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Abstract—The finite difference time domain (FDTD) method is used
to analyze a practical ground penetrating radar (GPR) antenna system
operating above lossy and dispersive grounds. The antenna is of the
resistor-loaded bow-tie type and the analysis is made for two known
soil types, namely Puerto Rico and San Antonio clay loams. The soil
is modeled by a two term Debye model with a static conductivity and
it is matched to the mentioned soils by using curve fitting. The FDTD
scheme is implemented by the auxiliary differential equation (ADE)
method together with the uniaxial perfectly matched layer (UPML)
absorbing boundary conditions (ABC). In order to model a real GPR
environment, ground surface roughness and soil inhomogeneities are
also included. The effect of soil properties on the GPR response and
antenna input impedance is presented. Thus the ability to detect
buried metal and plastic pipes is investigated.
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1. INTRODUCTION

The realistic modeling of a ground penetrating radar (GPR) system
has to deal with many aspects such as broadband antennas, lossy and
dispersive media in the ground, ground surface roughness, and natural
clutter like rocks and twigs. Numerical simulations of GPR systems
are particularly important for the development of signal detection
techniques, GPR antennas, and detection algorithms. The finite
difference time domain (FDTD) [1] method is a powerful numerical
technique which is widely used for this type of applications. It has the
capability of modeling lossy and dispersive material as well as antennas
[2, 3].

The aim of this paper is to make an FDTD simulation of a realistic,
pulse driven GPR system. The antenna is of the resistor-loaded bow-tie
type, a widely used broadband antenna. Lump resistors are connected
at the ends of bow-tie arms to achieve broadband properties. Two
such identical antennas screened with rectangular conducting cavities
are used: one for transmission and the other for reception. The analysis
is done when the antennas are operating above two different soil types
(Puerto Rico and San Antonio clay loams) of which the conductivity
and dispersive properties are known [4]. Ground surface roughness and
inhomogeneities in soil are also included to simulate a real application.
The radar detects the scattered signal of a buried pipe which can be
either metallic or plastic.

In many published papers [5–7], GPR systems operating above
lossy and dispersive soil have been simulated without considering
antennas which are actually used. Therefore, the actual voltage
waveform induced in the receiving antenna is unknown. The



A complete FDTD simulation of a real GPR antenna system 211

identification of the scattered signal of the target in this waveform
is highly dependent on how well the input pulse is transmitted by
the antenna. Bourgeois & Smith [8] have done a complete FDTD
simulation including dispersion in the ground and a commercially
used GPR antenna, but without using absorbing boundary conditions
(ABC). Therefore, time windowing and subtraction are needed to
calculate the scattered signal of the target. This does not always
give accurate results and some important properties like the input
impedance of the antenna cannot be found. Also the soil is represented
by a low frequency approximation of a single term Debye model.

In contrast, this paper presents a complete FDTD simulation
including ABC and covers real ground conditions and broadband
antennas in the GPR scenario. The soil is modeled by a two term Debye
model with a static conductivity. The model parameters are found by
curve fitting the model to the experimental data of the soil [4] over the
frequency range of operation (i.e., DC-2 GHz). The FDTD scheme is
implemented in the dispersive media by using the auxiliary differential
equation (ADE) method [9, 10]. Uniaxial perfectly matched layer
(UPML) [11–13] is used as the ABC to truncate the computational
domain. Moreover, the ‘one way injector model’ [14] is used as the
feed model in both the transmitting and the receiving antennas.

This paper describes how the GPR response is affected by the
moisture content in the soil, the ground surface roughness and the
soil inhomogeneities. The effect of dispersive ground on the antenna
input impedance is also investigated. Moreover, target signatures and
polarization properties of buried pipes are described.

2. GPR ANTENNA, MODELING OF SOIL, AND THE
FDTD ALGORITHM

Two identical antennas of resistor-loaded bow-tie type are used for
transmission and reception. Fig. 1 shows the geometry. Four lump
resistors connected at the corners of the bow-tie arms, suppress the
reflection of the input signal at the ends of the antenna. This gives
broadband input impedance properties to the antenna so that the
sharp input pulse signal can be transmitted with little distortion, an
important requirement in subsurface radars.

The bow-tie has a flare angle of 80◦ and the length of each bowtie
arm is 13.5 cm. The end resistors are 200 Ω each. The antennas are
enclosed in rectangular conducting cavities to reduce direct coupling.
The antenna is at the open side of the cavity and the resistors are
connected to the cavity wall. The dimensions of the cavity are
l = 33.75 cm, w = 28.5 cm, and h = 7.5 cm. The two antennas are
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Figure 1. (a) Bow-tie antenna. (b) Antenna with cavity.

placed side-by-side 1.5 cm above the ground with 3 cm gap between
the two as shown in Fig. 2.

