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Abstract—In  this paper, the full-wave analysis of
electromagnetic sensing of buried pipes with ground-penetrating
radar (GPR) in realistic scenarios is presented. GPR uses
resistively loaded wideband dipole antennas operating in the
frequency band from 100 MHz to 1 GHz. To this end, a locally
conformal finite-difference time-domain (FDTD) technique,
useful to model losses in the soil, and the presence of ground-
embedded inhomogeneities with arbitrary shape and material
parameters, is adopted. Emphasis is put on the investigation of
the antenna pair performance for different 7x—Rx separations
and elevations over the ground, as well as on the analysis of
scattering from buried dielectric and metallic pipes.
Furthermore, a frequency-independent equivalent circuit suitable
for CAD is provided to facilitate the design of the RF front-end of
ground-penetrating radars, and the methodology to derive
relevant circuital parameters is discussed in detail.

Index Terms—Antenna mutual coupling, ground-penetrating
radar (GPR), finite-difference time-domain technique (FDTD),
frequency-independent equivalent circuit.

I. INTRODUCTION

Ground-penetrating radar (GPR) technology finds
applications in many areas such as geophysical prospecting,
archeology, civil engineering, environmental engineering, and
defense applications as a noninvasive sensing tool [1]-[3]. One
key component in any GPR system is the receiver/transmitter
antenna. Desirable features for GPR antennas include efficient
radiation of ultra-wideband pulses into the ground, good
impedance matching over the operational frequency band, and
small size. As the attenuation of radio waves in geophysical
media increases with frequency [4], [5], ground-penetrating
radars typically operate at frequencies below 1 GHz [6]. For

either impulse [4] or stepped-frequency continuous-wave
applications [7], the wider the frequency range, the better the
range resolution of the radar. Continuous wave multi-
frequency radars are advantageous over impulse radars in
coping with dispersion of the medium, the noise level at the
receiver end, and the controllability of working frequency. It
requires, however, mutual coupling between the transmit (7x)
and receive (Rx) antennas, which determines the dynamic
range of the sys-tem, to be kept as small as possible [§].

In this paper, the full-wave analysis of electromagnetic
coupling mechanisms between resistively loaded wideband
dipole antennas operating in realistic GPR scenarios is carried
out. To this end, a locally conformal finite-difference time-
domain (FDTD) technique, useful to accurately model

electromagnetic structures having complex geometry, is
adopted [9], [10]. Such a scheme, necessary to improve the
numerical accuracy of the conventional FDTD algorithm [11],
[12], by avoiding staircase approximation, is based on the
definition of effective material parameters [13], suitable to
describe the geometrical and electrical characteristics of the
structure under analysis. By doing so, the losses in the soil, as
well as the presence of ground-embedded inhomogeneities
with arbitrary shape and material parameters, are properly
taken into account. Emphasis is devoted to the investigation of
the antenna pair performances for different 7x—Rx separations
and elevations over the ground, as well as on scattering from
buried dielectric and metallic pipes. Novelty of the analysis
lies in the fact that at the lowest operational frequency both
the receive antenna and a pipe are situated in the near-field,
whilst at the highest operational frequency only the far field is
playing the role. The obtained numerical results provide a
physical insight into the underlying mechanisms of subsurface
diffraction and antenna mutual coupling processes. This
information in turn can be usefully employed to optimize the
performance of detection algorithms in terms of clutter
rejection.

Finally, a frequency-independent equivalent circuit model
of the considered antenna pair, suitable for software CAD
tools, is provided in order to facilitate the design of the RF
front-end of a ground-penetrating radar. The procedure
employed to extract the equivalent circuit is based on a
heuristic modification of the Cauer’s network synthesis
technique [14], useful to model metal, dielectric and radiation
losses.

