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ABSTRACT

In the paper recent IRCTR activities in the study on electromagnetic wave interaction with an air-ground interface are
described. These activities include numerical simulation of wave scattering from a rough interface between two media and
experimental measurements of the field transmitted through a rough interface. The modeling of electromagnetic wave transmission
through an air-ground interface provides a better understanding in the phenomena encountered in subsurface testing. The final aim of
the study is to integrate the corresponding software into a practical GPR system in order to enhance its performance.

1. INTRODUCTION

Since 1996 the International Research Centre for Telecommunication-Transmission and Radar of Delft University of
Technology performs intensive research in the field of Ground Penetrating Radar (GPR). This research covers a wide area from
hardware development and design to signal processing and imaging. A part of this research is modeling of electromagnetic wave
interaction with an air-ground interface. There are two final purposes of the modeling. The first one is an adjustment of ultra
wideband GPR antennas to certain environmental conditions in order to obtain maximal power coherently transmitted into the ground,
and to have minimal antenna ringing. The second one is an improvement of the target’s detection reliability by taking into account the
stochastic nature of the target environment. Both purposes require development of the theory of wave scattering from rough surfaces,
which can be applied for simulation realistic GPR scenarios.

For GPR applications wave transmission through a rough interface and the polarimetric characteristics of scattered and
transmitted fields are of prime importance. However these values have not been studied with the same completeness as the angular
distribution of scattered power. That is why a new theoretical study of these values has been carried out. Because typical frequencies
of electromagnetic waves in GPR applications are within the range from 50MHz till 2GHz [1], the surface roughness can be
considered either as small or as comparable with the wavelength [2]. Due to this wide range of the roughness scale relative to the
wavelength two different theoretical approaches have been chosen for electromagnetic modeling.

The first approach is statistical perturbation theory. Here the original boundary problem of electrodynamics with a rough
interface between air and ground is transformed to the equivalent problem with a plane interface and perturbed boundary conditions.
Statistical averaging is applied to the resulting problem and equivalent boundary conditions are derived for the averaged field at the
plane interface. The equivalent boundary conditions take into account multiple scattering from roughness. The region of validity of
these conditions is far beyond the usual small perturbation limits. The analytical expressions for the mean intensity of the
noncoherent component and the coherent transmission coefficients for vertically and horizontally polarised plane waves are derived.

The second approach is based on the unified perturbation method (UPM), which is combined with Monte-Carlo simulations.
A random one-dimensional interface with given statistical properties is generated numerically. The initial boundary-value problem is
reduced to a set of two simultaneous integral equations, which is solved with the unified perturbation method for this realisation of
the random interface. Averaging over a number of realisations of random interface is used to calculate the intensity of coherent and
noncoherent components of the field. This approach allows consideration of  scattering from the surface with a roughness, which is
comparable with the electromagnetic field’s wavelength.

Experimental study of electromagnetic wave interaction with an air-ground interface is performed in order to verify the
theoretical results. The air-ground interface was illuminated by short EM pulses. The reflected and transmitted fields have been
measured directly in the time domain. These experimental data contain information of reflection and transmission coefficients in a
wide frequency band.



2. FORMULATION OF THE PROBLEM

Let the region -∝<z<ζ(r), r=(x,y,0) of a three-dimensional space be filled with a dissipative dielectric medium with a
complex permittivity profile ε(z), and let the region adjacent to it be free space. The rectangular Cartesian coordinate system x,y,z,
-∝<x,y,z<∝ with the z axis directed upward is used. The random function ζ(r) describes the gently sloping irregularities of the
boundary z=0 with a zero mean, a variance of σ, and a correlation function <ζ(r) ζ(r')>≡Β(r-r'). The angle brackets denote the
averaging over the ensemble of realization of ζ(r). We assume that the characteristic height of an individual surface is considerably
less than the minimal wavelength of the illuminating electromagnetic field. To avoid additional complexity we consider here only a
homogeneous medium (the function ε(z) equals ε). The magnetic permeability of the medium equals 1 everywhere.

Let us consider the incident plane wave in the vector form

[ ]E R z n n z ri E H i z( ) ( ) exp( ( )),= − × + + ⋅ −0 0 0 0γ κ γκκ

[ ]H R n z z n ri E H i z( ) ( ) exp( ( )),= − + × ⋅ −γ κ γ0 0 0 0 κκ (1)

where E H0 0,  are the magnitudes of the horizontally and vertically polarised component of the wave; z0  is the unit vector

along the z-axis; κκ = κn , the vector n is the tangential component of the wave vector and κ θ= k0 sin ; θ is the angle of incidence and

k0  is the wave number in free space, γ κ= −k0
2 2 .

