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Scattering by Conducting Cylinders Below a
Dielectric Layer With a Fast Noniterative Approach
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Abstract—A spectral-domain technique to solve the scattering
by perfectly conducting cylinders placed below a dielectric layer is
presented. Propagation fields are expressed in an analytic form, in
the frame of the cylindrical wave approach. The fields scattered by
the buried objects are decomposed into cylindrical waves, which
are, in turn, represented by plane-wave spectra. Due to the inter-
action with a layered layout, the scattered fields experience mul-
tiple infinite reflections at the boundaries of the layer. Using suit-
able reflection and transmission coefficients inside the plane-wave
spectra, the interaction with such a layered geometry can be solved
with a single-reflection approach. Multiple reflections are collected
by a set of two scattered fields, i.e., an upward-propagating field,
excited by the scatterers and transmitted up to the top medium,
and a down-propagating one, which from the top medium reaches
the scatterers after transmission through the layer. Therefore, the
analytical theory is developed in a very compact way and can be
solved through a fast and efficient numerical implementation. Nu-
merical results are evaluated in an accurate way and validated by
comparisons with results obtained with a multiple-reflection ap-
proach. The scattered field can be evaluated in any point of the do-
main, in the far-field as well as the near-field region. Two-dimen-
sional maps displaying the magnitude of the total scattered field
are reported, showing examples of applications of the technique.

Index Terms—Electromagnetic simulation, full-wave analysis,
scattering problems, spectral-domain technique, through-the-wall
radar.

I. INTRODUCTION

I N recent years, a wide interest is arousing on the use of mi-
crowave electromagnetic fields for the nondestructive di-

agnostic of buried targets [1]. Practical applications are in the
ground penetrating radar (GPR) technique, in the geophysical
inspection of the soil, in the mapping of buried utilities, as well
as in the surveys of roads, buildings, and bridges, and in the
archeological field. The retrieval of the GPR data can be suc-
cessfully improved using accurate electromagnetic solvers for
the forward-scattering problem, to be used for the comparison
of measured data with simulated ones, or to test new inversion
algorithms. For an accurate modeling of the forward-scattering
problem, several simulation parameters have to be taken into
account, which are relevant to the source field, the scatterer,
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and the background medium. In many practical cases, a back-
ground with two semi-infinite media can be used for a modeling
of the scattering problem, embedding the scatterers in the lowest
half-space, and placing the source field in the top one. For the
modeling of more complex scenarios, a more realistic descrip-
tion can be provided embedding the scatterers in a stratified
geometry. Also the case of scatterers buried in a semi-infinite
medium below a single layer or a multilayer is a useful model in
the frame of civil engineering or geophysical applications, with
the objects hidden by a road or a soil, respectively, as well as for
through-wall scenarios [2], [3]. In the latter, targets are placed
below a dielectric wall, in a semi-infinite medium filled by air,
i.e., with same dielectric permittivity of the medium hosting the
source of the scattering problem.
In the literature, a scattering solution is mainly developed

with a target placed in a semi-infinite medium or inside a
layer. A hybrid technique employing mode-matching method
and finite-difference frequency-domain technique is devel-
oped in [4]–[6] to analyze scattering by cylindrical objects. In
[7]–[11], cylinders are buried in a single layer between two
half-spaces. A medium with an arbitrary number of planar
dielectric layers embedding a perfectly conducting object of
arbitrary shape is considered in [12] and [13], where a solution
is developed with a mixed-potentials electric field integral
equation, solved with the method of moments. Scattering by
conducting cylinders in the presence of a stratified anystropic
medium is solved in [14] using a combined Green's function
and integral equation approach. The scattering problem of a
target below a dielectric layer or a multilayer is mainly dealt
with in the frame of through-wall applications. In particular,
to assess performances achievable by an inversion algorithm
for a through-wall imaging [15], scattered field by a cylinder
below a wall is evaluated with GPRMAX2D, a free-of-charge
software tool implementing the finite-difference time-domain
(FDTD) method [16] to model GPR responses from arbitrarily
complex targets. A general FDTD approach is also used in [17]
to simulate ultra-wideband short-pulse radar for through-wall
target detection. A hybrid FDTD technique and ray optics ap-
proximation are used for simulation of through-wall microwave
imaging in [18]. A high-frequency ray-tracing approach is em-
ployed in [19] for electromagnetic characterization of building
interior.
In [20], the scattering by perfectly conducting cylinders