II. THE EM FIELD PREDICTION MODEL

The analysis and design of wideband antennas for GPR
applications has required the development of a specific yet
general computational tool useful to analyze electromagnetic
structures having complex geometrical and electrical
characteristics, using the locally conformal FDTD scheme
presented in [9], [10]. Such a scheme is needed to accurately
model ohmic and radiation losses avoiding the staircase
approximation [11], [12] of the geometry and improving the
numerical accuracy of the conventional FDTD algorithm. To
take into account all physical phenomena occuring in the
structure under analysis, it has been necessary to evaluate the
field distribution in dielectric, as well as metallic regions. To
this purpose, each of these regions has been modeled by
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Fig. 1. Top and cross-sectional view of a resistively loaded dipole antenna
pair located above a lossy homogeneous half space. Structure characteristics:

l,=40cm, D,=5mm , §=25mm, £ =6, o =15mS/m . The reference

system used to express the field quantities is also shown.

means of the relevant effective permittivity and electrical
conductivity parameters.

III. THE FULL-WAVE ANTENNA MODELING

It is our intention to focus the attention on the full-wave
analysis of a resistively loaded dipole antenna pair located
above a ground modeled as a lossy homogeneous half-space
having relative permittivity £ =6 and electrical conductivity
o =15mS/m . The geometry of the structure is depicted in
Figure 1.

The dipoles are denoted as dipole #1 and dipole #2,
respectively. In this configuration, dipole #1 is driven by a
delta-gap voltage source with internal resistance R, =300Q,
whereas dipole #2 is closed on a matched load having
impedance Z, =R,. To properly enlarge the antenna
bandwidth, thus reducing late-time ringing phenomena, a
continuous resistive loading, having Wu-King-like profile [3],
[15], [16]

O'd(y)=00[ —%}

has been applied to the flairs of the considered radiators. In
(1), o, denotes the electrical conductivity value at the input

terminals of the antennas (y=0), and [, =40cm 1is the

length of each dipole, assumed to have diameter D, =5mm .

(1)

In particular, o, has been determined by means of a specific
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Fig. 2. Frequency behavior of the individual antenna input reflection
coefficient for different loading profiles. The antenna is assumed to be

elevated s, =3cm over the ground.

0,=0,,=200S/m, resulting in a fractional bandwidth

FBW =51%  centered on the resonant

f. =450 MHz , has been found (see Figure 2).
The FDTD characterization of the structure has been
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Fig. 3. Frequency behavior of the scattering parameters of the dipole pair for
different 7x—Rx separations (a) and antenna elevations (b) over the ground
modeled as a lossy homogeneous half-space with electrical properties

£ =6,and oc=15mS/m .
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Fig. 4. Top and cross-sectional view of a resistively loaded dipole antenna
pair located above a lossy inhomogeneous ground, where an infinitely long

pipe is buried. Structure characteristics: [, =40cm ,

0=25mm, s, =20cm, h,=3cm, D,=30cm , h,=40cm .

D,=5mm ,

carried out using a non-uniform computational grid with maxi-
mum cell size Ah=A4 /24=25mm, where A =6cm is

the wavelength in the ground at the maximum operating
frequency f,

o = 1GHz in the excitation Gaussian signal.
Since the considered structure is reciprocal and symmetrical

(see Figure 1), the corresponding scattering matrix S is
completely described in terms of the S,, and S,, parameters,

whose evaluation is carried out by feeding the first antenna
element, and setting the excitation signal of the second dipole
equal to zero. Their frequency behavior is shown in Figure 3.
As it appears from Figure 3a, the return-loss is slightly
affected by the 7x—Rx antenna separation that, on the other
hand, is primarily responsible for the parasitic coupling level
between the radiating elements. The impact of the antenna
elevation above the ground has been also analyzed (see Figure
3b). It is worth noting that, as %, decreases, the central
resonant frequency of the antenna is shifted down because of
the proximity effect of the soil. It has been also found that the
ground influence on the §,, parameter is remarkable only at
high frequencies, where the coupling level between the two
radiating elements tends to decrease as the dipoles approach
the air-ground interface.

