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Abstract—A finite-difference time-domain (FDTD) algorithm is
used to model and study the performance of ground penetrating
radar (GPR) for anti-personnel (AP) landmine detection. A
novel algorithm is proposed which creates the geometry of the
vegetation for both grass and roots. Soil’s inhomogeneities as well
as the rough surface are simulated using fractal correlated noise.
Debye functions are used in order to simulate the frequency
dependent dielectric properties of both the soil and of the
vegetation. The antenna unit that has been employed in the
model is based on a previously developed detailed antenna model
approximating a well known commercial GPR antenna, and the
target is the anti-personnel (AP) landmine PMA-1. Surface water
puddles have been included into the models and their effects
on the performance of GPR are investigated. Simulation results
are realistic and provide a useful testbed for evaluating GPR
processing approaches for landline detection.

Index Terms—FDTD, GPR, landmines, vegetation.

I. INTRODUCTION

Ground penetrating radar (GPR) has been successfully used
in numerous applications [1], [2] and it is a widely used
method for anti-personnel (AP) landmine detection [3]. The
superiority of GPR against metal detectors, when it comes to
detect plastic landmines, as well as the greater detection depth
in reasonably dry environments [3] makes GPR a promising
tool which has the potential to make demining faster and safer.

AP landmines are small, usually palm shaped, objects and
in order for a GPR to be able to detect them, the transmitted
pulse must have a relative high frequency content. As a
result, background features like vegetation, rough surface, and
near surface soil’s inhomogeneities contribute to the resulting
scattering field and their effects can not be neglected. These
features give rise to noisy B-scans which in turn increase false
alarm rates and sometimes make AP landmines not detectable
by the GPR.

Numerical modelling give us insight in how such back-
ground features affect the performance of GPR. Apart from
that, numerical modelling can also be used for testing, com-
paring and optimising the performance of different antennas
[4].

Previous works related to landmine detection include
generic types of antennas over simple geometrical objects in
homogenous media with sometime random scatterers [5]- [8]

to simulate clutter. Also in [9]- [11] more accurate models of
antennas and AP landmines were used in order to get A-scans
that at a later stage were used as reference in an attempt to
distinguish between AP landmines and false alarm targets.

In this work we have used GprMax [12] a free software
which uses a second order accurate 3D finite difference time-
domain method (FDTD) [13]. Soil’s inhomogeneities, vegeta-
tion, rough surface and water puddles have been incorporated
into the model. These characteristics are typically found in
wet climates in which good performance of GPR is often
debatable. Regarding the receiving and transmitting antennas,
one of the models presented in [14], [15] and in particular
the one with centre frequency of 1.5 GHz was used in all
simulations. An accurate model of the AP landmine PMA-
1 is used and comparisons between real GPR responses and
numerical simulations were used to validate the dielectric
properties of the modelled AP landmine. A single Debye pole
and a conductive term are used to simulate the frequency
dependent electrical permittivity of both soil and vegetation
over the frequency range of interest.

Simplified numerical modelling gives clear and easy to pre-
dict numerical results. This often gives the wrong impression
regarding the limitations of GPR for AP landmine detection.
Using the approach proposed in this paper it becomes evident
that vegetation and water puddles can potentially reduce the
effectiveness of GPR by introducing false alarms or even make
the AP landmines not detectable.

The proposed approach in this paper can make this type of
FDTD GPR numerical modelling a powerful tool for designing
and testing different antennas in a variety of complex and
realistic models. Also different processing algorithms can be
validated in realistic and hard to interpret B-scans.

II. SOIL MODELLING

Soil is a complex medium and its dielectric properties
are a multi-parametric function. Mostly due to the water
content, the dielectric properties of soils are frequency de-
pendent. At the frequencies used for AP landmine detection
(0.5-3 GHz) the dielectric losses play an essential role in
the resulting scattering field. Because of that, any realistic
numerical modelling should include the frequency dependent
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Fig. 1. Real and imaginary part of the relative electrical permittivity for
ρs = 2.66 (gr/cm3) , ρb = 2 (gr/cm3), S = 0.9, C = 0.1 and for
mu = 0− 0.25.

properties of the soil. A formula that describes the dielectric
properties of soils is presented in [16]. This formula relates the
frequency dependent electrical permittivity of soil to its other
properties like, water volumetric fraction, clay fraction, sand
fraction, sand particles density and bulk density. This model
was initially presented for the frequency range of 1.4-18 GHz
and was later corrected [17] to encompass the frequency range
of 0.3-1.3 GHz. The formulas for the frequency range of 0.3-
1.3 GHz [17] have been chosen for the simulations (1)-(7)
although, in our case only negligible differences occurred if
the formulas suggested earlier in [16] are used.

