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Abstract. Accurate compensation of the soil effect is essential for a new generation of 

sensitive classification-based electromagnetic induction landmine detectors. We present an 

analytical model for evaluation of the soil effect suitable for straightforward numerical 

implementation. The modelled soil consists of arbitrary number of conductive and magnetic 

layers. The solution region is truncated leading to the solution in form of a series rather than 

infinite integrals. Frequency-dependent permeability is inherent to the model, and time domain 

analysis can be made using DFT. In order to illustrate the model usage, we evaluate 

performances of three metal detector designs. 

1.  Introduction 
Electromagnetic induction (EMI) sensors in the form of metal detectors for humanitarian demining 

are the most important devices for close-in landmine detection well suited to the field applications due 

to their robustness and sensitivity achievable by a skilled operator [1]. The research of EMI sensors for 

landmine detection is directed towards reducing the number of false alarms and increasing the speed 

either by combining the metal detector with other established methods such as ground penetrating 

radar (GPR) or by employing more advanced mine detection EMI techniques based on mine or clutter 

classification of metallic objects according to their material, shape and dimensions [1], [2]. 

Degradation of metal detector performances in certain soil types has been known since World War 

II, but the research on the soil effects was somewhat neglected by the mine detection community until 

recently [3]. The studies of the soil effects employed models of homogenous half-space soil based on 

the infinite integral formulation of the soil response, usually followed by the approximations for low 

or negligible electrical conductivity and magnetic permeability [3], [4]. Although useful for 

understanding of the soil effects on metal detectors in general, e.g. dominant effect of frequency-

dependent magnetic permeability, such models may be insufficient for new generation of metal 

detectors based on the classification algorithms that require accurate soil effect compensation [2]. 

In this paper we present an analytical frequency-domain model for calculation of the magnetic field 

and induced voltage for a sensor head located above arbitrary number of conductive and magnetic soil 

layers. The solution region is truncated leading to the solution in form of a series rather than infinite 

integrals [5], [6]. This allows easier and faster implementation and error control [6]. The frequency 

dependence of permeability is inherent to the model and time domain analysis is possible using DFT. 

The equations are presented in a form suitable for straightforward stable numerical implementation. 

Using the model, we evaluate three typical configurations of metal detectors with respect to ratio of 

small metallic target response to the soil response [2], [4]. 
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2.  Analytical model 

2.1.  Vector magnetic potential and magnetic field 

We derived the analytical model of the magnetic potential of a single-turn transmitter coil positioned 

above a half-space of arbitrary number of conductive and magnetically permeable layers, as depicted 

in figure 1. In contrast to the usual Dodd and Deeds integral formulation [5], we truncated the solution 

region and, as a consequence, formulated the solution of the vector magnetic potential equation as a 

series [6]. The problem domain should be at least ten times larger than the characteristic length of the 

sensor head: transmitter coil diameter or transmitter-receiver distance, whichever is greater. 

 

 

Figure 1. Geometry used for modelling of the soil effects. 

 

The transmitter single-turn coil of radius RT at height z0 from the ground is driven by a sinusoidal 

current iT of constant amplitude IT and frequency ω = 2π f. The ground is assumed to be composed of 

K−1 linear, isotropic, and homogeneous layers. Electrical conductivity of k-th layer (k = 2,...K) is σk, 

its relative magnetic permeability is µrk, and its thickness is ∆zk = zk−1 − zk, except that of the K-th layer, 

where zk < zk−1< 0 as in figure 1. The K-th layer is the region z < zK−1 and its thickness is infinite. The 

problem domain is truncated at r = L, whereas it is unbounded in both z directions. In the cylindrical 

coordinate system, the excitation current has φ component only, and so will the vector magnetic 

potential A too. Taking the axial symmetry into the account and using the quasistatic approximation, 

the governing equation for the magnetic potential is 
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where Ak is the φ component of A in the k-th region. The method of separation of variables reduces (1) 

into two equations (ordinary differential equation in z and first-order Bessel equation in r). 