Aiming at a good signal detection with a low clutter, suitable
antenna parameters are chosen from the study in [15]. The input
voltage to the transmitting antenna is a Gaussian pulse:

Vinc = 100 exp

(
− t2

2τ2
p

)
(1)

where Vinc is in Volts and the characteristic time of the pulse is
τp = 0.247 ns (see Fig. 3).

Simulations are done for two soil types: Puerto Rico and
San Antonio clay loams, whose dispersive properties have been
characterized experimentally in [4]. These soil properties are modeled
by a two term Debye model with a static conductivity and the model
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Figure 2. Antennas placed above the ground.

Figure 3. Input signal to the transmitting antenna and its frequency
spectrum.

parameters are found by curve fitting the experimental data over the
frequency range DC-2 GHz, which is the frequency band of operation
of the radar. The complex relative permittivity εr of the two term
Debye model is given below:

εr(ω) = ε∞ +
2∑

i=1

Gi(εs − ε∞)
1 + jωti

+
σs

jωε0
(2)

where ω is the angular frequency, εs is the relative permittivity at DC,
ε0 is the permittivity of free space, ε∞ is the relative permittivity at
ω = ∞, ti(i = 1, 2) are the Debye relaxation times, σs is the static

electric conductivity, and
2∑

i=1
Gi = 1. The comparison of the measured
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Figure 4. Comparison of measured soil properties with the model for
1.4% dry density Puerto Rico clay loams. Percentages in the figure
indicate the moisture contents.

soil properties with the model is shown in Fig. 4 and 5. Tables 1 and 2
give the model parameters where Ai = Gi(εs − ε∞), (i = 1, 2). It can
be seen in Figs. 4 and 5 that the model fits the data reasonably well.

The computational domain is divided into cubic cells of size
∆ = 0.75 cm. The time step ∆t is taken as ∆t = ∆/2c = 12.5 ps,
where c is the speed of light in free space. ∆ and ∆t satisfy the Courant
condition for numerical stability [16]. Conformal modeling described in
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Figure 5. Comparison of measured soil properties with the model for
1.4% dry density San Antonio clay loams. Percentages in the figure
indicate the moisture contents.

[17] is used to model the slanted edges of the bow-tie arms. This subcell
model is used, as the staircasing is not sufficient to accurately model
the edges where the electric and magnetic fields are quite complicated.
The input pulse is given to the transmitting antenna through a 200 Ω
parallel wire transmission line. This is modeled in FDTD by the ‘one
way injector model’ [14]. This is also used at the receiving antenna by
making the input current and voltage zero. The same time and spatial
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Table 1. Model parameters for Puerto Rico clay loams.

Moisture ε∞ A1 A2 t1 (ns) t2 (ns) σs (mS/m)
2.5% 3.201 0.750 0.298 2.297 0.087 0.558
5% 4.048 1.200 0.667 2.386 0.090 2.063
10% 5.706 2.219 0.958 3.100 0.110 3.022

Table 2. Model parameters for San Antonio clay loams.

Moisture ε∞ A1 A2 t1 (ns) t2 (ns) σs (mS/m)
2.5% 3.635 1.667 0.482 1.700 0.120 1.400
5% 4.589 2.725 1.045 1.850 0.158 8.500
10% 6.310 6.150 1.685 2.300 0.174 22.000

steps as in the main grid are used here.
The dispersion and conductivity in the ground are included in

the FDTD algorithm by using the auxiliary differential equation
method [9, 10]. UPML [11–13] is used to terminate the computational
domain. In this paper, the dispersion is modeled by a two term
Debye model with an additional static conductivity. The order of
the differential equations is kept at two by suitably selecting the
constitutive relationships to decouple the frequency-dependent terms
in the Maxwell’s equations. The PML used is eight cells thick and
a 4th order loss grading is applied over it. The optimum value for
the maximum conductivity (normalized with respect to the relative
permittivity) in the layer is found from the following equation [12]:

σmax ≈ (m + 1)
150π∆

√
εr

(3)

where m is the order of the loss grading, ∆ is the spatial cell size,
and εr is the relative permittivity of the medium to be matched. For
soil, static relative permittivity (εs) is taken as the value for εr. When
PMLs face both the ground and the air, an average value of εr is chosen
to find σmax.

In order to verify the FDTD code for UPML and ADE method,
the antenna input impedance is compared with [15] where Berenger
PML is used. The antenna parameters are:
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flare angle = 70◦, length of a bow-tie arm = 13.5 cm, height of
antennas above the ground=0.75 cm, cavity dimensions, l = 33.75 cm,
w = 24 cm, h = 7.5 cm, separation between the antennas = 3 cm, lump
resistors = 200 Ω.

