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FDTD Medium Dimension Selection Guidelines for
GPR Synthetic Data Generation

Noushin Khosravi Largani, Seyed (Reza) Zekavat, and Himan Namdari

Abstract—Ground-penetrating radar (GPR) has been tradi-
tionally used for subsurface assessment. In many applications,
such as precision agriculture via drone-borne radar, it is critical
to use Machine Learning (ML) techniques to map GPR received
signals into soil subsurface moisture and texture. Supervised
ML methods need a large number of labeled data for their
training process which is expensive and time-consuming to attain
through actual field measurements. The gprMax software, which
is created based on the Finite Difference Time Domain (FDTD)
method, has been introduced as a reliable tool to emulate soil
media and create synthetic labeled data. Proper selection of
gprMax soil medium dimensions is critical to the generation of
reliable synthetic data. The selection of large soil medium dimen-
sions for gprMax emulations leads to synthetic data consistent
with realistic scenarios. However, larger medium dimensions lead
to higher computation complexity. This letter investigates and
validates a proper selection of medium dimensions that maintains
a trade-off across the accuracy and computational complexity of
creating synthetic data. The results of this study are critical to
researchers who adopt gprMax or any FDTD-oriented emulations
for soil subsurface assessment.

Index Terms—GPR, Impulse Response, FDTD, Emulation,
Soil, Medium Dimension.

I. INTRODUCTION

SOIL SUBSURFACE investigation is key to hydrological
studies, environmental monitoring, and precision agricul-

ture [1]–[3]. Ground-penetrating radar (GPR) is a conventional
tool for soil subsurface assessment. GPR transmits electromag-
netic waves towards the ground to characterize soil subsurface
based on the received signal [2], [4]. Traditional GPR signal
processing methods are complex and thus it is hard to leverage
them for subsurface assessment of a large area such as a
megafarm [5], [6]. Machine Learning (ML) can be considered
as an effective approach for (real-time) subsurface assessment
of large areas. However, supervised ML methods need a large
number of labeled data that is very difficult to create using
real field measurements for GPR applications. gprMax is open-
source software that uses the Finite Difference Time Domain
(FDTD) technique [7] capable of creating a large number of
labeled GPR synthetic data.

The soil medium acts as a channel with an impulse response.
The soil channel impulse response (CIR) is a key feature that
can be used to extract soil subsurface information [4], [8]. Soil
CIR contains information about the illuminated soil medium
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such as permittivity and number of layers at the frequency of
interest. Soil CIR corresponds to:

h(t) =

L∑
l=1

alδ(t− τl), (1)

in which al, τl, and L indicate channel gains, delays, and the
number of multiple reflections. Parameters such as permittiv-
ity, conductivity, and depth of the medium determine al and
τl [4].

The dimensions of a soil medium (i.e., x, y, and z) are
shown in Fig. 1, where x and y represent the medium surface
dimension, and z refers to the medium depth. If the dimensions
of the illuminated medium vary, the soil CIR will change.
Thus, dimension alterations impact the accuracy of subsurface
feature analysis. As the medium dimensions increase, emula-
tions become more accurate but expensive in terms of time
and the required memory.

Fig. 1. The soil medium and its dimensions x, y, and z.

In this letter, we investigate the adoption of proper medium
dimensions (x, y, and z) for gprMax emulations that support
high precision and low complexity CIR extraction. To assess
the impact of dimensions on gprMax synthetically generated
data, we increase the medium dimensions gradually and obtain
the corresponding CIR. The Euclidean distance between the
extracted CIR channel gains for different consecutive medium
dimensions is used as the precision measure. FDTD computa-
tion time is considered as the emulation Complexity. We select
the dimension that facilitates a balance between precision and
Complexity. The results of this letter can be used as a guideline
for researchers who aim to use gprMax (or any FDTD-based
synthetic data generation) to emulate soil medium illuminated
by GPR signals. The results confirm that a surface dimension
consistent with 1.5 times the maximum wavelength leads to
acceptable precision and complexity.
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The method for impulse response extraction, the emulation
parameter selection, and the verification of minimum surface
dimension are explained in Sections II, III, and IV, respec-
tively. The letter concludes in Section V.

II. IMPULSE RESPONSE EXTRACTION

We use the transmitted and received signals that are created
in the time domain by gprMax to extract the CIR of the soil
medium that was presented in (1). Some initial components
of the received signal correspond to the leakage between
the antennas of the transmitter and receiver. To create a
CIR that only includes the impact of the soil channel, we
need to eliminate the antenna leakage. After removing the
leakage effect, we obtain the FFT of the received signal that
is expressed as:

Y = HX +N, (2)

where Y , H , X , and N denote the Fourier transform of the re-
ceived signal, CIR, transmitted signal, and noise, respectively.
The CIR in the frequency domain is represented by H = Y

X
[4]. The CIR in the time domain (h(t)) is obtained using IFFT.
The whole process has been detailed in Fig 2.

Fig. 2. The flowchart of extracting soil CIR.