IV. THE RADAR DETECTION OF BURIED PIPES

In this section, emphasis is devoted to the analysis of the
dipole  antenna  pair  located above a  lossy
homogeneous/inhomogeneous material half space where an
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Fig. 5. Frequency behavior of the scattering parameters of the dipole
antenna pair for different electrical properties of the buried pipe. Structure
characteristics: [, =40cm , d=2.5mm,

h,=3cm, D, =30cm , hp =40cm .

D,=5mm , s, =20cm ,

infinitely long pipe is buried (see Figure 4). In such
configuration, the transmit element of the radar unit emits an
electromagnetic pulse that propagates into the ground, where
it interacts with the target, modeled as a y —directed circular

cylinder having diameter D, =30cm, buried at a depth
h,=40cm . This in a diffracted

electromagnetic field which is measured by the receive
element of the radar. By changing the location of the radar on
the soil interface and recording the output of the receive
antenna as function of time (or frequency) and radar location,
one obtains the scattering data, which can be processed to get
an image of the subsurface.

The parasitic coupling level between transmit and receive
antennas is a critical parameter in the design of ground-
penetrating radars and satisfactory levels are usually achieved
by empirical design methods. Anyway, the prediction of
coupling levels already at the design stage enhances structure
reliability, while also improving design cycle. To this end, the
locally conformal FDTD model presented in Section II has
been usefully adopted. As it can be noticed in Figure 5, the
antenna return-loss parameter S, is not strongly affected by

interaction results

the buried target that, conversely, has a significant impact on
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Fig. 6. Gaussian probability distribution of the relative permittivity of
ground-embedded inhomogeneities.
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Fig. 7. Effect of the ground inhomogeneities on the frequency behavior of
the scattering parameters of the dipole pair. Structure characteristics:

l,=40cm , D,=5mm , 6=2.5mm, s, =20cm, h,=3cm .

the frequency behavior of the coupling level between the
radiating elements, due to the excitation of subsurface
creeping waves resulting in interference processes at the
receiver end.

An invariable feature of real-life soils is heterogeneity.
Without taking into account the inhomogeneities altering the
idealized nature of the considered ground model, it becomes a
futile effort to design a complex GPR system that will perform
well over a real-life soil. To overcome this limitation, a
realistic ground model has been developed by simulating
small ellipsoidal scatterers embedded in the soil (see Figure
4). The size, location and electrical properties of these
inhomogeneities are determined randomly within preset limits.
In particular, the maximum dimensions of the scatterers are
a,=10ecm, a,=10cm, and a,=2cm in x—, y—, and

z—coordinate direction, respectively. In addition, all
inhomogeneities have randomly selected values of the relative
permittivity according to the following Gaussian probability
distribution

2)

with mean w4, =13.7, and standard deviation o, =4.2 (see

Figure 6). As it appears from Figure 7, the ground-embedded
inhomogeneities have a considerable influence on the
scattering parameters of the dipole pair at higher frequencies,
where the radiated field assumes a quasi-optical behavior, and
diffraction processes arising from the interaction with the
inhomogeneities tends to be significant, and could mask the
detection of the buried target (see Figure 8).

As outlined in [17], the rigorous analysis of the
aforementioned subsurface scattering phenomena is very
important in order to asses the suitability of detection and
imaging algorithms for GPR applications in realistic scenarios.

V. FREQUENCY-INDEPENDENT EQUIVALENT CIRCUIT MODEL

Typically, electromagnetic field solvers and measurement
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Fig. 8. Spatial distribution of the electric field excited along the vertical cut-
plane of the antenna pair elevated over a lossy inhomogeneous ground,
where an infinitely long metallic pipe is buried. Structure characteristics:
l,=40cm, D;=5mm , 6=2.5mm, s5,=20cm, h,=3cm, D,=30cm,

h, =40cm . Working frequency: f =500MHz (a), f =1GHz (b).

systems, such as network analyzers, generate S —parameter
representations of microwave components and antennas.
However, circuit simulators, such as SPICE, require
conventional equivalent circuits with lumped frequency-
independent parameters that can be conveniently modeled
within CAD software. In view of this, a technique for
extracting the equivalent circuit, as well as its electrical
parameters, from a given S —parameter representation is
highly desirable [18].