Since the ground medium considered is lossless and nondispersive
with εr = 4, parameters in the debye model take the following values:
relaxation times, t1 = t2 = 0, εs = ε∞ = 4, σs = 0, A1 = 0, and
A2 = 0.

Fig. 6 shows the comparison. The difference between the two plots
is not even discernible. Thus the validity is verified.

Figure 6. Comparison of input impedance of the transmitting antenna
calculated by using different FDTD algorithms.

3. SIMULATION RESULTS

3.1. Smooth Ground Surface with No Inhomogeneities in
Soil

First, the GPR is simulated assuming no ground surface roughness
and no soil inhomogeneities. The target detected is a pipe buried
symmetrically below the two antennas (along x-direction) at a depth
of 84 cm. (Pipe depth is kept constant in all the simulations in the
paper.) The pipe is modeled in FDTD using the staircase method.
The GPR response is calculated for both metal and air-filled plastic
pipes where the metal pipe is assumed to be perfectly conducting and
the relative permittivity of plastic is taken as εr = 2.

Fig. 7 shows the received signals when an eight-inch diameter pipe
is buried in Puerto Rico clay loams. Results are shown for 2.5%, 5%,
and 10% moisture contents in soil. It can be seen from the figure that
the received signal strength decreases with the moisture content in the
soil. This happens as the moisture content increases the losses in the
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Figure 7. Comparison of the received signals for Puerto Rico clay
loams with different moisture contents. (a) 2.5%. (b) 5%. (c) 10%.

soil. Another effect of moisture content is to increase the effective
relative permittivity which delays the received scattered signal. Since
plastic is a poor reflector of electromagnetic waves, its scattered signal
is weak compared to metal as the figure shows.

Fig. 8 shows the same type of simulations for San Antonio clay
loams. This soil type has relatively high permittivity values and
conductivities compared to Puerto Rico (see Figs. 4 and 5). Therefore
the scattered signals are fairly weak and visual detection is almost
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Figure 8. Comparison of the received signals for San Antonio clay
loams with different moisture contents. (a) 2.5%. (b) 5%. (c) 10%.

impossible for the case of 10% moisture content. Fig. 9 shows the
scattered signal found in this case by subtracting the clutter from
the total received signal. The received scattered signal is in the
order of a few millivolts. To find the clutter in a practical situation,
the radar can be moved away from the target and readings can be
obtained at several positions on the ground. The average reading
would give a reasonable value for the clutter provided the ground is
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Figure 9. Scattered signals from pipes in San Antonio clay loam with
10% moisture content.

Figure 10. Comparison of the input impedances of the transmitting
antenna for different ground conditions.

fairly homogeneous. Otherwise, an advanced detection algorithm has
to be used to pick the target echo.

It is clear from Figs. 7, 8, and 9 that metal and plastic pipes
give two unique scattered signal shapes irrespective of the ground
conditions. The shapes agree well with the results published in [8].
These target signatures can be used to distinguish between metal and
plastic pipes. Also this prior knowledge of target echo is essential for
the application of frequency domain signal processing techniques for
better target detection.

Fig. 10 compares the input impedances of the transmitting
antenna of the GPR for three different ground conditions, i.e.,
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Figure 11. The received signals when metal pipes of different size
are buried in Puerto Rico clay loams with 10% moisture. (a) 6-inch
diameter. (b) 4-inch diameter.

5% moisture Puerto Rico, 10% moisture San Antonio, and lossless
nondispersive material with εr = 4. The antenna input impedance is
not considerably affected by the properties of the ground above which
the antenna is operating. It depends mainly on the flare angle and the
lump resistors [15]. This is an important feature in a GPR antenna
which operates in many different ground conditions.

Next, simulations are done for different pipe sizes. Received
signals of two such cases are shown in Fig. 11. The pipe diameters
are 6 and 4 inches and are buried in Puerto Rico clay loams having a
moisture content of 10%.

Fig. 12 shows how the GPR response changes when the two
antennas are moved along a line normal to the pipeline. The pipe
is metal and has a diameter of 8 inches. The antennas are moved
90 cm in steps of 7.5 cm over the pipe. The soil type is Puerto Rico
with 10% moisture.

Next, target polarization properties are investigated. If an
incident electric field has components Ei

x and Ei
y along x and y

directions respectively, then the corresponding scattered electric field
components Es

x and Es
y are given by

(
Es

x

Es
y

)
=

(
Sxx Sxy

Syx Syy

) (
Ei

x

Ei
y

)
(4)

where Sxx, Sxy, Syx, and Syy are scattering parameters. For a long
thin target like a pipe, when aligned along the x direction, Sxy and
Syx are very small. For a metal pipe Sxx > Syy and for a plastic pipe,
since its permittivity is less than that of surrounding soil, Syy > Sxx

[18]. Simulations done with the 8-inch diameter pipe aligned along the
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Figure 12. Variation of the GPR response when the two antennas
are moved along a line perpendicular to the pipe.

