tively. The “×” marks in the figures indicate the
true locations of the sources, which agree with two
local maxima of Pmusic. The exact values of es-
timated locations with interpolation are listed as
“Estimated” in Table 1. In this case the estima-
tion error becomes as large as about 10 cm for the
location, which is larger than not only the rms er-
ror variance due to the noise but also the bias error

Table 1: Source parameters

OrientationLocation [m]
(θ, φ)[deg]

#1:True (0.80, 1.30, 0.00) (0, 0)
#1:Estimated (0.86, 1.19, 0.11) (5, -126)
#1:True (1.76, 0.75, 0.00) (55, 45)
#2:Estimated (1.77, 0.77, -0.07) (59, 53)
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Figure 3: Locations of the current loop sources
estimated by the MUSIC algorithm

of the MUSIC estimator due to the interpolation.
The main reason of this is likely to be attributed
to the incorrect alignment of each axial sensor of
the tri-axial search coils, as well as to the assump-
tion of the finite-sized (10 cm diameter) current
loop sources treated as “point” magnetic dipole
sources.
With our system the estimated source locations

and orientations can be superimposed directly on
the “real” camera image of the loop currents, by
adjusting the relationship between the camera co-
ordinates and the real coordinates, on the basis of
the camera parameters with perspective transfor-
mation. Fig. 4 shows a visualized result, where we
draw two “ellipses” representing the two current
loops as seen from the camera and two “arrows”
indicating their orientations.

4. Conclusion

We have applied a MUSIC algorithm to localize
the multiple incoherent low-frequency magnetic
dipole sources. On the basis of the algorithm,
we have developed a system to determine the lo-
cations and orientations of the current loops and
visualize them on the real image of the sources.
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Figure 4: Visualization of low-frequency current
loops

Since the algorithm developed here only treats
point magnetic dipole sources (small current
loops), we will extend the algorithm to deal with
line and plane current sources, by possibly esti-
mating their current distributions [12].
On the other hand, the actual EM noise sources

inside electrical and electronic equipment may be
surrounded by metal chassis or frames, which
should influence the radiation and propagation of
the noise out of the equipment. With the aid of
computer simulation of EM wave propagation, we
will evaluate such an effect and apply it to the lo-
calization and visualization of actual noise sources
inside the equipment.
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