The magnetic potential for each region must satisfy the homogenous Dirichlet condition 

 ( ), 0kA r L z= = . (2) 

Because of (2), the eigenvalues are discrete and the solution for each region can be written in terms of 

the series truncated to N elements 
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where Ck,i and Dk,i are constants to be found out and J1 is the first-order Bessel function of the first 

kind. The eigenvalues αi for regions 0 and 1 (air) are given as solutions of the equation 

 ( )1 10,  ,  1,i i NJ L i Nα α α α= < < = K . (5) 

The zeros of the Bessel function can be readily determined using the prepared tables or a numerical 

root finding algorithm. The eigenvalues for the regions k = 2,...K are 

 2

, 0 , ,      2,k i i r k kj k Kα α ωµ µ σ= + = K . (6) 

Constants D0,i and CK,i are 0 because of the divergence of the respective exponential functions for 

z →±∞. The remaining constants have to be calculated from the standard interface conditions for the 

magnetic field. Using the orthogonal property of the Bessel functions, one can write N systems (for 

each i) of 2K linear equations with 2K unknowns [C0,i C1,i D1,i C2,i D2,i ... CK−1,i DK−1,i DK,i]
T
. We will 

report only the potential for k = 1, since it is the one required for evaluation of detector performances. 

Let Fk be the characteristic matrix of the k-th region: 
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It can be shown by solving the linear system that if  
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then the relation between the constants for the region k = 1 is 

 
1,

1, 1,

2,

,     1,
i

i i

i

g
C D i N

g
= = K . (9) 

Furthermore, it can be shown that D1,i does not depend on the soil properties and that it is the same as 

in the case when there is no soil in the vicinity of the coil (coil in the air), i.e. 

 
( )

( )
( )10

1, 02 2

0

exp ,     1,
i TT T

i i

i i

J RR I
D z i N

L J L

αµ
α

α α
= − = K . (10) 

Finally, combining (3) with (7)–(10), one can write for the potential for k = 1 ( 00 z z≤ ≤ ) 
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The magnetic potential is sum of the magnetic potential of the coil in air and the soil response. The 

only soil-dependent part in (11) is ratio g1,i / g2,i. Due to the axial symmetry, the magnetic field has 

only r and z components, and these can be calculated from (11) (calculating∇× A ) 
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2.2.  Induced voltage 

Voltage UR induced in a receiver coil of radius RR placed at location (rR, zR) can be calculated using 

 ( )( ) ( )
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where ( ) ( )2 2 2
2 cosR R R Rr R R r rθ θ= + + . Integral in (14) can easily be calculated using standard 

numerical integration techniques. The two components of UR are direct-coupling component, UR,air, 

and soil-related component, UR,soil. 

2.3.  Sensor head sensitivity 

A useful concept for analysing and comparing different types of sensor heads is the sensitivity defined 

for a location in space as 

 T R

T R

S
I I

=
H H

, (15) 

where HT is the magnetic field produced by the transmitter coil in air energized with current IT, and HR 

is the magnetic field that the receiver coil in air would produce if it was energized with the current IR 

[4], [7]. In the first approximation, if a small and spherical metallic object is introduced in the vicinity 

of the transmitter-receive pair, the change in the receiver's induced voltage is 

 ,R objU MS= , (16) 

where M depends only on the object's properties and excitation frequency. The sensitivity defined with 

(15) does not depend on the metallic object or on the excitation frequency [7]. 

2.4.  Numerical implementation 

The discrete eigenvalues allow easier numerical implementation and accuracy control. The 

convergence of the series is discussed in [6]. The required number of series elements primarily 

increases with the size of the solution region. For all calculations in this paper, we placed the solution 

region boundary at L = 5 m and we truncated series (11) to N = 20000. Using these settings, the 

numerical accuracy of the magnetic potential was at least 5 significant digits at the regions' boundaries 

and more than 8 digits otherwise. The model was implemented in MATLAB. It takes about 9 ms to 

calculate the potential at one point in space for a fixed geometry and N = 20000 using Intel Quad CPU 

and 8 GB of RAM. The execution time increases linearly with N. 

3.  Results 
Using the numerical implementation of the model presented in section 2, we analysed performances of 

the three typical sensor head designs, schematically depicted in figure 2. The circular sensor head is 

the most basic design normally used with pulsed excitation in order to avoid excessive direct coupling 

component in the received voltage. Here, we use it with the harmonic excitation as a standard for 

comparison against other two types of sensor heads from figure 2. In the OO balanced sensor, 

transmitter and receiver overlap precisely so that the induced voltage is minimal or preferably zero in 

air. Finally, the transmitter-bucking configuration employs two transmitter coils with the radii and 

excitation currents precisely calculated so that the induced voltage is zero. The latter allows easier and 

more precise control of the minimal induced voltage. 