If the effect of depolarisation is ignored, the mean (averaged) component of the field after transmission through the rough
interface into the ground can be presented as follows

[ ]E R z n n z rt
HH VVT E T H k i z( ) ( ) / ( ) exp( ( )),= − × + + ⋅ −0 0 0 0 0Γ Γκ ε κκ

[ ]H R n z z n rt
HH VVT E T H k i z( ) ( ) / ( ) exp( ( )),= − + × ⋅ −Γ Γ0 0 0 0 0κ ε κκ (2)

where Γ = −k0
2 2ε κ , the functions T TVV VV≡ ( )κκ  and T THH HH≡ ( )κκ  are the transmission coefficients for vertically ( TVV )

and horizontally (THH ) polarised plane waves. In the general case of an anisotropic spectrum of the roughness they depend upon the

azimuthal angle of the incident wave propagation.

3.  THEORETICAL CONSIDERATION
3.1. Statistical Perturbation Theory

In the case of small (in comparison with the wavelength) roughness we treat the problem by means of statistical perturbation
theory [3]. The original boundary problem of electrodynamics for a geometry with a rough interface between vacuum and dielectric is
transformed to an equivalent problem in the same region but with the plane interface and perturbed boundary conditions. Statistical
averaging is applied to the resulting problem and equivalent boundary conditions are derived for the averaged field at the plane
interface. The boundary conditions take into account multiple scattering from roughness.

Analytical expressions for transmission coefficients were derived from the equivalent boundary conditions. For simplicity
only terms quadratic in the roughness height are taken into account and thus the effect of the depolarisation in the transmitted wave is
out of consideration. In this case we have

T k ZVV V Ve( ) ( ( )) / ( ( )) ,κκ κκ κκ= − +2 1 0γ τ γ  T Z Z kHH H H He( ) ( ) ( ( )) / ( ( ) ).κκ κκ κκ= − +2 1 0γ κ τ γ (3)

Here the input impedance of the medium with a smooth (σ=0) surface for vertically and horizontally polarized waves are

Z k Z kV H( ) ( ) / ( ), ( ) / ( ),κ κ ε κ κ= =Γ Γ0 0 (4)

Functions Z ZVe He( ) ( )κκ κκand  are the components of the equivalent input impedance of the medium with a rough (σ≠0)

surface. Explicit expressions for them in the case of an arbitrary stratified magneto-dielectric anisotropic medium can be found in
[3]. In our case they can be simplified as
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The explicit expressions for the functions τ are as follows:
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∆ ∆V V H Hk Z k Z= + = +γ κ κ γ κ κ( ' ) ( ' ), ( ' ) ( ' ),0 0

and finally the spatial spectrum of the roughness is defined as

~
( ) ( ) ( )exp( ) .Β Βκκ κκ κκ= ⋅− ∫2 2π r ri d (7)

3.2. Unified Perturbation Method and Monte-Carlo Simulation

For roughness which is comparable with the wavelength of the electromagnetic field another approach is used. For simplicity
we describe it in its 2D formulation. The scattering problem is formulated via the well-known extended boundary condition (EBC)
approach [4]. Using the plane wave expansions of the two-dimensional Green functions of the media above and below the interface,
which correspond to the homogeneous spaces with dielectric permittivities as just above and below the interface, the EBC equations
are reduced to a system of two simultaneous integral equations

[ ]exp ' ( ' ) ( ) ( ) ( ' ) '
( )

( ) ( ' ) ( ' );− + + +
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Here parameter η equals 1 for TE polarised incident wave and equals ε for TM polarised wave. Functions f(x) and g(x) are related to
the tangential component ψ of the electric (for TE-polarisation) or magnetic (for TM polarisation) field and its normal derivative
∂ ψN  on the interface z x= ζ( )

f x i x
d x
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The reflected field above the interface and the transmitted field below the interface are given by
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where the scattering amplitudes A are defined as
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In order to solve equation (8) the UPM approach, proposed by Rodriguez and his collaborators [5,6] for perfectly conducting
surfaces, has been extended for the case of an interface between two dielectric media [7]. The unknown functions f and g have been
inserted in Eq.8 in the form

( ) [ ] ( )f x i x F x= −exp ( ) ( )γ κ ζ ,     ( ) [ ] ( )g x i x G x= −exp ( ) ( )γ κ ζ . (14)

Expanding the remaining parts (i.e. F, G) in a perturbation series, and using the usual perturbation approach, a pair of recursive
relations has been obtained. Solving it term by term, the functions f and g can be found with desirable accuracy. As a result the
solution of the initial problem can be obtained for any given surface profile ζ(x). This solution is considered to be a stochastic one.
To obtain the statistical moments of the transmitted field a Monte-Carlo simulation is performed.