buried below a dielectric layer is solved in the frequency
domain with the Cylindrical Wave Approach (CWA). CWA is
an analytical-numerical method developed to solve scattering
problems by cylindrical objects placed below planar or slightly
rough boundaries [10], [11], [21]–[24]. In this approach, the
scattered field is decomposed into cylindrical waves, which
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are, in turn, expressed through a plane-wave spectrum in order
to cope with reflection and transmission of the scattered field
by the boundary. In the single-layer geometry used in [20],
the scattering problem is solved implementing the CWA in a
multiple-reflection approach.
This paper is an extension of the paper [24], where the scat-

tering by a cylinder below a rough boundary was solved with the
CWA. The general rules of the CWA implemented in [24] are
applied to a scattering problem by buried cylinders in a layered
background in order to extend the CWA to a wider class of scat-
tering problems. In particular, the geometrical layout of scat-
tering by cylinders below a dielectric layer analyzed in [20] is
considered. In [20], reflection and transmission of the scattered
fields through the layer was solved with an iterative approach.
Infinite and convergent series of multiple-reflection fields were
developed in the theoretical method. In the numerical imple-
mentation, such field contributions were evaluated in an itera-
tive way up to the reach of convergence. The earlier approach
[20] is now replaced by a more compact and efficient scattering
theory with a noniterative scheme. In each medium, the scat-
tered field is decomposed only in two field contributions, an
upward-propagating and a downward-propagating one, respec-
tively. The result of the multiple reflections inside the layer
is described by the suitable reflection and transmission coeffi-
cients employed inside the spectral integrals used as basis func-
tions of the scattered fields. In the frame of the spectral approach
already used in [20] and [24], new cylindrical functions have
been introduced in order to cope with two flat boundaries in an
efficient way. Convergence of the new theory to the previous
multiple-reflection approach in [20] is shown. Due to the low
number of field contributions considered in the theoretical anal-
ysis, the theory can be solved through a faster code.
The numerical analysis is performed in an accurate way, fol-

lowing the integration algorithm employed in [24] for the spec-
tral integrals. An accurate evaluation of such integrals allows
to obtain results in far field as well as near field and zones.
The three-media background used in the scattering problem is
suitable for both an arbitrary scattering layout where the in-
volvedmedia have different permittivity, as well as in a through-
wall problem, where the two external media are filled with air,
whereas the central layer has an arbitrary relative permittivity.
Numerical results show possible scenarios of applications, from
geophysical to through-wall problems. In Section II, the theo-
retical approach is described. In Section III, numerical results
are reported.

II. THEORETICAL ANALYSIS

The geometry of the scattering problem is illustrated in Fig. 1.
The top medium in the scattering layout (medium 0) is a half-
space filled by air, i.e., with a vacuum-like permittivity . It is
followed by a dielectric layer (medium 1) with permittivity

, and a final half-space (medium 2) with permittivity
. The involved dielectric media are linear, homogeneous,

isotropic, and lossless and have vacuum magnetic permeability
. perfectly conducting cylinders are embedded

in medium 2, below the dielectric layer.
A main reference frame (MRF) described by nor-

malized coordinates and is introduced, where
is the vacuum wavenumber. reference frames

Fig. 1. Geometry of the problem.

centered on the axis of the -th cylinder are
also used, both rectangular and polar ,
where and

. The dielectric layer is bounded by two flat interfaces
located in and , inMRF. The th cylinder has center
in in MRF and has normalized radius .
A two-dimensional scattering problem is dealt with, as each
cylinder has axis parallel to the -direction, and the structure
has infinite extension along the -axis.
The source is a monochromatic plane wave of amplitude ,

propagating in medium 0, and obliquely impinging on the inter-
face between medium 0 and medium 1 in :

