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Abstract—We demonstrate magnetic anomaly detection (MAD) using an ar-
ray of 24 commercial induction coil magnetometers with stand-off distances
from a pulsed 99.8(3) kA·m2 magnetic dipole source of 260–1200 m. The
sparse array is used to estimate the magnetic dipole location, magnitude, and
orientation. We demonstrate how independent component analysis (ICA) im-
proves the accuracy and precision of the magnetometer array when estimat-
ing the dipole parameters. Using sensor responses recorded from individual
source pulses, we estimate the dipole location to within 29 ± 2 m, the mag-
nitude to within 3 ± 3 kA·m2, and dipole orientation error to within 19 ± 0.6◦.

Index Terms—Magnetic sensors, array-based sensing, independent component analysis (ICA), induction coil, magnetic anomaly detec-
tion (MAD).

I. INTRODUCTION

Magnetic anomaly detection (MAD) is the characterization of ob-
jects or events by their influence on detected magnetic fields (B-
fields) [1]. MAD can be used to detect, locate and track hidden
targets with magnetic signature, such as unexploded ordnance [2] and
vehicles [3]. MAD has been used widely in many applications, such
as in nondestructive industrial testing [4], geological surveys [5], and
naval mine countermeasures tasks [6].

MAD has been demonstrated using both a single sensor and an array
of sensors; the advantage of the latter being the ability to simultane-
ously measure the magnetic field at multiple locations. This enables
MAD of transient events and the rejection of ambient magnetic field
noise to improve the signal-to-noise ratio (SNR). Array-based MAD is
characterized by the number of sensors (N), the sensor spacing (S), and
the distance of closest approach (DCA) from the source to the nearest
sensor. The specifics of several prior array-based MAD demonstrations
are summarized in Table 1.

Here, we perform MAD of a pulsed magnetic dipole source with a
DCA of 259 m using a sensor array of 24 nonuniformly (100 m-scale)
spaced commercial induction coil magnetometers. We use the sensor
array to localize the dipolar source by estimating its parameters by
“dipole fitting”, where we compare the measured B-field reported by
each magnetometer with the B-field produced by a simulated dipole.
We perform dipole fitting on ten individual pulses (no averaging across
pulses). By comparing the ten location, magnitude, and orientation
values estimated from the data with their actual values, we characterize
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TABLE 1. Array-Based MAD Demonstrations

both the accuracy and precision of the magnetometer array. In addi-
tion, we utilize independent component analysis (ICA) [11] to reject
spurious signals from the raw B-field measurements. We characterize
how ICA-cleaned data improves both the accuracy and precision of
the dipole fits. Compared to prior work, this is the first demonstration
of array-based MAD with a DCA greater than 50 m and the first
application of ICA on a magnetometer array with sensor spacing at
the 100 m-scale.

II. EXPERIMENTAL SETUP AND METHODS

The experimental geometry is as follows. Eight stations (see Fig. 1)
with three orthogonal single axis vector magnetometers (Phoenix
Geophysics MTC-150) are installed at various distances from the
source (see Table 2). Each station has one magnetometer oriented
along east-west (x), one along north–south (y), and one along the
vertical (z). The MTC-sensor is an induction coil magnetometer and
has a bandwidth of 10 kHz and sensitivity of 10 fT/

√
Hz at 5 kHz
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Fig. 1. Station hardware prior to installation. The red cylinders are the
magnetometers. The black box contains the data recorder and batteries
powered by the solar panel.

TABLE 2. Station Locations in Meters Relative to the Source Coil

and 40 fT/
√

Hz at around 10 Hz. The 144 cm × 7 cm sensor weights
6.4 kg.

The source is a custom coil with a radius of 2.0 m and height of 2.0 m
with 24 turns and its axis of symmetry vertically oriented. A pulsed
current supply drives current through the coil sufficient to produce a
magnetic dipole with a 1 ms rise time and quasi-exponential decay
time of ∼ 500 ms. The peak synthesized dipole moment is calculated
from measurements of the current drawn through the coil and found
to be 99.8(3) kA·m2 .