ε′ = 1.65

(
1 +

ρb
ρs

(εas − 1) +mβ′

u ε
′a
w −mu

)1/a

− 0.68 (1)

ε′′ = m
β”

a
u

(
ε′′w +

σf
ωε0

(ρs − ρb)
ρsmu

)
(2)

εs = (1.01 + 0.44ρs)
2 − 0.062 (3)

β′ = 1.2748− 0.519 · S − 0.152 · C (4)

β′′ = 1.33797− 0.603 · S − 0.166 · C (5)

εw = εw,∞ +
εw,s − εw,∞
1 + jωt0,w

(6)

σf = 0.0467 + 0.2204ρb − 0.4111 · S + 0.6614 · C. (7)

Where mu is the water volumetric fraction, ρb is the bulk
density of the soil (gr/cm3), ρs is the sand particles density
(gr/cm3), εs is the relative permittivity of the sand particles,
a = 0.65, and S and C are the sand and clay fraction
respectively. The complex relative electrical permittivity of
the water is a Debye function where t0,w = 9.23 ps is the
relaxation time of the water, εw,s = 80.1 and εw,∞ = 4.9
are the relative electrical permittivity of the water for zero

10 1 100 101 102
0

5

10

15

20

Frequency (GHz)

R
el

at
iv

e 
pe

rm
itt

iv
ity

Real part

Imaginary part

Fig. 2. The approximation and the exact relative permittivity are illus-
trated with circles and solid lines respectively. The bold lines indicate the
frequency range of interest (0.5-3 GHz). The properties of the soil are
ρs = 2.66 (gr/cm3) , ρb = 2 (gr/cm3), S = 0.9, C = 0.1 and
mu = 0.2.

and infinity frequency respectively [17]. The term σf is a
term which is related with the electrical conductivity σ. Fig.
1 illustrates the real and the imaginary part of the relative
permittivity for ρs = 2.66 (gr/cm3) , ρb = 2 (gr/cm3),
S = 0.9, C = 0.1 and for mu = 0− 0.25.

The electrical permittivity described in (1)-(7) cannot be
directly implemented in a time domain model based on FDTD.
An approximation which consisted of a Debye pole combined
with a conductive term have been used in order to simulate
the dielectric properties of soils for the frequency range of
interest (0.5-3 GHz). As shown in Fig. 2 a single Debye pole
and a conductive term are adequate for such a model.

In order to simulate the rough surface of the soil we
used fractal correlated noise [18] as fractals can sufficiently
simulate topography [18], [19] in a variety of scales. The
same general fractal approach has also been used to create
stochastically varied soil properties (e.g. water volumetric
fraction mu). In this case fractals have been chosen because
various environmental properties do have a fractal nature, with
fractal dimensions that change with scale and region [20].

III. VEGETATION MODELING

High frequency antennas become sensitive to background
characteristics like vegetation. Therefore, a realistic numerical
model employing such antennas should include an accurate
representation of vegetation incorporating both grass and roots.
In [7] vegetation was simulated as a collection of random box
scatterers in the top surface layer. This approach of discrete
vegetation modelling is rather a simplification and does not
simulate accurately the effects of vegetation to the resulting
B-scans. We propose a novel algorithm that creates a realistic
model geometry for both grass and roots. The inputs to this
algorithm are statistical characteristics which are related to the
distribution of the blades of grass, the height of grass, length
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Fig. 3. Modelled wet climate environment with stochastic variation of
soil’s properties, fractal rough surface, water puddles and gradually increased
vegetation.

of the roots and parameters that have to do with the shape
of the grass blades. The algorithm implements the following
general steps:
• A 2D fractal is created and the summation of the fractal

values is constrained to be equal with one. Each fractal
value represents the probability of a blade of grass to exist
in the corresponding coordinates of this value (xc, yc).

• For each blade of grass a maximum height is picked based
on a Gaussian distribution.

• The parametric equations of each blade of grass are (for
0 < t <maximum height) :

x = xc + sx

(
t

bx

)2

(8)

y = yc + sy

(
t

by

)2

(9)

z = t (10)

where sx and sy can be 1 or −1 and they are randomly
chosen. The constants bx and by are random numbers
based on a Gaussian distribution.

