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Abstract—This paper presents an apparatus to measure the 

spectroscopic magnetic response of small metallic objects and 

deduce the magnetic polarizability tensor. The measured trans-

impedances of a .222 Remington rifle cartridge and titanium 

cube are compared to simulated results and are found to match 

well providing verification of the method. The eigenvalues of the 

two objects are calculated and discussed highlighting the 

potential discriminatory aspect. The results support the proposed 

use of the eigenvalue spectra to provide subsurface classification 

and discrimination between landmines and clutter. 
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I.  INTRODUCTION 

Explosive remnants of war (ERW) remain a significant 
humanitarian and environmental problem worldwide, posing 
risk of serious injury and contributes to an annual casualty rate 
in the thousands [1].The main challenge for landmine detectors 
has shifted over the last decade towards the classification of 
metallic content as opposed to detection. Increased sensitivity 
of metal detectors has meant that modern detectors are capable 
of detecting low-metal anti-personnel mines up to a depth of 15 
cm [2].  However, landmine clearance remains a difficult task 
that is extremely expensive and time consuming since most 
environments containing unexploded mines are cluttered with 
innocuous metallic content. A deminer can be faced with as 
many as 100 to 1000 inert metal objects for every mine [3]. 
Therefore it is crucial that reliable and accurate techniques are 
developed to enable rapid discrimination between clutter items 
and actual targets of interest. In view of this, recent 
development has seen the introduction of ground penetrating 
radar (GPR) to complement electromagnetic induction as a 
means of discriminating between clutter and threat objects [4]. 
However, recent studies have demonstrated the potential to 
classify metallic content by identifying the magnetic dyadic 
polarizability tensor of detected objects [5], [6]. 

Typical electromagnetic induction (EMI) sensors are 
composed of an excitation coil which generates a primary 
magnetic field and a receive coil used to measure the induced 
fields caused by interactions with surrounding material. Eddy 
currents generated in the metallic target as a result of the time-
varying primary field are dependent on a number of parameters 
such as size, shape, material and location. This effect is 
sometimes referred to as demagnetization effect or secondary 
field. Consequently, different targets are expected to exhibit 

different electromagnetic responses. The object specific 
information is captured in the magnetic polarizability tensor 
and hence deducing the value from measured data would 
provide a means of classification.  

This paper looks at the development of an instrument that 
provides a means of measuring the tensor values of low metal 
anti-personnel mines. We begin by reviewing the basic theory 
behind the magnetic polarizability tensor. Following this a 
description of the experimental set-up used to obtain the 
electromagnetic responses of test objects is given. Simulations 
of object responses were run in parallel to measurements to 
verify the measurements and validate the experiment. Thus a 
description of the simulation approach and results is provided 
prior to reporting on experimental results. The deduced values 
of the tensors are then calculated and compared to one another 
as well as to simulation results. Finally, we report on the 
relevance of exploiting the described techniques in this paper to 
provide a library of tensors for anti-personnel mines and items 
of metallic clutter. 

II. BACKGROUND 

The magnetic polarizability tensor is referred to in this 

paper as  ⃡    and is composed of a 3x3 symmetrical complex 
matrix that is frequency dependent. It identifies the EMI 
response based on the induced dipole moment [5]. The double-
arrowed accent represents the dyadic nature rather than a 
matrix or vector quantity [7]. 
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The matrix is symmetrical due to electromagnetic 
reciprocity, meaning that the matrix only contains 6 unique 
complex numbers [8]. In theory, the tensor can be deduced 
from as little as 6 incident angles of the primary field. This is 
provided that the angles are three orthogonal axes and their 
cross-diagonals to provide a full view of the object, as 
demonstrated in Fig. 1. However, a larger number of 
measurement angles are normally performed to provide 
confidence in the measurements and the deuced tensor. 