We recorded 10 min of continuous raw temporal magnetometer
data at 24 k samples/s/channel. We pulsed the source every 60 s
giving in total ten pulses for the ten minute recording time. We use
the open source Python toolbox MNE for signal processing of the
magnetometer data [12]. MNE Python is developed for analyzing
neurophysiological data from, e.g., magnetoencephalography (MEG)
[13], but can nevertheless be applied to any multichannel time-series
data. Using MNE Python, we bandpass filter the data to 0–1500 Hz
before any of the analyses.

III. TEMPORAL DATA AND ICA

In this section, we show how ICA improves the data quality. In
brief, ICA is a data-driven technique for transforming multiple sensor
measurements via linear combinations into “components” that are
maximally independent of one another. We use the MNE Python
software to compute the ICA decomposition and to apply the ICA
data reconstruction.

In total, 14 s of raw temporal data recorded by each of the 24
sensors is shown in Fig. 2 (left) (one sensor per trace). The timing
of the pulsed source is shown using the vertical dashed lines. We see

TABLE 3. Measured Mean and Standard Deviation of Fit Parameters
From Ten Pulses for Raw and ICA-Cleaned Data

that the B-field measured by the sensors at the pulse time is strongly
dependent on the stand-off, i.e., distance from the source to the sensor.
The sensors also show unique B-field signatures at other times, which
we attribute to local B-field interference. In addition, the sensors show
B-field signatures that are independent of the sensor position (see for
instance the data around t = 4 s). We attribute these common B-fields
to distant lightning on account of their short duration and the fact that
this data was acquired in the month of April in the Northern hemisphere
when lightning is common.

Fig. 3 shows representative data around a single pulse after we
rewrite the ten minute data set of 24 raw data signals in terms of 15 max-
imally independent components using ICA. We see that component
ICA006 shows temporal dynamics most similar to our source, while
components ICA000, ICA001, ICA008, and ICA011 show almost no
similar pulse dynamics while also exhibiting large oscillatory behavior
that we attribute to interference. We delete components ICA000, 001,
008, and 011 and reconstruct the 24 data channels without them.

Fig. 2 (right) shows the result of the ICA-cleaned data. We see that
the B-field noise recorded by some sensors during the pulse times
is improved. For example, the interference in sensor PWAOF-X is
almost completely removed by ICA-cleaning thereby revealing the
source pulse clearly. We also see that some B-field noise at other times
is suppressed. However, some B-field noise signals (see for instance
sensor PWCTE-Y) remain unsuppressed despite ICA-cleaning.

The average SNR for the raw data is 49 (range: 3–255) while for the
ICA-cleaned data it is 91 (4–411). Over the channels, ICA improves the
SNR by a factor of 5 on average (1–34); for the two X-oriented channels
closest to the source (PWAOF-X and PSAON-X), ICA improves the
SNR by factors of 9 and 34.

IV. DIPOLE FITTING

In this section, we quantify the ability of the array to character-
ize the location, magnitude, and orientation of the source with and
without ICA. We perform dipole fitting on the raw and ICA-cleaned
data shown in Fig. 2 (right). The dipole fitting is performed using
the FieldTrip software [14]. The dipole fitting algorithm assumes 1)
uniform permeability between the source and the magnetometers,
and 2) the source can be modeled as a magnetic dipole. The dipole
fitting routine first performs a grid search using a grid over a volume
of 1100 × 650 × 250 m3 underneath the magnetometers. The grid
comprises 1430 candidate sources with a distance of 50 m between
adjacent sources. The candidate source with the greatest goodness of
fit value is used as the starting location for nonlinear optimization.
The nonlinear optimization yields the final estimate of the source
parameters. We report the goodness of the fit, the estimated dipole
moment, and the position and orientation errors of the dipole fit. The
location error is defined as the Euclidean distance between the known
source location and the fit estimate while the orientation error is the
angle between the fit estimate and the known source orientation.

Table 3 shows the mean and standard deviations for three of the
four fit parameters for raw and ICA-cleaned data, while Fig. 4 shows
the corresponding box plots across the individual pulses for all four fit
parameters. We see that the estimated dipole moments from fitting the
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Fig. 2. Magnetometer data from 24 magnetometers before (left) and after (right) performing ICA to reject spurious signals. The vertical axes are
all scaled the same (±0.125 nT). The dashed vertical lines are centered around the time when the source is pulsed.