(1)

The plane wave in (1) obliquely impinges on the separation in-
terface in . It forms an angle with the -axis, and its
wavevector lies in the plane. and are the orthog-
onal and parallel components of , respectively; they are re-
lated to the incident angle through and

. The time dependence of the field is , where is the
angular frequency, and it is omitted throughout the paper.
The solution to the scattering problem is developed in terms

of a scalar function , representing the field component
parallel to the -direction: for TM-polarization,
and for TE-polarization. In each medium, the
function is expressed as the superposition of different
field contributions, excited by the interaction of the source field
with the interfaces and the cylinders. First, we distinguish plane-
wave contributions. They propagate in the layered background
of Fig. 2 and are evaluated in the absence of the cylinders, as
follows:
• : plane-wave incident field, it is a downward-prop-
agating wave in medium 0;

• : plane-wave reflected field, it is an upward-prop-
agating wave in medium 0, excited by reflection of the in-
cident field by the layer;

• : plane-wave transmitted field, it is a downward-
propagating wave in medium 1, as the result of multiple
reflections within the layer;

• : plane-wave reflected field, it is an upward-prop-
agating wave in medium 1, as the result of multiple reflec-
tions within the layer;
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• : plane-wave transmitted field, it is a downward-
propagating wave in medium 2, due to the transmission of
the incident field beyond the layer.

The expressions of the plane-wave fields , and
are [20]

(2)

(3)

(4)

(5)

Fields (2)–(5) are evaluated from the incident field through the
reflection and transmission coefficients and ,
respectively, relevant to a down-propagating plane wave in a
layered medium [25]. Subscript denotes the origin medium,
whereas stands for the medium of arrival, with and

. In (3), and

are the orthogonal and parallel normalized components of the
transmitted wavevector in medium 1, respectively, derived from
Snell’s law. In (5), the parallel and orthogonal components of
the transmitted wavevector in medium 2 are

and , respectively. As the plane-wave

field reaches the lowest medium, a set of scattered field
is also excited. Symmetrically to what was done on the plane-
wave fields, in each medium, the scattered field is decomposed
only in two field contributions: an upward-propagating and a
downward-propagating term, respectively. In particular, the fol-
lowing contributions can be distinguished [see Fig. 3]:
• : scattered field by the cylinders buried in medium
2;

• : scattered-reflected field in medium 2 at the in-
terface in ; it is a downward-propagating field after
multiple reflections of the scattered field inside the layer;

• : scattered-transmitted field in medium 1 through
the interface in ; it is an upward-propagating field
after multiple reflections of the scattered field within the
layer;

• : scattered-reflected field in medium 1 at the in-
terface in ; it is a downward-propagating wave after
multiple reflections of the scattered field within the layer;

• : scattered-transmitted field in medium 0; it is an
upward-propagating field transmitted in the top medium
after multiple reflections of the scattered field within the
layer.

In this analytical approach, the scattered fields are written as
a superposition of cylindrical waves through unknown coeffi-
cients. As the fields , and are excited from reflec-
tion and transmission of the scattered field by the interfaces,
their analytical expressions are found expanding each cylin-
drical wave into a plane-wave spectrum, and evaluating for each
plane wave the reflection and transmission through the layer.
At this aim, the reflection and transmission coefficients
and already used to define the plane-wave fields are ap-
plied to the scattered field contributions, inside the spectral inte-
gral. With respect to the previous case, the coefficients
and are relevant to an upward-propagating wave, from

Fig. 2. Decomposition of the plane-wave fields.