The authors would like to thank Find A Better Way for their financial 
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The tensor  ⃡    is orientation specific and therefore pre-

determined knowledge of the object orientation would be 
required to perform discrimination. Thus, the Eigenvalue 
matrix, Λ, is used instead as it provides an orientation-
independent means of comparing responses [9]. Λ isolates the 
three primary orthonormal axis of the object such that an 
external primary field aligned with one axis would result in a 
steady state dipole moment parallel to it [10]. It is the 
spectroscopic information contained in Λ that can be used as a 
signature to identify and discriminate between mines and 

clutter.  ⃡    can be deduced back from Λ to calculate the 
response in any orientation by applying rotational matrix R, 
[11], as displayed in (2): 

TRR 


M        (2) 

A full derivation of the polarizability tensor theory is 
provided in [7] and forms the basis of the equation used in this 

paper. Equation (3) relates  ⃡    to the measured induced voltage, 
Vind, in the receive coil of the electromagnetic sensors:  
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where        and       are the fields incident to the object from the 
transmit and receive coils respectively, µ0 is the permeability of 
free space and IR  is the current passing through the receive 
coil. In practice these equations are used in reverse as the 
induced voltage is initially measured which provides a means 

of identifying  ⃡     which in turn allows the calculation of Λ. 

Finally, it is worth noting that in order to approximate the 
secondary field (the induced voltage) using the field of the 
magnetic dipole moment, the primary field is assumed to be 
parallel across the object in question [7]. Additionally, a 
magnetic dipole approximation may be used to describe a 
current loop, where the loop dimensions are much smaller than 
the distance to point of interest [12]. 

III. THEORY 

In order to derive  ⃡     a system needs to be able to provide a 
parallel primary field at a number of incident angles. Rotating 
the object within a solenoid coil provides just that. The 
measurement system makes use of the uniform field within the 
central region to obtain the measurements required in order to 

obtain  ⃡     and ultimately Λ. 

Once a set of rotational voltage measurements are obtained, 
Λ can be obtained by one of two means; direct calculation [11] 
or by pseudo inversion. The direct approach can only be 
applied if the object is highly symmetrical and has a clearly 
defined primary axes, such as the example screw. The 
eigenvalue matrix is expected to be composed of a dominant 
component and two equal smaller values. Hence in theory, only 
two measurements would be required to obtain the eigenvalues; 
one with the screw aligned with the field and one with the 
screw at 90˚. This simplification could go even further to 
obtain Λ from one measurement if the object responds equally 
in all directions such as a sphere or cube. Alternatively, for 
more complex shapes, a full set of rotational measurements 
needs to be performed and a simple pseudo inversion process 

can be used to attain the values of  ⃡   . The Jacobian matrix in 

the inversion is composed of the dot product of values of       

and       for each angle to provide the solution for  ⃡    as: 
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where J is the Jacobian matrix and IT is the current through the 
transmit coil. The induced voltage divided by the transmit coil 
current is commonly known as the trans-impedance 
measurement and is the recorded value obtained from the 
experiment discussed next. 

IV. EXPERIMENTAL SETUP 

A. System Overview 

The primary instrument used to perform the measurements 
is an impedance/gain phase analyser, Solatron SI 1260. The 
impedance analyser excites the coil with discrete fixed 
frequencies and captures the trans-impedance values. A 
bespoke LabVIEW programme controls the measurement 
process, stepping through the desired frequencies providing the 
required excitation values and recording the trans-impedance 
measured by the analyser. This data is then processed using 
MATLAB to perform the inversion and tensor calculation. 
Front-end amplification is used to provide a stronger driving 
current (≈1.2A) and amplify the induced voltage from the 
receive coil. A system schematic is represented in Fig. 2. 
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Fig. 1-Example object (screw) and the minimum number of orientations with 

respect to the primary field required to deduce the tensor. 
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Fig. 2-System schematic highlighting the flow of signals and measurements 

to and from the Solatron and the workstation. 



B. The coil 

The solenoid coil constructed in order to take the 
measurements is pictured in, Fig. 3. The coil is composed of an 
inner 120 turn transmit coil, visualized in red in  Fig. 3(a), and 
two outer 60 turn receive coils wound in a gradiometer 
arrangement, displayed in green in Fig. 3(a) and red in Fig. 
3(b). The coil dimensions are as follows; a=202 mm, b=105 
mm, H=220 mm, d=107 mm and D=149 mm, with a wire wall 
thickness of 1.75 mm for the transmit coil and 1.66mm for the 
receive. The z-axis is considered to be along the centre of the 
coil. 

The coil was designed to provide maximum sensitivity 
(larger number of turns) while ensuring the resonance of the 
coil is well above the region of interest. The frequency range 
investigated within this paper is 1-100 kHz as this contains the 
majority of the useful information required for classification. 