4. NUMERICAL ANALYSIS AND DISCUSSION

The equations (2-14) make up the analytic foundation of the algorithms, which have been developed for numerical simulation
of typical GPR scenarios. The expression for the mean value of the energy flux density transmitted into the ground for both vertically
and horizontally polarised plane waves can be derived from Eq.(2)

{ } { }P T P TV VV H HH( ) Re / ( ) ( ) , ( ) Re / ( ) .κκ κκ κκ κκ≡ ≡γ εΓ γ2 2Γ (15)

Here the values are normalized to the z-component of the energy flux density of the incident wave.

The influence of the small slope and small height roughness (σ/l«1, k0 σ«1) on the value of the energy flux density

transmitted into the ground has been analyzed by means of equations (3-6). Because the typical correlation functions for the natural
surfaces are not known exactly, an isotropic Gaussian correlation function has been used. It means that Β(r)≡Β(r)=σ2exp(-r2/l2),
where l is the correlation interval of the surface roughness. The distortion of the total transmitted energy flux density ∆P (i.e. the
difference between the values of P for the medium with a rough (σ≠0) and a smooth (σ=0) surfaces) are calculated as functions of
dielectric permittivity, incident angle and operating frequency. Typical results are shown on Fig.1 to 5 [8].
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Fig.1. ∆P/P versus real part of the dielectric permittivity of the ground for normal incidence ( k0 σ=0.09, Im(ε)/Re(ε)=0.1): k0 l=0.3 (solid curve),

k0 l=5.0 (dash curve).
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Fig. 2. Fig.3.
Fig.2. ∆P/P versus angle of incidence ( k0 σ=0.09, k0 l=0.3, ε=2+0.02i): horizontal (solid curve) and vertical (dash curve) polarization.

Fig.3. ∆P/P versus angle of incidence ( k0 σ=0.09, k0 l=5.0, ε=20+2i): horizontal (solid curve) and vertical (dash curve) polarization.
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Fig. 4. Fig.5.
Fig.4. ∆P/P versus frequency for normal incidence (σ=1.7cm, ε=2+0.02i): l=5cm (solid curve), l=85cm (dash curve).
Fig.5. ∆P/P versus frequency for normal incidence (σ=1.7cm, ε=20+2i): l=5cm (solid curve), l=17cm (dash curve).

It was observed that ∆P can reach a value up to 15% of P. The absolute value of ∆P increases with the real part of the
dielectric permittivity of the ground. For horizontal polarization the absolute value of ∆P increases with the incident angle (in the
range from 0 till 60 degrees). The short correlated roughness decreases the power transmitted into the ground, while the long
correlated roughness increases it. A possible explanation of this phenomenon is that short correlated roughness scatters the incident
wave mainly into a noncoherent component, thus decreasing both coherently reflected and transmitted components. On the contrary,
long correlated roughness of the interface leads to redirection of the power from reflected to transmitted component. So, the main



danger for GPR is a short correlated roughness, which decreases the power transmitted into the ground and causes additional cross-
talk between transmitting and receiving antennas.

Monte-Carlo simulations for roughness comparable to the wavelength are still in progress now.

5. EXPERIMENTAL RESULTS

In order to verify the theoretical analysis a number of experiments have been done. The transient field radiated from an
antenna elevated above the ground has been measured by identical sensors just above and below the air-ground interface. The
geometry of the experimental set up is presented in Fig. 6. The TEM horn antenna has been elevated 155.5cm above the dry sand. One
of two electromagnetic sensors is situated 34cm above the ground, and another one is 25cm below the air-ground interface. The TEM
horn has been excited by 1ns monocycle pulse. The sensor’s responses are plotted in Fig.7.
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Fig.6. Experimental setup.
Fig.7. The sensor response above (solid curve) and below (dash curve) the air-ground interface.

FUTURE ACTIVITIES

The next step in the theoretical analysis will be a consideration of transient signals scattering from an air-ground interface.
These results will be compared directly to the measured data. Twofold extension of the theory is planned also. At first, the point-like
source above the rough air-ground interface will be considered. Second extinction is concerned with the Monte-Carlo simulation of
2D rough interface. Fields reflected from different types of soils will be measured by means of our GPR equipment. Transient
characteristics of the transmitting antenna and the sensors will be deconvolved from the experimental data, which gives us a
possibility to extract the reflection and transmission coefficients in a wide frequency band.
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