• For each blade of grass a root is placed in the same
coordinates (xc, yc) and a maximum depth of the root
is picked based on a Gaussian distribution.

• The function which describes the geometry of the roots
is a random walk in both x and y coordinates :

xi+1 = xi +Rx (11)

yi+1 = yi +Ry (12)

zi+1 = zi −∆z (13)
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Fig. 4. Real and imaginary part of the relative permittivity of vegetation for
different water weight based fraction M.

where both Rx and Ry are random variables based on a
Gaussian distribution and ∆z is the depth discretization
step.

Fig. 3 illustrates a model created by the proposed approach.
The soil has a stochastic variation of some arbitrarily property
(e.g. water volumetric fraction, clay fraction etc.). The rough
surface is simulated using fractal correlated noise. Four dif-
ferent scenarios with gradually increasing vegetation cover are
illustrated. The model also includes water puddles which fill
the low altitude points.

Regarding the dielectric properties of vegetation, we use the
formula (14) as suggested in [21]. Although, this formula has
been validated only for one frequency (9.5 GHz), as stated in
[21] extension to other frequencies must be possible but more
experimental validation is advisable.

εg = 1.5 +
(εw,r

2
− j εw,i

3

)
M (14)

Where εw,r is the real part of the electrical permittivity of
the water, εw,i is the imaginary part of the permittivity of
the water, j =

√
−1 and M is the water content based on a

weight basis. Fig. 4 shows the real and imaginary part of the
relative electrical permittivity described in (14). It can be seen
that for the frequency range of interest (0.5-3 GHz) the real
part is almost constant while the imaginary part has an almost
linear increase (Fig. 4). This appears to be reasonable for GPR
and due to lack of alternatives this formula (14) was chosen
for describing the frequency dependent dielectric properties of
vegetation.

As for the case of the dielectric properties of soils, the
dielectric properties of vegetation (14) can not be directly
implemented into FDTD. Therefore, Debye approximations
have been used to simulate (14).



values were unknown, and no specialist test equipment was
available to measure them, and (2) to accurately model compo-
nents of this size would have required a submillimeter FDTD
mesh, which would have greatly increased the computational
requirements.

Therefore, a simplified feed model consisting of a voltage
source with internal resistance inserted in a one-cell gap between
the two arms of the transmitter bowtie (the drive-point) was
used. The receiver circuitry was modeled as a lumped resistance
using a cell edge with specific conductance inserted in a one-cell
gap between the two arms of the receiver bowtie. The SMT resis-
tors in the MALÅ antenna were modeled by distributing their
known resistance over cell edges with specific conductance
between the open ends of the bowties and the shield (ground
plane).

FDTD model properties

GprMax3D input files for the antenna models were created
from the analyses of the geometries and main components of
the real antennas. Table 1 lists the electrical properties for the
known materials, i.e., the metals and plastics that have well-
defined values for permittivity and conductivity. All metallic
components in the antennas, apart from the copper bowties,
were modeled as PECs.

Values for the following parameters were unknown:

• the center frequency of the source pulse f
• the resistance at the transmitter drive-point RTx

• the resistance at the receiver RRx

• the permittivity of the electromagnetic absorber er
• the conductivity of the electromagnetic absorber r.

Figure 2a and b shows the FDTD meshes of the modeled geome-
tries of the antennas. A spatial discretization of Dx!Dy!Dz! 1
mm was chosen as a good compromise between accuracy and com-
putational requirements. GprMax computes the spatial and tempo-
ral derivatives using a standard second-order scheme, and this
choice of spatial discretization also ensured that any numerical
dispersion was adequately controlled. The Courant Friedrichs
Lewy condition was enforced, which resulted in a time-step of
Dt! 1.926 ps.

OPTIMIZATION OF THE MODELS

Several different optimization methods, such as artificial neural
networks and genetic algorithms, were considered to establish val-
ues for the unknown parameters in the models. However, Taguchi’s

optimization method was chosen for the following reasons: it is
simple to implement, it is effective in reduction of experiments, it
has a fast convergence speed, it gives global optimum results, and
it shows independence from the initial values of optimization
parameters.

Taguchi’s method is based on the concept of the orthogonal
array (OA), which can effectively reduce the number of experi-
ments required in a design process (Taguchi et al., 2005). OAs
provide a systematic method to determine parameter values so
that an optimal result can be found from the fewest experiments.
The notation OA(N, k, s, t) is used to describe an OA. A formal
description can be found in Hedayat et al. (1999); however, the
mechanics of the OA can be understood by examining the sim-
ple example of an OA(4, 3, 2, 2) shown in Table 2.