Figure 13. Comparison of the scattered signals when the pipe aligned
along the x and y directions. (a) Metal pipe. (b) Plastic pipe.

x and y directions, agree very well with this theory. Fig. 13 shows
the enlarged scattered signals in the 5% moisture Puerto Rico clay
loams. According to the figure, for the metal pipe, the scattered signal
is larger when the pipe is aligned along the x direction than it is when
the pipe is aligned along the y direction. For the plastic pipe it is vise
versa.
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Figure 14. Comparison of the received signals with and without
surface roughness for Puerto Rico clay loams with 5% moisture content.
(a) Metal pipe. (b) Plastic pipe.

3.2. Effect of Surface Roughness and Soil Inhomogeneities

3.2.1. Surface Roughness

First, the surface roughness is added to the air ground interface to
find what effect it has on the GPR response. This is simulated by
adding rectangular holes of different sizes to the ground surface. In the
computational domain, the ground surface has a size of 75∆ × 100∆
(56.25 cm × 75.5 cm) and 100 holes are randomly placed on it. The
length and width of holes vary from 2∆−9∆ (1.5 cm–6.75 cm) and the
depth varies from 2∆ − 5∆ (1.5 cm–3.75 cm). Figs. 14 and 15 shows
the simulation results for Puerto Rico and San Antonio type soils with
a 5% moisture content respectively. The target detected is an 8-inch
diameter metal pipe.

The results show that the addition of surface roughness has
distorted the pulse in early time signals which mainly consists of the
ground surface reflection. But the scattered signal from the pipe is
mostly unaffected. Also it has not increased the signal ringing period.
Therefore, the detectability of the pipes by the GPR is not harmed by
the surface roughness. Similar results could be observed for soils with
other moisture contents.

3.2.2. Surface Roughness and Inhomogeneities

Next, soil inhomogeneities with different sizes and material properties
are added to the soil randomly. 120 such scatterers are placed as
shown in Fig. 16. Their lengths, widths, and heights are varied in the
range ∆ − 5∆ (0.75 cm–3.75 cm). These inhomogeneities are assumed
to be lossy and nondispersive and their relative permittivity values
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Figure 15. Comparison of the received signals with and without
surface roughness for San Antonio clay loams with 5% moisture
content. (a) Metal pipe. (b) Plastic pipe

are taken in the range 5–15. Generally, the inhomogeneities closer to
the ground surface have higher conductivities due to the presence of
organic material. Therefore, conductivities in the range 0.1–0.4 S/m
are selected for the scatterers not deeper than 15 cm. The other
scatterers are given conductivities in the range 0.04–0.08 S/m.

Simulations are done when both surface roughness and inho-
mogeinieties are present in order to find the detectability of the target.
The results show that the scatterers have negligible effect on the GPR
response when compared to the surface roughness. Fig. 17 shows the
received signals when an 8-inch diameter pipe is buried in Puerto Rico
and San Antonio clay loams with 5% moisture content. Small scatter-
ers spread all over the soil cannot mask the target echo coming from
the pipe. If the target is as small as the scatterers, visual detection
would be almost impossible and more advanced detecting algorithms
in frequency domain would have to be used to pick the target echo.

4. CONCLUSION

A complete 3-D FDTD simulation of a realistic GPR operating
above lossy and dispersive media is described. The antenna is a
resistor-loaded bow-tie which is a widely used broadband antenna in
commercial GPRs. The simulation results show the detection of metal
and plastic pipes, buried in Puerto Rico and San Antonio clay loams.
Ground surface roughness and soil inhomogeneities are also included
to simulate a real application.

The effect of moisture content, ground surface roughness, and soil
inhomogeneities on the GPR response is described in the paper. It is
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Figure 16. Positions of soil inhomogeneities in the computational
domain. (a) View above the ground. (b) Sectional view through the
ground. (The scale is in number of cells.)
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clear from the results that the surface roughness has a larger impact on
the GPR response than the inhomogeneities, but neither of them masks
the echo of the buried pipes. The simulations also present important
information like target signatures, target polarization properties, and
effect of soil properties on the antenna input impedance.

Modeling of a realistic GPR of this nature is useful for the
development of more advanced radar hardware and signal processing
techniques. Especially the calculated scattered signals can be used
to find their spectrums and resonances so that frequency domain
detection algorithms can be applied.
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