 

C. Test Objects 

Fig. 3(c) displays the two test pieces measured within this 
paper; a .222 Remington rifle cartridge and a titanium cube. 
The .222 cartridge is made out brass, exact alloy unknown, 
with a primer assumed to be of the same material (not shown). 
The cube is made of 10x10x10 mm of pure titanium. 

D. Experimental Procedure 

A mechanical device was used to position the test objects at 
the most sensitive part of the gradiometer along the z-axis. The 
device enabled manual rotation for defined angular 
orientations. In this paper, rotations were performed about the 
y-axis in 15° steps. Due to the parallel field provided by the 
solenoid coil, the measurements obtained when rotating about 
the x-axis would yield identical results. At each angular 
orientation a full frequency sweep was completed from 1 to 
100 kHz and stored. The object was then rotated and the 
process repeated until a full 360° rotation was performed. 

E. Calibration 

The raw trans-impedance measurements needed to be 
calibrated against the response of a ferrite object. This was due 
to the introduction of phase shifts as a result of the front-end 
amplification as well as an uneven amplification across the 
frequency range. In order to do so, trans-impedance 
measurements of a ferrite rod, 6x20 mm, were performed. 
Ferrite should provide a flat response across the frequency 
spectrum in terms of magnitude and introduce no phase shift. 

This information was used to effectively cancel out any errors 
introduced due to amplification. 

F. Post-Processing and Field Measurement 

A MATLAB programme was used to perform the post 
processing and calculate the tensor/Eigenvalue matrix. The 
programme performs the calibration initially to provide a view 
of the trans-impedance response of the object. As will be seen 
later this information can be used to deduce information about 
the object material, size and symmetry. The results are then 
inverted to deduce the tensor values, and subsequently Λ. As 
highlighted in section III, this requires knowledge of the field 

values from of the transmit and receive coils,       and 

      respectively. These fields were calculated from flux density 
measurements using a Hall probe positioned at what would be 
the metallic object’s centre whilst passing a unit current 
through the transmit and receive coils in turn. 

V. SIMULATION 

Simulations were performed using the commercial FEM 
(Finite Element Method) solver, Ansys Maxwell v16. The 
simulation geometry comprised of an outer free-space region, 
the coil arrangement as shown in Fig. 3(a) and the test object 
positioned nominally at the most sensitive region of the 
gradiometer.  A series of simulations involved geometrical 
rotations of the test object about its centre in 15˚ increments 
from 0˚ to 345˚ over the frequency sweep range 1 kHz to 10 
kHz in 1 kHz steps and thereafter in 5 kHz steps up to 100 
kHz. The geometry of the .222 Remington case was simplified 
as three stacked geometrical primitives; a long and thin tapered 
cone, a smaller fatter cone and a simple cylinder representing 
the outer main body, shoulder and neck respectively of the 
cartridge. Subtraction of smaller sized primitives enabled the 
creation of a simplified cartridge shell of 0.5 mm wall 
thickness. Typical total meshing levels was in the order of 
700k tetrahedral elements and solution times for all frequencies 
and rotations was in the order of 72 hrs running on Intel Xeon 
ES-2620 (2 GHz) and required approximately 40 GBytes of 
physical RAM. An example H-field plot of the cartridge shell 
in the coil arrangement for a simulation of 20 kHz excitation 
current and angular orientation of 0˚ to the z-axis is shown in 
Fig. 4. 

 

 
(a)                (b)                   (c) 

Fig. 3-(a) Coil schematic,(b) constructed coil and (c) test objects used 

(Titanium cube and .222 Remington shell) on 1 cm grid.  

 
Fig. 4-Cross-sectional upper half of gradiometer showing an example H field 
perturbation due to the modelled .222 Remington rifle cartridge. Midpoint of 

the cartridge is at the simulated rotational centre and the most sensitive part 

of the gradiometer. 



