
________________________________________________________________________________________ 

Laboratoire Systèmes Electromagnétiques, Ecole Militaire Polytechnique, BP17, 16111 Bordj El Bahri, Algiers, Algeria. 
e-mail: zaoui_abdelhalim@yahoo.fr 
 

Modeling of Inductive Metal Detector with  
Swept Frequency Excitation 

A.C. Lahrech           A. Zaoui          F. Benyoubi          A. Sakoub 
 

Abstract − In this paper we present an investigation into using 
the swept frequency excitation for the inductive metal sensor. 
The frequency sweep excitation mode allows collecting eddy 
current data at a wide range of frequencies. The Nyquist polar 
plot of the sensor response depends on the geometrical and 
physical proprieties of the detected object. In this work an 
analytical solution of the response function for the 
homogenous sphere-shaped is presented. Than a finite element 
numerical simulation is performed. The swept frequency 
response is computed for different geometries and metal 
proprieties.  

1 INTRODUCTION 

Landmines, especially Anti-Personnel (AP) mines, 
are still a worldwide problem. Nowadays a large 
number of AP mines is buried in the soil. These AP 
mines kill or cripple around 26 thousand people 
every year. According to the statistics, half of these 
victims are civilians, mostly children younger than 
sixteen years of age. 

There are many ways to detect AP mines or buried 
metal objects in general. Currently, electromagnetic 
manual methods are still major techniques in 
detection and clearance. Their main disadvantage is 
that they are very slow due to many false alarms [1]. 
Reasons for this failure are especially the variety of 
environments in which the mines are buried and the 
limits or flaws of current technology [2]. 

Excitation signals and signal processing in the 
detector could be performed in a way to 
avoid/minimize false alarms. Usage of frequency 
swept signals is one of these ways. Swept frequency 
signals give more complex information about the 
detected objects. 

2 PRINCIPLES OF INDUCTIVE METAL 
DETECTOR  

The inductive metal detector usually consists of a 
search head which contains primary and secondary 
coils. When the detector passes over an object able to 
influence the magnetic field it causes a change in the 
voltage induced in this coil. This influence depends 
on the electromagnetic and shape properties of the 
metal object detected. 

The inducted voltage is represented by a complex 
magnitude because the received signal consists of a 
part which is in phase with the primary signal and a 
part which is in quadrature with it. Thus, the changes 
of amplitude and the phase of the received signal 
contain information about the detected object [3]. 

The electromagnetic phenomenon in the inductive 
metal detector is described by the Ampere’s and 
Faraday-Lenz’s law. 

The Ampere’s law is given by: 
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Where 0 is the permeability of vacuum, l is the 
length of a closed curve. 

In accordance with Faraday-Lenz’s law, eddy 
currents generate magnetic fields opposed to the 
primary field. The secondary magnetic field is 
detected by the receiver coil and induces an electrical 
voltage in the receive coil according to the Maxwell-
Faraday equation. 
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Where E is the electric field and  is the magnetic 
flux. 

The equation of the Ampere’s law for a circular coil 
with radius a can be reformulated using the Biot-
Savart law. This allows describing the magnetic field 
at a distance d along the axis of the coil. 

Θ== 2
0 cos

4 a
IdldBB z π

μ
              (3) 

After solving the Biot-Savart law we get the 
equation (4), where N is the number of turns of the 
coil and M is magnetic moment M=NIS. 
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The secondary magnetic field depends on many 
parameters; the depth, orientation, shape, size, 
electrical conductivity and magnetic permeability of 
the buried object. It depend also on the EM 
background and soil properties. The frequency of the 
primary magnetic field is very important as it 
influences substantially the depth of eddy currents 
penetration. A low-frequency magnetic field 
penetrates deeper into the ground, is less affected by 
the ground effect [4] and the skin effect is reduced. 

On the other hand high frequencies offer better 
resolution. The dependence of detection properties on 
the frequency of the exciting electromagnetic field 
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opens the opportunity to develop new methods of 
primary coil excitation and signal processing of the 
received signal with the intention to better identify 
geometry, depth and material of the buried object. 