Fig. 3. Decomposition of the scattered fields.

medium 2 to medium 0, and they are used inside a spectral in-
tegral. Therefore, the direct expression of cylindrical wave in-
teracting with a layered geometry is derived, avoiding to recur
to a multiple-reflection scheme.
A scattered field is excited in medium 2: it is expressed

as the sum of the fields scattered in medium 2 by each
cylinder, written as a superposition of cylindrical functions
CW , with unknown expansion coefficients
[20], [21]:

CW (6)

In (6), CW , where
is the first-kind Hankel function of integer order m, whereas
represents the th cylinder.
The scattered field (6) impinges on the lowest interface

bounding the dielectric layer in , exciting a downward-
reflected wave in medium 2, i.e., the scattered-reflected field
, and upward-transmitted wave in medium 1, the scattered-

transmitted field . Such field contributions are expanded into
cylindrical waves as well by means of the same expansion co-
efficients used in (6). In particular, to express the fields
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and , the flat interface in is taken into account eval-
uating the reflection and transmission of each elementary plane
wave constituting the Fourier spectrum of the cylindrical func-
tion CW , employed in (6) to expand the scattered field. In par-
ticular, this is accomplished using as an alternative expression
of the cylindrical waves CW the plane-wave spectrum [21], as
follows:

CW (7)

In (7), represents the Fourier spectrum, defined as

(8)

with and being the parallel and orthog-
onal components of the normalized wavevector rel-
evant to each plane wave of the spectrum, respectively.
In medium 2, the interaction of the scattered field with the

upper layer excites a scattered-reflected field . To express
such a field, reflected cylindrical functions [21] are used as basis
functions, evaluating reflection in medium 2 on each plane wave
of the spectrum in (7), as follows:

RW (9)

where the normalized reflection wavevector, derived from
Snell's law, is . In (9), is the reflec-
tion coefficient, relevant to the interface of separation between
medium 2 and medium 1 in . It is noteworthy that,
with respect to the definition of the reflected cylindrical waves
given in [20], such functions do not deal only with reflection
at the interface between medium 2 and medium 1, as the used
reflection coefficient has a different definition, being
relevant to a down-propagating wave, reflected in medium 2 at
the bottom interface in , after a convergent number of
multiple reflections within the layer above [25]. Using the basis
functions (9), the scattered-reflected field is

RW (10)

As to the scattered-transmitted field in medium 1, it
is expressed in a similar manner through an expansion into
transmitted cylindrical functions [21] relevant to propagation
in medium 1:

TW

(11)

The TW in (11) is found evaluating transmission on each plane
wave of the spectrum in (7). is the transmission co-
efficient of the layered geometry, relevant to the interface be-
tween medium 2 and medium 1. The normalized wavevector
of the generic transmitted spectral plane wave inside (11) is

, derived from the
Snell's law.
Using (11), the scattered-transmitted field is derived as fol-

lows:

TW (12)

Beyond the latter field contribution, a scattered-reflected field
does propagate in medium 1. It is a down-propagating contribu-
tion, arousing from multiple reflections of the field through the
layer, as follows:

RW

(13)

where is the reflection coefficient, accounting
for the interface between medium 1 and air, the top
medium. The normalized wavevector of each plane wave is

. Using (13) as basis
functions, the scattered-reflected field is defined as follows:

RW (14)

Finally, the scattered field reaches medium 0, after transmission
through the layer. Transmitted cylindrical functions in medium
0, relevant to transmission at the interface in , are defined
as follows:

TW

(15)

with being the transmission coefficient, relevant to
the interface between medium 1 and air. In (15), the nor-
malized wavevector of the generic spectral component is

. Using (15), the scattered
transmitted field in medium 0 is found, as follows:

TW (16)

In the above equations, fields are expressed in a rectangular
frame. The unknown expansion coefficients of the scattered
fields are found imposing boundary conditions on the cylinders'
surface and deriving a linear system. Boundary conditions on
the planar interfaces already tackled by the Fresnel reflection
and transmission coefficients. Continuity of tangential fields on
the cylinder surface can be imposed in an easier way if the in-
volved fields in medium 2 are given in a reference frame cen-
tered on the axis of the th scatterer, expressed in polar coordi-