There are three columns (k! 3), which means that up to three
different parameters may be studied, and there are four rows
(N! 4), which means that four different experiments involving
the parameters will be conducted. Because only zeros and ones
appear, this is called a two-level array (s! 2). The levels can
correspond to different parameter states (e.g., catalyst or no cata-
lyst, fast cooling or slow cooling, etc.) or numeric values depend-
ing on the application. The final part of the definition of the OA
is the strength, and in this case, the strength is two (t! 2). This is
the minimum number of columns needed to ensure that all the
possible combinations of levels will occur. This is demonstrated

Table 1. Permittivity and conductivity values for the known
materials used in the antennas.

Component Material er r (S/m)

Bowtie Copper 1.00 59.6" 106

Skid plate High-density
polyethylene

2.35 0

Printed circuit boards Glass fiber 3.00 0

GSSI case Polypropylene 2.26 0 Figure 2. FDTD meshes of modeled geometries of the (a) GSSI
1.5-GHz antenna and (b) MALÅ 1.2-GHz antenna.
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Fig. 5. The Debye approximation and the exact relative permittivity of
vegetation are illustrated with circles and solid lines respectively. The water
weight based fraction is M = 0.2.

Figure 3: Modelled PMA-1 antipersonnel landmine.
With green colour is normal plastic (� = 2),
with yellow is rubber (� = 6) and with grey is
perfect conductor.

Figure 4: Modelled PMA-1.

Height: 30mm
Length: 140mm
Width: 70mm
Explosive charge: 200g TNT

An accurate model of PMA-1 landmine is shown
in figures 3, 4, 5, 6, 7, 8. A real training PMA-1
landmine was used in order to replicate the geometry
of the landmine which is shown in figure 9.

In order to check the validity of our model we
check the numerical and real data obtained using the
modeled antenna GSSI 1.5 GHz [4]. The PMA-1 was
placed upon a perfect conductor and the antenna was
placed on top of the PMA-1. The distance between
the antenna and the landmine is 11.5 cm. Figure
10 show the experiment set up and figure 11 show
the numerical simulation of the experiment. Figure

Figure 5: Modelled PMA-1antipersonnel landmine.

Figure 6: Modelled PMA-1 antipersonnel landmine.

Figure 7: Modelled PMA-1 antipersonnel landmine.
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Fig. 6.

Fig. 7. The bowtie antenna 10 cm above the AP landmine PMA-1 which is
placed on top of a perfect conductor.

Figure 8: Modelled PMA-1 antipersonnel landmine.

12 show that the numerical and the real data are in
very good agreement which validates the model of
the PMA-1 landmine.

2.2 PMN

PMN (or PMN-1) is one of the oldest landmines
that are still in use, it is manufactured in Russia
and it is one of most widely used landmines [25].
Similarly with PMA-1, PMN has a large amount of
high explosive (240 gr. TNT). Because of that the
majority of the victims die or get heavily injured.
PMN is a palm shape cylindrical (but not symmet-
rical) blast antipersonnel landmine. It has a metal
minimum content which make PMN detectable with
metal detector.

Height: 56 mm

Diameter: 112 mm

Explosive charge: 240 g TNT

The modelled PMN is shown in figures 15. Details
about the inner parts of the modelled PMN is shown
in figure 16. The real training PMN which was used
in order to replicate its geometry is shown in figure
14.

The same experiment described for the PMA-1
landmine is replicated for the PMN antipersonnel
landmine. The results are shown in figure 13. As we
can see from figures 12 and 13 the later numerical
reflections are not in good agreement with the real
data. A possible cause for this is that although the
modelled antenna can simulate the directivity of the
real antenna, when the antenna acts as a reflector
(reflected waves from the landmine reflected back
from the antenna to the landmine) the modelled

Figure 9: Real training PMA-1 antipersonnel landmine.
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Fig. 8. The bowtie antenna 10 cm above the AP landmine PMA-1 which is
placed on top of a perfect conductor.

cil (EPSRC) and Defence Science and Technology Laboratory
(Dstl).
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placed upon a perfect conductor and the antenna was
placed on top of the PMA-1. The distance between
the antenna and the landmine is 11.5 cm. Figure
10 show the experiment set up and figure 11 show
the numerical simulation of the experiment. Figure

Figure 5: Modelled PMA-1antipersonnel landmine.