The procedure employed to extract the equivalent circuit is
based on a heuristic modification of the Cauer’s network
synthesis technique [14]. Resistive elements are introduced to
model metal, dielectric, and radiation losses. The scattering
matrix S of the antenna pair is modeled by means of an
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Fig. 9. Frequency-independent equivalent circuit model. Quasi-static (a),
and p—th high-frequency (b) 7 — network. For symmetrical structures the

(p)

transformation ratio n'”’ is equal to £1 for each sub-network.

equivalent network composed of shunt 7 — networks as shown
in Figure 9, where ideal transformers are to be included in
order to guarantee the physical realizability of the network. In
particular, RLC & — networks are required to properly model

TABLE I
CIRCUITAL PARAMETERS APPEARING IN THE
EQUIVALENT CIRCUIT OF THE ANTENNA PAIR.

cP=cy 0.579 pF
cyY 14.562 fF
n® +1
R =RY 208.073 Q
LY=L 0.141 uH
c=cfy 1.565 pF
R 1.307 kQ
LY 1.507 uH
c 0.147 pF
n® +1
RYP=RY 322.581Q
LY =LY 0.092 uH
cY=c? 0.235 pF
R 1.838 4Q
LY 1.084 uH
P 0.020 pF
n® +1

the high-frequency resonant phenomena taking place into the

structure, whereas the capacitive & — network is needed to
describe the circuital behavior of the antenna pair in quasi-
static regime.

A simple analysis of the network shown in Figure 9 allows

determining the admittance matrix Y* of the equivalent
circuit. Then, the corresponding scattering matrix S can be

easily computed as follows

A e A et -1
s =(1-37) (1437 &)
where 1 is the identity matrix, and
YU =RY", @)

R, denoting the reference resistance at the input ports of the

transmit and receive antennas.
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Fig. 10. Magnitude of the scattering parameters of the dipole pair versus
frequency. A good agreement between the FDTD numerical results and those
obtained by means of the equivalent circuit model is observed. Structure

characteristics: [, =40cm, D,=5mm d=2.5mm, s, =20cm,

h,=3cm .
The synthesis procedure is based on an iterative non-linear

fitting procedure [19] aimed to minimize, across a specific
frequency band B, the mean-square error functional

() 7P (P —
ey (Ry.Ly).C}" ) =

!

FDTD
S

®)

§FDTD (f)_§eq (faR'('p):L([jp)’Cij('p))

b

2
Kz

being the frequency-dependent scattering matrix of the
structure computed by means of the locally conformal FDTD
technique.

In this way, it has been possible to evaluate numerically the
circuital parameters, listed in Table I, of the radar unit located
above the lossy homogeneous material half space with relative
permittivity £, =6 and electrical conductivity o =15mS/m .

As shown in Figure 10, only a few resonant 7 — networks are
necessary to describe adequately the antenna return-loss and



mutual coupling coefficient in the frequency band of interest.

VI. CONCLUSION

The full-wave analysis of electromagnetic sensing of buried
pipes with GPR in realistic scenarios has been carried out. A
locally conformal FDTD technique, useful to accurately model
complex electromagnetic structures as well as ground-
embedded inhomogeneities with arbitrary shape and material
parameters, has been adopted. Using such scheme, an
extensive parametric analysis of the antenna scattering
parameters and radiated near-field spatial distribution has
been performed for different 7x—Rx antenna separations and
elevations over the ground, also taking into account the
presence of buried metallic and dielectric targets, as well as
soil-embedded ellipsoidal inhomogeneities with arbitrary size,
location and electrical properties. The obtained numerical
results provide a physical insight into the underlying
mechanisms of subsurface scattering and antenna mutual
coupling processes. Finally, a frequency-independent
equivalent circuit, useful to be employed in CAD tools, has
been derived from the antenna scattering parameters, showing
that including the effect of just a few resonant modes yields
high numerical accuracy.
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