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Abstract

The paper deals with the evaluation of transmitted electric field in the ground due
to the GPR dipole antenna. The frequency domain formulation is based on the
integro-differential equation of the Pocklington type. The influence of the earth—
air interface is taken into account via the simplified reflection/transmission
coefficient arising from the Modified Image Theory (MIT). The space-frequency
Pocklington equation is solved via the Galerkin—Bubnov variant of the Indirect
Boundary Element Method (GB-IBEM) and the corresponding transmitted field is
obtained by numerically computing field integrals. Some preliminary results for
the electric field transmitted into material media are presented.

Keywords: ground penetrating radar, dipole antenna, lossy half-space,
transmitted field, numerical solution procedures.

1 Introduction

Ground-penetrating radar (GPR) finds numerous applications in different areas of
geophysics and underground engineering, such as civil engineering [1]. An
important, one of the most critical, component regarding GPR system performance
is an antenna whose type and size strongly depend on particular application [2].
Namely, the knowledge of the energy transmitted into the dissipative half-space
enables better antenna design and more realistic interpretation of the target
reflected wave.

The use of physically larger, low frequency antenna provides deeper
penetration into the ground, while high frequency antennas are convenient for the
tasks requiring less penetration depth and better resolution.
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Consequently, a deeper insight into the behavior of the field transmitted within
the lossy ground is of continuous interest in GPR research. In general, the analysis
can be carried out in the frequency or time domain, respectively, [3—5]. Many
efficient GPR antenna models based on the Finite Difference Time Domain
(FDTD) method of solution have been reported, e.g. [6, 7].

Contrary to the widely used FDTD approach the present paper deals with the
assessment of transmitted electric field in the ground due to the GPR dipole
antenna by means of the Boundary Element Method (BEM). The formulation is
based on the space-frequency integro-differential equation of the Pocklington type
and corresponding filed formulas. The presence of the earth—air interface is taken
into account via the simplified reflection/transmission coefficient arising from the
Modified Image Theory (MIT). The space-frequency Pocklington equation is
numerically solved via the Galerkin—Bubnov variant of the Indirect Boundary
Element Method (GB-IBEM) and the corresponding transmitted field is obtained
by numerically computing the related field integrals. Some illustrative results for
the transmitted electric field are given in the paper.

2 Formulation

Geometry of interest is related to the dipole radiating above a lossy medium, as it
is shown in Fig 1.
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Figure 1:  GPR dipole antenna above a lossy half-space.

Generally, a directive transmission of signal into a material half-space can be
analyzed by means of the rigorous Sommerfeld integral formulation, or
the approximate Fresnel reflection/transmission coefficient capproach [3]. The
validity of each approach has been discussed elsewhere and some general remarks
can be, for example, found in [8] or [9]. This work features the use of the modified
image theory (MIT) [9] in the transmitted field formula.

The integro-differential equation for the current induced along the dipole can
be derived by enforcing the interface conditions for the tangential components of
the electric field at the wire surface:

e, (E*+E")=0 e
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where the excitation field is composed from the incident field £ and the field

reflected from the lossy ground £ :

Eexc — Ewinc +Eref (2)
The scattered field is expressed in terms of magnetic vector potential?l and
electric scalar potential ¢ :

E“ =—jwA-V¢ 3)
According to the thin wire approximation [3] expression (3) becomes:
E* =—jwd, - % (4)
with:
L/2
A = Wl .[ I(x"g(x,x")dx' 3)
4r 1)
1 P N
p(x) =~ O g x)de ©

. '
jarws, 5, Ox

where /(x’) is the induced current along the antenna, while g(x,x’) denotes the total
Green function:

g(xax'):go(xax')_RTMgi(xax') (7)
where go(x, x°) is the free space-Green function:
—JkoR,
g (ra)=" ®)
while gi(x, x”) arises from the image theory: '
— kR
g (xx)=— ©)

where R, and R; denote the corresponding distance from the source to the
observation point, respectively.