Figure 6: Modelled PMA-1 antipersonnel landmine.

Figure 7: Modelled PMA-1 antipersonnel landmine.
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Fig. 6.

Fig. 7. The bowtie antenna 10 cm above the AP landmine PMA-1 which is
placed on top of a perfect conductor.

Figure 8: Modelled PMA-1 antipersonnel landmine.

12 show that the numerical and the real data are in
very good agreement which validates the model of
the PMA-1 landmine.

2.2 PMN

PMN (or PMN-1) is one of the oldest landmines
that are still in use, it is manufactured in Russia
and it is one of most widely used landmines [25].
Similarly with PMA-1, PMN has a large amount of
high explosive (240 gr. TNT). Because of that the
majority of the victims die or get heavily injured.
PMN is a palm shape cylindrical (but not symmet-
rical) blast antipersonnel landmine. It has a metal
minimum content which make PMN detectable with
metal detector.

Height: 56 mm

Diameter: 112 mm

Explosive charge: 240 g TNT

The modelled PMN is shown in figures 15. Details
about the inner parts of the modelled PMN is shown
in figure 16. The real training PMN which was used
in order to replicate its geometry is shown in figure
14.

The same experiment described for the PMA-1
landmine is replicated for the PMN antipersonnel
landmine. The results are shown in figure 13. As we
can see from figures 12 and 13 the later numerical
reflections are not in good agreement with the real
data. A possible cause for this is that although the
modelled antenna can simulate the directivity of the
real antenna, when the antenna acts as a reflector
(reflected waves from the landmine reflected back
from the antenna to the landmine) the modelled

Figure 9: Real training PMA-1 antipersonnel landmine.
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Fig. 8. The bowtie antenna 10 cm above the AP landmine PMA-1 which is
placed on top of a perfect conductor.

cil (EPSRC) and Defence Science and Technology Laboratory
(Dstl).
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Fig. 6. Real and modelled AP landmine PMA-1. Green is plastic (ε = 2.5),
grey is perfect conductor (PEC) and yellow is rubber (ε = 6).

IV. ANTENNA AND AP LANDMINE

The modelled antenna unit used in the simulations is based
on a bow-tie antenna design [14], [15] (see Fig. 5). The
central frequency of this antenna is 1.5 GHz. This antenna
has been widely used for engineering applications but due to
the relatively high centre frequency it is an attractive choice
for testing AP landmine models. Other antenna models - that
often used in landmine detection - could be easily incorporated
in this modelling framework.

PMA-1 is a blast AP landmine which has mostly been
used in the Balkan area. Most of the PMA-1 AP landmines
incorporate a metal fuse that often makes them detectable
using metal detectors. This however it is not always the case.
Fig. 6 shows a dummy AP landmine as well as the modelled
one. The discretization step of the modelled AP landmine is
1 mm.

A simple experiment was conducted in order to fine tune the
dielectric properties of PMA-1. The AP landmine was placed
on top of a perfect conductor and the antenna was placed 0.1 m
above the perfect conductor as shown in Fig. 7. The dielectric
properties of PMA-1 were subsequently varied, by trial and
error, in order that the real and the numerical A-scans from
this experiment to be in good agreement (Fig. 8).

V. SIMULATION RESULTS

In the case study presented here, it is examined how GPR
performs in wet climates (Fig. 9). In all of the GprMax
simulations the FDTD spatial step is set to 1 mm and the time
step is 1.925 ps (Courant limit). The overall dimensions of the
models are 1000×250×450 (mm). A perfectly matched layer
(PML) [22] with 10 layers is used in all of the simulations
to truncate the FDTD grid. The modelled B-scans consist of

Fig. 7. The AP landmine PMA-1 is placed on top of a perfect conductor.
The antenna unit is 0.1 m above the perfect conductor.
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Fig. 8. Modelled and real A-scan for the experiment described in Fig. 7.

Fig. 9. The modelled soil have a stochastic variation of the water volumetric
fraction and a relative smooth surface. Water puddles have been included in
the model.

132 traces that have all been computed in parallel using the
cluster computer of the University of Edinburgh [23]. In all
scenarios the AP landmine PMA-1 is buried at approximately
50 mm depth (Fig. 10). The characteristics of the soil are
C = 0.5, S = 0.5, ρs = 2.66 gr/cm3, ρb = 2 gr/cm3 and
the volumetric water fraction varies stochastically from zero to
0.22 (Fig. 8). The vegetation has a water weight based fraction



Fig. 10. A slice of Fig. 9 which illustrates the roots and the buried AP
landmine PMA-1.

that is equal to M = 0.4. Regarding the processing of the raw
data a linear gain and a singular value decomposition process
is applied to the resulting simulated B-scans.