3 ELECTROMAGNETIC MODELLING  

We present in this section the model of the 
electromagnetic sensor when using an homogenous 
sphere target as shown in Figure 1. the sensor is 
constituted of separated transmitting and receiving 
coils with operating frequency . The homogeneous 
sphere with radius a, conductivity  and permeability 

 is used as a target. The transmission coil is placed 
between two receiving coils. These last are operating 
in differential mode. All the coil in this sensor are in 
the same axis.  

 
Figure 1: Model of coaxial coils in the                      

axis of a homogenous sphere. 

For this model we can define the response [5]      

sV  as: 
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Where  is the permeability, I is the current driven 
by the coil,  is the operating frequency, RT is the 
radius of the transmitting coil, dT is the distance of 
the coil from the target, RS is the radius of two 
receiving coils, dS1 is the distance of receiver1 coil 

from the target. dS2 is the distance of receiver2 coil 
from the target. 

The term )()()( αFkajYkaX =+  depends on 
the frequency, permeability, conductivity and radius 
of the target. The response parameter α is given by : 

2
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2 2

δ
ωμσα ajajj ==       (6) 

The variable α  depends on object parameters (also 
on depth of penetration). The dependency of the 
imaginary part of the response function on the 
response parameter is shown in Figure 2. For more 
detail, see [5]. 

 
 

Figure 2: Response function of ferromagnetic (μr = 10) 
and non-ferromagnetic (μr = 1) object [2]. 

4 NUMERICAL ANALYSIS METHOD 

The numerical model is obtained by finite element 
resolution of the magneto-dynamic diffusion equation 
given by [6]: 

sJ
t
AA =

∂
∂+×∇×∇ σ

μ
1

              (7) 

Where , , Js and A are respectively the magnetic 
permeability, the electric conductivity, the source 
current density and magnetic vector potential. 
Applying the finite-element formulation for space, the 
following type of matrix equation is obtained: 
 

[ ]{ } [ ] { }Q
t
ACAS =

∂
∂+               (8) 

The matrix C is an appropriately sized constant 
matrix associated both with the eddy-current regions in 
the magnetic field and energy-storage elements such as 
inductors and capacitors in the electric circuit. The 
coefficient matrix S in general is a constant in linear 
systems. The right-hand column matrix Q is 
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associated with excitations such a
and current sources [7]. 

The time variable in (8) can be
backward Euler method. The recurs
when using the backward Euler met
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Where { }nA  is the magnetic pot

time nt end the time step size t =Δ
Equation (9) is solved by us

method in the time domain. Accord
time step, the following algebraic 
solved: 
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The response signal in inductive
the electromotive force induced
receiving coils, calculated as follow
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Where rc is the centroidal radius o

5 SIMULATION RESULTS. 
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Figure 3: Flux lines of induc
System is axisymmetrical 

Parameter 
Inner diameter of the transmi
Inner diameter of the receiv

Number of layer of 
the transmitter coil 

Number of layer of receive
Number turns per layer

the transmitter coil 
Number turns per layer

the receiver coils 
Height of the transmitter 
Height of the receiver co

Width of the transmitter 
Width of the receiver co

Diameter of copper wire o
transmitter coil 

Diameter of copper wire o
receiver coils 

Distance between the co
 

Table 1: Parameters of inductiv
 

Figure 4: Linear frequ

en the two material 

 

ctive metal detector. 
around the z-axis. 

Value 
itter coil 100 mm 

ver coils 158 mm 
 9 

er coils 37 
r of  7 

r of  35 

coil 9 mm 
oils 17.5 mm 
coil 7 mm 

oils 18.5 mm 
of the 1 mm 

of the 0.5 mm 

oils 55 mm 

ve metal detector. 

 

uency sweep. 
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Figure 5: Polar response plot for Steel. 

 

Figure 6: Polar response plot for Copper and Steel. 

3 CONCLUSION 

In this work an analysis of an electromagnetic 
inductive sensor response of the homogenous sphere 
target was done, as well as measured numerical data 
from different objects. For data processing FFT 
methods were used. Frequency sweep signal, as a 
source of a transmitting coil, bring a different 
approach for distinguishing between objects. Based 
on this analyze we conclude that the better outline of 
the object in terms of geometric and electromagnetic 
properties (conductivity, permeability) can be 
obtained when the detector excitation is done by a 
frequency sweep signal. The Nyquist polar plot of the 
sensor response can be considered as a signature of 
the target. 
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