Figure 3 depicts sensitivity isolines in r-z plane (z < 0) for all three investigated sensor heads 

positioned at z = 5 cm above the ground. The circular head sensitivity and the transmitter-bucking 

head sensitivity are symmetrical around r = 0 and they are highest at a given depth along the line. The 

OO balanced head sensitivity is highest at a given depth along the line r = 14 cm that is different from 

the centre of the coils' overlapping region (at r = 11.4 cm). Along these maximum lines, the circular 
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and OO balanced sensor heads have similar sensitivities because of the same transmitter design. The 

transmitter-bucking design has the sensitivity smaller for 5 to 10 times compared to the circular head. 

This means that for the same spherical target, the transmitter-bucking sensor head will produce 5 to 10 

times smaller induced voltage depending on the target depth. It should be noted, however, that the 

transmitter-bucking head has the smallest receiver coil. 

Figure 4 depicts the relationship between the sensor head position above the ground (lift-off) and 

the soil-related component of the induced voltage at the excitation frequency of 100 kHz and for the 

soil conductivity of 0.01 S/m and relative permeability of 1.01. The inductive balance design (OO 

balanced and transmitter-bucking heads) significantly reduces the soil effect. 

 

 

Figure 2. (a) Concentric sensor head (RT = 15 cm, RR = 10 cm); (b) OO 

balanced sensor head (RT = RR = 15 cm, R0 = 22.74 cm); (c) transmitter-

bucking sensor head (RT1 = 15 cm, RT2 = 6 cm, RR = 4 cm, IT1 = 3IT2). 

 

   

Figure 3. Sensitivity isolines [m
−2

] for (a) circular sensor head, (b) OO balanced sensor head, (c) 

transmitter-bucking sensor head. Sensor heads are positioned at z = 5 cm. 

  
Figure 4. Soil-related (excitation frequency 

100 kHz, half-space soil model, σ = 0.1 S/m, 

µr = 1.01) component of the receiver voltage 

vs. sensor head lift-off. 

Figure 5. Relationship between lift-off and 

normalised SSR according to (18) along 

the lines of the highest sensitivity (constant 

r). The soil responses are from figure 4. 
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In order to compare performances of the OO balanced and transmitter-bucking sensor heads in 

detecting small metallic objects in the presence of soil (σ = 0.01 S/m and µr = 1.01), we introduce the 

sensitivity-to-soil signal ratio (SSR) 

 
,

, ,

R obj

R soil R soil

U MS
SSR

U U
= = , (17) 

and to avoid the effect of the metallic object properties, we normalize it with respect to SSR of the 

circular sensor head 

 

( )

,

,

circ

R soil

circ circ R soil

USSR S

SSR S U
= . (18) 

The normalized SSR vs. lift-off is shown in figure 5. For a given metallic object, the ratio of the target 

and soil components of the induced voltage for OO balanced and transmitter-bucking sensor heads is 

larger (up to 10 times) than the ratio for the circular sensor head. The ratio is the largest for the OO 

balanced sensor, but the transmitter-bucking head has smaller dimensions, easier balancing control and 

smaller absolute values of the direct coupling and soil-related components of the induced voltage. 

4.  Conclusions 
We presented an analytical model for evaluation of the soil effects on EMI landmine detector in a 

form suitable for straightforward numerical implementation. The modelled soil consists of arbitrary 

number of homogeneous, conductive and permeable layers. The solution region is truncated leading to 

discrete eigenvalues and the solution in form of a series rather than infinite integral. This allows better 

convergence control and faster numerical implementation. In order to illustrate the usage of the model, 

we calculated sensitivities of three typical metal detector designs, evaluated the soil effect and the ratio 

of the metal target signal and soil response. The model is applicable to soil effect correction 

procedures for new generation of sensitive classification-based EMI landmine detectors. Future work 

will focus on extending the model to accommodate any orientation and shape of transmitter coils using 

the second-order vector potential. 
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