34 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 63, NO. 1, JANUARY 2015

nates. Transformation from rectangular to polar coordinates has
to be performed on the transmitted plane wave in medium 2, and
on the scattered field and the scattered-reflected field in medium
2. It is done expanding a plane wave in a series of Bessel func-
tions .
As to the transmitted plane wave , turning (5) in reference

frames , expressed in polar coordinates, leads to [20]

(17)

As to the scattered field in (6), it is written in a form stressing
the interaction of the wave radiated by the th cylinder with the
remaining cylinders, making use of the addition theorem of
Hankel functions [26]

(18)

The transformation equation (18) allows to center the general
cylindrical wave emitted by the -th cylinder in the system.
The final expression of the field in polar coordinates is [20]

CW

(19)

where and are the Kronecker symbols. Finally, the ex-
pression of scattered-reflected field (10) in reference frames

, expressed in polar coordinates, is

RW (20)

Now boundary conditions on the cylinders' surface for the fields
propagating in medium 2 are imposed, i.e., zero tangential elec-
tric field. For the TM- and TE-polarization, we have the two
following equations, respectively:

with (21)

with (22)

Substituting in (21) and (22), (17), (19), and (20), and using
the property of orthogonality satisfied by exponential functions,

after some algebra, it is possible to derive a linear system in the
unknown coefficients , as follows:

(23)

with

CW

RW

(24)

(25)

where and .

III. NUMERICAL IMPLEMENTATION AND RESULTS

For the numerical implementation of the theory presented in
Section II, the cylindrical functions employed to expand the
scattered-field contributions have been evaluated in an accurate
way, applying the algorithm developed in the frame of the CWA
[22]. The fundamentals of the algorithm are in a decomposi-
tion of the integration domain into subintervals, according to the
evanescent or homogeneous behavior of the plane waves of the
spectrum. On these subintervals, Gaussian rules or low-order
Legendre quadrature formulas have been used for the integra-
tion, together with adaptive techniques to implement further de-
compositions of the integration algorithms with the highly os-
cillating kernels of the homogeneous parts. Therefore, the code
allows an accurate evaluation of the scattered fields both in the
near- and far-field zone. Moreover, the system derived in (23)
has to be solved in order to obtain the expansion coefficients of
the scattered-field contributions and compute the total scattered
field in each point of the space. The rule
[27] has been used for a truncation on the order m relevant to the
expansion into cylindrical waves in (23). The resulting system
order is , with a computational cost that is iden-
tical to the one obtained in a semi-infinite medium. Each ele-
ment of the matrix corresponds to the computation of two scat-
tered fields, i.e., the scattered field (19) and the scattered-re-
flected field (20). The computational cost can be compared
with the one in the multiple-reflection approach used in [20] for
the same geometrical layout presented in this paper. In [20], the
system order is , but each matrix element requires
the evaluation of a higher number of terms. In particular, be-
yond the scattered-field and the scattered-reflected field ,
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Fig. 4. Scattered field along a line in , with
, TM-polarization—comparison between CWA

with single-reflection approach and multiple-reflection approach [20] with
reflections.

a scattered-reflected-transmitted field has to be evalu-
ated that takes into account the infinite number of reflections

occurring inside the slab. Such number of reflec-
tions is truncated in the numerical implementation to a finite
number , according to a criterion of accuracy in
the results. In particular, the multiple-reflection code is run in an
iterative way, starting from reflection, and increasing
at the end of each iteration. The code execution is stopped when
an accuracy of at least is achieved on the magnitude of the
scattered field at two consecutive iterations.
In Fig. 4, the scattered-trasmitted field in air is evaluated

along a line in , parallel to the interface. A wall of nor-
malized thickness and relative permittivity ,
and a buried perfectly conducting cylinder with normalized ra-
dius , placed at a depth , in a medium of permittivity