VI. RESULTS AND DISCUSSION 

A. Trans-Impedance Measurements 

The calibrated trans-impedance measurements obtained 
from the .222 Remington cartridge are presented in Fig. 5. The 
plots highlight expected results such as the sinusoidal shaped 
response in (a) which is a result of the geometrical shape of the 
cartridge. The frequency response displayed in (b) elucidates a 
number of object specific information such as the material and 
size. The lack of a positive real response at low frequencies 
alludes to the lack of ferritic composition in the material. The 
location of the peak frequency of the imaginary response can 
be viewed as a function of conductivity. This will be discussed 
further when comparing the eigenvalues of the cube and 
cartridge. The smooth measurement transition as the object is 
rotated can be viewed as a merit to the quality of measurements 
and they proved to be very reproducible, within 5%. 

The measurements were compared with simulated results at 
0˚and were found to match very well, Fig. 5(c). However, some 
slight discrepancies are visible. This is assumed to be down to 
a number of aspects. Firstly, the simulation lacked the exact 
material properties of the cartridge; mainly the conductivity of 
the brass alloy composition was not accurately known. 
Secondly, there were a number of subtle simplifications to the 
simulated cartridge such as the absence of the extractor groove 

and primer. Finally, the cartridge was modelled to have a 
thicker wall to reduce the number of elements created by the 
simulation. To confirm these assumptions were the cause of the 
difference, the titanium cube measurements were compared 
with simulated data and were found to agree much better as 
shown in Fig. 5 (d). In this instance, the simulation geometry 
was modeled far more closely to the physical reality due to the 
inherently less complex shape of the cube. 

B. Eigenvalue matrix 

Finally, the Eigenvalue matrix was deduced from the 
measured and simulated results using the inversion technique 
described in the section III. The calculated eignevalues from 
the titanium cube and .222 cartridge for both measured and 
simulated results are shown in Fig. 5(e) and Fig. 5(f) 
respectively. Only one eigenvalue is reported for the titanium 
cube as it responds equally in all directions (the three primary 
axis) and as result has the same eigenvalue in all three 
directions. Two eigenvalues are reported for the .222 cartridge; 
the dominant value (along the length of the cartridge) and a 
smaller eigenvalue which is identical for the remaining two 
axes due to its shape. These statements in their own right are 
discriminatory properties highlighted by the eigenvalue matrix. 
The identification of the shape of the object alone could 
potentially provide a means of disregarding clutter. 

 

 
            (a)       (b)                     (c) 

 
                        (d)            (e)           (f)              
Fig. 5-.222 Remington cartridge calibrated trans-impedance measurement divided by ω, displayed per frequency (a), per angle of rotation (b) and compared to 

simulated at 0˚ (c). (d) is the comparison between measured and simulated data for the Titanium cube at 0˚. The calculated eigenvalues for the titanium cube (e) 

and the .222 Remington rifle cartridge (f) for both the measured (blue) and simulated (red) results. 



The peak frequency for the eigenvalue imaginary spectrum 
provides information about the material properties. The 
conductivity of the materials is significantly different; brass is 
typically assumed to have a conductivity of 1.5x10

7
 S/m, while 

titanium has a considerably lower conductivity of 1.8x10
6
 S/m. 

This is reflected in the peak position in Fig. 5(e) and Fig. 5(f) 
where the .222 Remington rifle cartridge displays a peak at 
around 8 kHz and the titanium cube is around 25 kHz. Finally, 
the magnitude of the eigenvalue matrix is considerably 
different highlighting the difference in size. However, the 
magnitude is a function of the conductivity, permeability and 
size of the object. Thus it cannot be used as a measure of size, 
unless prior knowledge of the material is present. Fig. 5(e) and 
(f) illustrate the potential information that can be deduced 
about the object. It can be referred to as an object signature and 
can deliver a discriminating dimension to metal detectors.  

VII. CONCLUSIONS AND FURTHER WORK 

The magnetic dipole polarizability tensor is of great interest 
in order to identify subsurface targets detected during mine 
clearance. The instrument described in this paper is capable of 
performing clean reliable measurements to obtain tensor values 
of small metal targets.  The agreement with simulation results 
without the need of scaling validates the true tensor values 
obtained rather than assessing them comparatively. Looking 
forward the instrument is ready to be used to start measuring 
the magnetic responses of low-metal metal mines and typical 
clutter items to provide a library of signatures that can be used 
by detectors to identify and discriminate. The instrument can 
also be used to understand the effects of ageing on the response 
of a mine as well as recognizing the degree to which surrogates 
reflect the true response of a mine. 
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