III. EMULATION PARAMETER SELECTION

We considered a single layer medium as shown in Fig. 1. for
our emulations. Based on studies conducted in [9]–[11], we
have selected the following pairs for soil medium permittivity
(ϵ) and conductivity (σ):

(ϵ, σ) = (4, 1), (8, 80), (38, 80), (38, 20). (3)

We select Ricker for medium illumination as this waveform
is widely used for GPR inspections and emulates pulses of
real GPR systems. The center frequency (fc) of Ricker is set
to 825 MHz. The minimum (fmin) and maximum (fmax)
frequencies of Ricker are derived based on the equations
presented in [12], which have the values of 375.168 MHz
and 1274.831 MHz, respectively. This frequency range is
selected to maintain consistency with the soil Peplinski model,
which is valid for frequencies from 300 MHz to 1300 MHz
[13]. Therefore, the bandwidth of the transmitted waveform
(fmax − fmin) is 899.663 MHz, and accordingly, the range
resolution is approximately 17 cm. Thus, we set the depth

of the illuminated medium to 20 cm (more than the range
resolution). We adopt a Hertzian dipole antenna located at
the center of the x-y plane with a height of 41 cm from
the sdoil medium surface. The Hertzian dipole antenna is
well-suited for qualitative observations, making it suitable for
studying the impact of medium size. The selected height is
more than λmax

2 , lying within the intermediate-field region
of the antenna and providing appropriate output [14]. The
dipole antenna’s omnidirectional radiation pattern enables it to
capture reflections from all directions. Among various types
of dipole antennas, the Hertzian dipole exhibits the broadest
pattern size [14], facilitating a more comprehensive medium-
scale verification.

The minimum wavelength (23.5 cm) determines the FDTD
pixel size in gprMax. The pixel size is set to 0.001m, based
on the rule of thumb condition ∆x ≤ λmin

10 [15]. Then, The
vertical distance between the antenna and the medium’s upper
boundary can be calculated by considering a minimum of
20 pixels that is required for gprMax implementation. The
surface (x-y plane) dimension of the medium is kept variable to
study the proper dimension that maintains a trade-off between
accuracy and time-memory efficiency. Table I summarizes the
parameter selection.

TABLE I
PARAMETERS SELECTED FOR EMULATIONS.

Parameter Value
Transmitted waveform Ricker, fc = 825 MHz

Depth of medium 20 cm
Antenna polarization Y

Pixel size 0.001
Time window 10−8 s

IV. gprMax MINIMUM SURFACE DIMENSION
VERIFICATION

One of the main disadvantages of the FDTD method is
its brute-force calculation nature, which causes the memory
requirements to scale with the third order of the emulation
domain size O((N)3), and the computation time to scale with
the fourth order O((N)4) [16]. N refers to the number of grid
points in a single dimension. Hence, we consider the maximum
order (i.e., N4) as the bottleneck of the emulation Complexity.
We set x = y (because of the pattern of the dipole antenna)
starting from 80 cm to 300 cm with a step size of 20 cm. The
channel gains vector obtained for each pair of x,y is compared
to the next x,y pair in terms of Euclidean distance to create
an Error Percentage measure that corresponds to:

Error Percentage =
∥di − di−1∥2

∥di−1∥2
× 100%, (4)

where di is the vector of al for i = 100 : 300 cm with the step
of 20 cm, and di−1 is the vector of al for i = 80 : 280 with
the step of 20. ∥di − di−1∥2 represents the Euclidean distance
between di and di−1. ∥di∥2 denotes ℓ2-norm of vector di.

Fig 3 shows both the Error Percentage as well as the com-
putational Complexity. As the Error Percentage is relatively
calculated (between di and di−1), the horizontal axis shows
the surface dimensions related to di. Thus, x = 80 cm is
not represented in the Fig 3. It is observed that the channel
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gains tend to get closer as the x, and y dimension increases.
The dimensions x,y = 120 cm and more can be observed in
the values where the Euclidean distance between channel gain
vectors (di and di−1) is acceptably small, getting better from
120 cm to 300 cm. In addition, it is shown that the Complexity
increases with the medium dimension. Based on these curves,
we suggest that medium dimensions between 120-140 cm lead
to low Error Percentage and Complexity.

Fig. 3. Measure and Complexity for different x,y dimensions, di = 100 cm.

Fig 4 is a zoom-in version of Fig 3 for di starting from
i = 120 : 300 cm. We have also removed the Complexity
curve from this figure to allow a focus on values around 120
cm in dimension. It is observed that for different ranges of
permittivity and conductivity, the difference between channel
gains tends to zero when the dimension size for x and y reaches
300 cm. The observed fluctuations are caused by numerical
dispersion in FDTD computations [17].

Fig. 4. Measure for different x,y dimensions, di = 120 cm.

The maximum and minimum practical values for soil per-
mittivity (38 and 4) and conductivity (80 and 1) adopted in
(3) create a broader perspective for selecting an appropriate
dimension. Permittivity directly affects the wavelength and
conductivity affects the wave propagation and subsequently
the channel gains. To adequately represent the wave’s charac-
teristics and to minimize boundary effects, the medium dimen-
sions should be selected much higher (e.g., 5λmax) than the
maximum wavelength [16]. However, the implementation of

gprMax using 5λmax dimension is computationally expensive
in terms of time and memory. Thus, based on Fig. 3 and Fig. 4,
we adopt a dimension of 1.5λmax, that is a compromise across
precision and computation cost.

V. CONCLUSION

This letter studies the minimum acceptable medium di-
mensions to maintain proper precision and Complexity using
gprMax. Emulations are conducted for a wide range of soil
electric features, i.e., permittivity and conductivity values. To
maintain a trade-off between accuracy and complexity for
different soil features, the letter confirms that the minimum
medium surface dimension should be in the order of 1.5λmax.
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