, have been simulated. The excitation is a plane-wave
in normal incidence , and in TM polarization. Results
obtained with the proposed single-reflection technique are also
compared with the results from the iterative method presented in
[20], showing the perfect agreement of the improved technique
with the previous approach. In Table I, the estimated computer
time for the computation of the scattered field in the plots in
Fig. 4, evaluated on 100 points along the -axis, on an Intel
Xeon CPU E5420 @2.5 GHz, RAM 16 GB, are reported, for
different values of the cylinder radius. It can be pointed out that
the field maps in the following Figs. 6–10 are obtained evalu-
ating the scattered field in a rectangular grid of 200 200 points
in order to obtain high-quality maps. It is clear that, with the new
single-reflection approach, an effective reduction of the execu-
tion times is entailed, especially when the field is evaluated on
a large spatial domain.
A comparison of the method with results from a commercial

software has been also performed, with satisfactory agreement.
In Fig. 5, the far-field scattering from the single reflection ap-
proach with CWA and from Ansys HFSS [28] is reported. A
cylinder of radius 5 cm, with center buried at a depth of
80 cm from the air–medium 1 interface has been simulated.
Layer thickness is 20 cm, and the relative permittivities
of the media are and . The source field is in

Fig. 5. Far-field scattering with 5 cm, 80 cm, 20 cm
, TM-polarization—comparison between CWA with single-

reflection approach and Ansys HFSS [28] simulation.

Fig. 6. Through-wall scattering by a cylinder below a brick wall :
(a) geometry of the problem; (b) magnitude of the total scattered field with
5 cm, 20 cm, 60 cm, normal incidence and 600 MHz.

normal incidence and polarization is TM. In Ansys
HFSS, the 2D unbounded domain solved by the CWA has been
turned into a 3D one with small thickness along the -direction.
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Fig. 7. Through-wall scattering by a cylinder below a concrete wall :
(a) geometry of the problem; (b) magnitude of the total scattered field with
5 cm, 20 cm, 60 cm, normal incidence and 600 MHz.

Absorbing boundary conditions and layered impedance bound-
aries have been assigned at the edges of the - and -directions,
whereas master and slave boundaries have been enforced along
the -axis. Results from the two methods are normalized to their
maximum value.
In Tables II–IV, dependence of execution times on other sim-

ulation parameters is further explored. Times are still obtained
evaluating the scattered field on 100 points along the -axis,
along a line in ; for the considered cases, the incident
field is normally impinging and in TM-polarization. In Table II,
the effect of the permittivity of the layer is analyzed, with four
values . The other simulation parameters are

and . With both the approaches,
execution times get longer as the permittivity of the layer is in-
creased. Anyway, for a fixed value of , the difference between
the two methods is of almost two orders of magnitude.
The effect of the layer thickness on the execution time is

highlighted in Table III, for a scattering problem with
and . Execution time turns out

not to be heavily affected by the layer thickness. As is in-
creased, keeping fixed the medium permittivity, execution time
gets faster. This is particularly true for the multiple reflection

Fig. 8. Magnitude of the total scattered field in through-wall scattering by a
cylinder below a brick wall , with 10 cm, 20 cm, 70
cm, normal incidence : (a) 600 MHz and (b) 1200 MHz.

approach: with an increase in the layer thickness, multiple re-
flection fields propagate along a longer path and are rapidly at-
tenuated. Therefore, a lower number of reflections R is needed
to reach field convergence.
The role of the number of cylinders included in the simula-

tion is shown in Table IV. Cylinders have identical radii
and are placed at a fixed depth , below

a layer of thickness . Relative permittivities of the media
are , and . Results of execution time for the
scattering from one cylinder are compared with the
ones from a number of cylinders , i.e., . The
distance between the cylinders' axis is . Simulation time
is very sensitive to this parameter. Even in the noniterative ap-
proach, results from 1 to 10 cylinders differ more than an order
of magnitude. Anyway, from the comparisons with the multiple
reflection approach, where execution time is heavily longer, the
novel method turns out to be highly efficient.
An application of the method described in Section II is the

simulation of through-wall scattering scenarios, i.e., of targets
hidden by a masonry wall. Imaging of building interiors has in
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Fig. 9. Through-wall scattering by two cylinders below a brick wall
, with 10 cm, 2 m, 30 cm, 70 cm, normal

incidence : (a) geometry of the problem and (b) magnitude of the total
scattered field at 600 MHz; (c) magnitude of the total scattered field at
1200 MHz.