The reflection coefficient for the transverse magnetic polarization Rtm, which
accounts for the presence of a lower lossy medium, is given by:

_ncos®—+n—sin’ O (10)

ncos®++n—sin’©
The refraction index » and angle 6 are given by:

RT M

es x—x'
n=g —j—, @):arctgu
e,
Inserting (4)—(6) into (2) yields the Pocklington’s integro-differential equation
for the unknown current distribution induced along the dipole:

(11
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L2 L2 ]
exc ) ﬂ 1 A\l \J 1 a 01 (x )
E™ =jo— | I(x x,x")dx'— —
o [ 1) -
The transmitted electric field components in the XZ plane are given, as follows:

L/2 [} ' L2
_ 1 {_ 6I(x)6G(x,x,Z)dx|_7,

g(x,x")dx'  (12)

Jjarwe, O0x 3,

2 G(x,x',2)I(x")dx' 13
Jaras, W P _[ (x,x",z)I(x")dx" | (13)

-L/2 -L/2
L/2 Y '
_ 1 6[()6 ) aG(xax 72) dx! (14)
j4”a)€e/f 1n Ox' 0z
where G(x,x’):
G(x,x) =T, g, (x,x',2) (13)

And the transmission coefficient F?VHT arising from the modified image theory
(MIT) is given by:

2n
== (16)
n+l1

The solution of integro-differential equation (12) can be obtained by applying
the Galerkin—Bubnov scheme of the Indirect Boundary Element Method (GB-
IBEM). Once calculating the induced current the related transmitted electric field
is obtained by numerically computing field integrals (13) and (14).

3 Numerical procedures

The Galerkin—Bubnov scheme of the Indirect Boundary Element Method (GB-
IBEM) for the solution of integro-differential equation (12) is documented in
detail elsewhere, e.g. in [3]. The components of the electric field transmitted into
the material medium due to the dipole radiation are evaluated using the BEM
formalism. The procedure is outlined in this section, for the sake of completeness.
The current and its first derivative at the i-th boundary element are given by:
Xy —x' x'-x,;

I(x)=1, "% +1, 17

('x) 1i Ax 2i AX ( )
ol(x") _ I, -1

— = 18

ox' Ax (18)

where /;; and I»; are the values of current at the local nodes of the i-th boundary
element, with coordinates x;; and x2;, 4x= x»; -x;; denotes the element length.

Discretizing (13) and (14) and substituting (17) and (18) into (13) and (14)
results in the following expressions:

1i ‘j“ aG(X,x',Z)de_},24j‘v,|:[” X *xv+[7 M}G(x,x',z)l(x')dxl (19)

I O A
Jdrnws,; Ax,

.o Ax Y Ax
N
i / 12” 1 jaG(x x' z) 20)
j47za>g g o a Ax by Oz

where N; denotes the total number of boundary elements along the wire.
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Integrals in (19) and (20) are numerically evaluated using the Gaussian
quadrature. The quasi-singularity of the Green function is avoided by
approximating the first-order differential operator with finite differences [3].

4 Numerical results

The computational example is related to the dipole antenna of length L=1m and
radius ¢=2mm horizontally placed at height #=0.25m above a real ground with
permittivity &,=10 and conductivity 6c=10mS/m. Terminal voltage is V'1=1V. The
operating frequency is varied from 1MHz to 300MHz.

Figs 2 to 4 show the related fields components for /~1MHz, f~10MHz and
J=100MHz.
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Figure 2:  Transmitted field (V/m) into the ground at f= 1MHz.
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Figure 3:  Transmitted field (V/m) into the ground at f= 10MHz.
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Figure 4:  Transmitted field (V/m) into the ground at f= 100MHz.

Analyzing the numerical results presented in Figs 2 to 4 it can be observed that the
field distribution remains relatively stable over the considered frequencies.

Fig. 5 shows the Ex component of the transmitted field versus depth in the
broadside direction for different operating frequencies.
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Figure 5: Broadside transmitted field (V/m) into the ground for different
frequencies.

Note that, due to the symmetry of the problem, £, component in the broadside
direction is zero. This is easily visible in Figs 2b, 3b and 4b.

5 Conclusion

The paper deals with the analysis of the electric field transmitted into the material
half-space due to the GPR dipole antenna radiation. The frequency domain
formulation is based on the Pocklington integro-differential equation and related
field formulas. The influence of the earth—air interface is taken into account via
the simplified reflection/transmission coefficient arising from the Modified Image
Theory (MIT). The Pocklington equation is numerically solved via the Galerkin—
Bubnov variant of the Indirect Boundary Element Method (GB-IBEM) and the
corresponding transmitted field is determined by using BEM formalism, as well.
Some computational examples for the electric field transmitted into the material
medium are presented. This work should be considered as an opener to the subject
and the future work will deal with coupled dipole arrays above a lossy ground for
GPR applications in both frequency and time domain. Moreover, within future
activities it is planned to carry out a stochastic collocation analysis of the transient
current induced along the wires radiating over a lossy medium.
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