Introduction

Understanding how energy is transmitted and received by Ground Penetrating Radar antennas is
crucial to many areas of the industry: antenna design, data processing and inversion algorithms, usage
of antennas in GPR surveys, and interpretation of GPR responses. The radiation characteristics of
antennas are usually investigated by studying the radiation patterns and directivity. For GPR antennas
it is important to study these characteristics when the antenna is in different environments that would
typically be encountered in GPR surveys. This is because interactions between the antenna and the
environment change the way in which the antenna behaves. However, directly measuring antenna
radiation patterns in such environments presents many practical difficulties, which has prompted
numerical simulations of GPR antenna radiation patterns. Although simple and more complex
antennas have been modelled in free-space, and simple antennas have been modelled in realistic
environments, there have been very limited studies that combine real GPR antenna models with
realistic environments.

This paper presents a numerical investigation of the radiation characteristics of a high-frequency GPR
antenna in a realistic environment that incorporates a heterogeneous soil. The first part of the paper
describes the 3D Finite-Difference Time-Domain (FDTD) antenna model and the soil model. Then
analyses of E- and H-plane directivity patterns from the antenna model over a heterogeneous soil are
presented and compared with patterns in a lossless dielectric environment.

Antenna modelling

All of the simulations conducted for this research used gprMax3D which is part of gprMax, a suite of
electromagnetic wave simulators based on the FDTD method. gprMax (http://www.gprmax.com/) is
freely available software that was written by Giannopoulos (2005) originally in 1996, and has since
developed into a mature application that has been successfully used by a number of researchers
(Galagedara et al., 2005; Jeannin et al., 2006; Lopera and Milisavljevic, 2007; Soldovieri et al., 2007).
The simulations included a model of the antenna that is representative of a commonly used high-
frequency GPR antenna — a Geophysical Survey Systems, Inc. (GSSI) 1.5 GHz antenna. The antenna
model includes all of the main features and geometry of the real antenna. Details of the antenna model
development and the subsequent initial validation can be found in Warren and Giannopoulos (2011).
Figure l1a shows the FDTD mesh of the antenna with skid plate removed. A spatial discretisation of
Ax = Ay = Az = 1 mm was chosen as a good compromise between accuracy and computational
requirements. The Courant Friedrichs Lewy (CFL) condition was enforced which resulted in a time-
step of At=1.926 ps.

Soil modelling

Advanced and innovative developments were made to gprMax to create soils with realistic dielectric
and geometrical properties. A semi-empirical model, initially suggested by Dobson et al. (1985), was
used to describe the dielectric properties of the soil. The model relates relative permittivity of the soil
to bulk density, sand particle density, sand fraction, clay fraction and water volumetric fraction. The
real and imaginary parts of this semi-empirical model can be approximated using a multi-pole Debye
function plus a conductive term. In gprMax a recursive convolution based method was used to express
dispersive properties as apparent current density sources (Giannakis and Giannopoulos, 2014). A
major advantage of this implementation is that it creates an inclusive susceptibility function that
holds, as special cases, Debye, Drude and Lorenz materials.

Fractals are scale invariant functions which can express the earths topography for a wide range of
scales in sufficient detail (Turcotte, 1987). Using this approach, a more realistic soil model with a
stochastic distribution of the aforementioned parameters was created. Figure 1b shows a FDTD mesh
in gprMax featuring the antenna model, and a soil model with realistic dielectric and geometrical
properties.
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Figure 1 FDTD meshes. (a) representative of a GSSI 1.5 GHz antenna, and (b) showing the antenna
over a heterogeneous soil, modelled using a stochastic distribution of soil parameters.

Antenna patterns in lossless, lossy, and heterogeneous environments

Traditionally antenna patterns are plotted at a specific single frequency, however this is of limited use
when analysing the overall performance of an UWB GPR antenna. In this paper a more suitable
metric that calculates the transmitted energy at a specific observation point, given by (1), has been
used. It was originally proposed by Diamanti and Annan (2013).
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where E,, is the total energy at a specific radius » and angle 6; the summation is made over a time-
domain response; E is the electric field value at a given radius » and angle #; and Z is the
electromagnetic impedance of the medium.

Figure 2 presents a comparison of the H-plane patterns of the antenna in two environments: a lossless
half-space with a relative permittivity of 7, and a heterogeneous soil with sand fraction 0.9, clay
fraction 0.1, sand particle density 2.0 g/cm’, bulk density of 2.66 g/cm’, and a volumetric water
fraction ranging from 0.02 to 0.05. As an indication of the relative permittivity variation of the soil,
the static or zero-frequency parts of relative permittivity range from 5.77 to 8.51 with 50 discrete
values. Fractal weightings for the x, y, z directions were chosen as 1.5, 1.5, 0.375, with the lower
weighting in the z direction used to create more realistic layering. The asymmetry present in the H-
plane pattern is due to the offset between the Ty and Ry elements in the antenna. The stronger part of
the back or air lobe corresponds to the Ty location in the antenna. As expected there is more
attenuation (up to 3 dB) in the pattern with the dispersive heterogeneous soil than the lossless half-
space. The attenuation is largest in the main lobe of the pattern and less so at shallow angles. This
behaviour could be attributed to the FDTD antenna model not capturing the way in which lateral
waves propagate from the real antenna. It has been previously observed by Warren and Giannopoulos
(2015) in numerical models that included an antenna model and dispersive emulsions.

Figure 3 presents the same comparison as Figure 2 but with E-plane patterns. The antenna geometry
in symmetric in the E-plane which results in a symmetric E-plane pattern. Similar differences exist in
the strength of directivity of the patterns between the two environments.
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Figure 2 H-plane directivity patterns of the GSSI 1.5GHz antenna model over a lossless dielectric
half-space of relative permittivity 7, and over a dispersive heterogeneous soil.
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Figure 3 E-plane directivity patterns of the GSSI 1.5GHz antenna model over a lossless dielectric
half-space of relative permittivity 7, and over a dispersive heterogeneous soil.
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Conclusions

The investigation of radiation characteristics of an antenna makes it possible to develop a better
understanding of how the antenna radiates and receives energy. An advanced modelling toolset that
enables detailed models of GPR antennas to be used in realistic environments that include models of
heterogeneous soils has been developed. In this initial investigation small differences in the directivity
of the antenna between a lossless dielectric environment and a more realistic environment featuring a
heterogeneous soil model have been observed. These findings are part of an on-going full parametric
study incorporating a range of different soils, fractal weightings and also the inclusion of rough
surface modelling.
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