In the first scenario the antenna is placed at approximately
0.15 m above the ground. No vegetation, neither water puddles
exist in this model. A relatively smooth surface and a stochas-
tic variation of water volumetric fraction are the only sources
of unwanted signal. Fig. 11 illustrates the B-scan after 2, 4
and 6 dominant eigenvalues are filtered out. The AP landmine
PMA-1 is detectable in all the scenarios although the signal is
more enhanced when 4 dominant eigenvalues are filtered out.

In the second scenario water puddles have been added to
the model. The antenna is again placed relatively far from the
ground as before. Fig. 12 illustrates the resulting B-scans after
processing. The AP landmine PMA-1 is detectable only when
6 dominant eigenvalues are filtered out and even then false
alarms may occur.

In the third scenario vegetation but no water puddles have
been added to the model. Fig. 13 shows that filtering out 4
dominant eigenvalues resulted to a clear signal from the PMA-
1. Filtering out more eigenvalues resulted to an increase of the
high frequency scattered field due to vegetation which masks
the signal from the AP landmine.

In the fourth scenario both vegetation and water puddles
have been added to the model. From Fig. 14 it is evident
that using singular value decomposition (SVD) processing and
this modelled antenna makes the PMA-1 undetectable for this
specific environment.

In all the previously discussed scenarios the antenna unit
was placed in a relative high distance of about 0.15 m above
the ground. In the following modelling examples the antenna
was placed at approximately 0.05 m above the ground. The
same model which was used previously was used with the
key difference that no vegetation was present. Two different
cases with and without water puddles were tested in order
to see how their presence affected the performance of GPR
when the antenna is placed closer to the ground. Fig. 15
illustrates the resulting B-scan without water puddles. When
2 and 4 dominant eigenvalues are filtered out the PMA-1 is
detectable. Filtering out 6 eigenvalues false alarms due to the
soil’s inhomogeneities may occur. This happens because when
the antenna unit is placed near the ground more energy is
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Fig. 11. B-scans without vegetation and water puddles. The antenna is placed
approximately 0.15 m above the ground. Three different cases are illustrated
in which 2, 4 and 6 dominant eigenvalues (λ) are filtered out.
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Fig. 12. Scenario as in Fig. 11 adding water puddles.
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Fig. 13. Scenario as in Fig. 11 adding vegetation.
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Fig. 14. Scenario as in Fig. 11 adding vegetation and water puddles.

transmitted into the ground which increases the sensitivity of
the GPR to soil’s inhomogeneities as this does not happen
when the antenna is far from the ground (Fig. 11).

Adding water puddles results in large reverberating reflec-
tions between the antenna unit and the water puddles. This
gives rise to ringing noise which can not be cleared using SVD
as it is illustrated in Fig. 16. As a result, the scattered field from
the shallowly buried PMA-1 is masked by the ringing noise.
This does not appear to occur when the antenna is placed
higher (Fig. 12). A lower velocity medium – notice that the
PMA-1 is placed on a high velocity area – or a deeper buried
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Fig. 15. Scenario as in Fig. 11 with the antenna placed approximately 5 cm
above the ground.
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Fig. 16. Scenario as in Fig. 15 adding water puddles.

AP landmine would result to a delayed scattered field which
would not be masked by the ringing noise due to the reflections
between the antenna unit and the water puddles.

VI. CONCLUSION

An approach for realistic modelling of GPR responses
from AP landmines and a numerical testing framework for
evaluating the possibility of their detection is proposed. This
framework was used to investigate the effectiveness of GPR
in wet climate environments. Water puddles, vegetation, soil’s
inhomogeneities and rough surface have been incorporated
into the models in order for them to be complete and as
realistic as possible. A bow-tie design for the antennas and
an accurate model of the AP landmine PMA-1 are used in
these simulations. Using this modelling approach realistic B-
scans which are difficult to interpret - as often found in real
GPR applications - are obtained in contrast to results obtained
from simplified numerical models which give clinical, easy
to interpret and easy to predict but often unrealistic B-scans.
Therefore, using this proposed approach it is possible to vali-
date and compare different antennas and different processing
algorithms for a variety of realistic environments in landline
detection.
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