Fig. 3. ICA decomposition of the data from 24 induction coil magne-
tometers. The temporal behavior of 15 ICA components is shown for
20 seconds. The green channels were removed prior to reconstruction
of the 24 signals.

raw and ICA-cleaned data agree with the dipole moment calculated
from the current measured through the coil. We also see that ICA im-
proves the accuracy (i.e., mean) and precision (i.e., standard deviation)
of all fit parameters. We find that the fit solutions are offset in the same
general direction relative to the actual source. We attribute the better
localization accuracy of the ICA-cleaned data over the raw data to the
increased SNR, especially in the two stations nearest to the source,
which are critical in dipole fitting.

Fig. 4. Box plots of dipole fitting results of raw and ICA-cleaned data
one pulse at a time. Data from all 24 magnetometer channels have
been used.

V. LIMITATIONS

We have shown that ICA roughly doubles the average SNR across
the array allowing improved dipole fitting. We find that the ICA-
cleaned sensor noise just prior to a pulse event is still 2 to 20× greater
than the intrinsic noise estimated from the sensor data sheets. This
suggests that even the ICA-cleaned data noise is not yet limited by the
intrinsic sensor noise.

An incorrect permeability model of the medium between the sensors
and the dipole source can limit the accuracy of the dipole fitting. For
example, if the magnetic permeability at and above the location of the
sensors is μ0 while the magnetic permeability at the location of the
source dipole and up to the sensors is μ then the dipole magnitude
will be scaled by the factor 2β/(β + 1), where β = μ/μ0 [15]. If the
permeabilities in the two regions are homogeneous then only the dipole
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magnitude (and not measured dipole angle, orientation, and location)
will be affected by β. However, an inhomogeneous permeability is
likely to affect all of the estimated dipole parameters. In the experi-
mental setup, the source coil was located in a chamber with a variety
of ferrous material nearby, e.g., rock bolts and electrical conduit. It is
thus very likely that our dipole-in-a-vacuum model does not properly
account for the geophysical environment of the experiment thereby
limiting the accuracy of the position and orientation estimates.

Other factors limiting the accuracy include sparse coverage of the
sensor array and inaccuracies in the sensor scale factors (conversions
from Volt to Tesla) and sensor orientations. For induction coil mag-
netometers, the scale factor depends on the area enclosed by the coil
which can depend on many things, such as ambient temperature and
mechanical deformation of the sensor. Sensor orientation accuracy is
mostly dictated by the installation accuracy. Here, the sensors were
installed with cm-scale accuracy over the roughly 100 cm sensor
length, corresponding to an orientation uncertainty of roughly 0.6◦.

To quantify the effects of scale factor and orientation errors on dipole
fitting performance, we perform simulations where we introduce ran-
dom deviations to the assumed sensor scale factors or orientations
and then fit the data. These simulations show that for scale factor
uncertainty > 10% and orientation uncertainty > 4◦ the fit-derived
dipole position and orientation error both increase in statistically
significant fashions. While the orientation uncertainty of the sensors
installed in this work is likely less than the threshold for impacting
the dipole fit, the scale factor uncertainty was similar to the threshold
for impacting the dipole fit. Consequently, reducing the uncertainty
of the scale factors of the sensors could improve the fit accuracy.
The deployment of optically pumped magnetometers [16], the scale
factors of which are much more certain compared to induction coil
magnetometers, could enable improved dipole fit accuracy.

VI. CONCLUSION

We demonstrate MAD of a 100 kA·m2 pulsed magnetic dipole using
an array of 24 induction-coil magnetometers at eight different locations
such that the source/sensor slant range varied from 260 to 1200 m. Even
with our relatively sparse array, we estimate the dipole position within
approximately 29 m and 19◦. Moreover, we successfully applied ICA
to denoise the data, which improved the dipole fitting results. We used
the entire 10 min dataset to perform ICA but only information from
the first pulse to determine which components to reject. The same
components were rejected for subsequent pulse analysis.

We find that the accuracy of the dipole moment derived from fitting
is limited by the fit precision, whereas the position and orientation
accuracy derived from fitting are not. We have explored three possible
sources of dipole position and orientation inaccuracy: sensor scale
factor uncertainty, sensor orientation uncertainty, and spatial magnetic
permeability uncertainty. We believe that scale factor uncertainty and
spatial magnetic permeability uncertainty may limit the accuracy of
the presented results.
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