general wide applications in contexts of security and surveil-
lance. The electromagnetic modeling of through-wall problems
is a useful tool in the development of efficient techniques of
through-wall imaging. The 2D electromagnetic modeling can

Fig. 10. Scattering by a buried metallic pipe in ground of permittivity ,
below a soil of different permittivity , with 70 cm, 5 cm,
600 MHz, normal incidence , and TM-polarization: (a) geometry of
the problem and (b) magnitude of the total scattered field with 10 cm; and
(c) magnitude of the total scattered field with 40 cm.

be implemented dividing the entire space into three media, with
two external half-spaces filled by air, and a central layer with the
relative permittivity of the wall material. The source is in the
top half-space, whereas the targets of the imaging reconstruc-
tion are placed in the lowest one, hidden by the wall. With the
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TABLE I
COMPARISON BETWEEN THE EXECUTION TIMES FOR THE SINGLE-REFLECTION
APPROACH AND THE MULTIPLE REFLECTION APPROACH IN [20] FOR THE
SCATTERED-FIELD PLOTS IN FIG. 4, FOR DIFFERENT VALUES OF THE

CYLINDER RADIUS

TABLE II
COMPARISON BETWEEN THE EXECUTION TIMES FOR THE SINGLE-REFLECTION

APPROACH AND THE MULTIPLE REFLECTION APPROACH IN [20],
FOR DIFFERENT VALUES OF THE REFRACTION INDEX OF MEDIUM 1
( , TM-POLARIZATION,

SCATTERED FIELD ALONG A LINE IN )

TABLE III
COMPARISON BETWEEN THE EXECUTION TIMES FOR THE SINGLE-REFLECTION

APPROACH AND THE MULTIPLE REFLECTION APPROACH IN [20], FOR
DIFFERENT VALUES OF THE LAYER THICKNESS (

, TM-POLARIZATION, SCATTERED
FIELD ALONG A LINE IN )

TABLE IV
COMPARISON BETWEEN THE EXECUTION TIMES FOR THE SINGLE-REFLECTION

APPROACH AND THE MULTIPLE REFLECTION APPROACH IN [20], FOR
DIFFERENT VALUES OF THE NUMBER OF CYLINDERS (

, TM-POLARIZATION,
SCATTERED FIELD ALONG A LINE IN )

proposed scattering technique, the imaging problem can be sim-
ulated putting for the relative permittivity of medium 2,
and choosing the desired value for the permittivity of the wall.
One or more scatterers can be arbitrarily placed below the wall.
A first example of through-wall geometry is reported in

Fig. 6(a). A perfectly conducting cylinder of radius 5 cm
is placed in an air-filled medium , below a brick wall
simulated with a homogeneous layer of relative permittivity

, and thickness 20 cm, at a distance from the
wall 60 cm. The incident field is a plane wave in normal
incidence and in TM-polarization. The magnitude of
the scattered field is reported in Fig. 6(b) in a two-dimensional

field map, evaluated at a frequency of 600 MHz. The same
through-wall scenario is considered in Fig. 7(a) for a wall of
concrete, simulated with a permittivity . In Fig. 7(b),
the scattered field below the wall is higher compared with the
one in Fig. 6(b), due to the different wall permittivity. In both
Figs. 6(b) and 7(b), the wall can be distinguished from the two
half-spaces, due to the pronounced fringes of interference of the
field extending over its width. A thicker brick wall with
20 cm is considered in Fig. 8, for excitation by a plane wave in
normal incidence and in TM-polarization. A perfectly
conducting cylinder of radius 10 cm is buried at a distance

70 cm from the wall. In Fig. 8(a), the magnitude of the
scattered field is evaluated at 600 MHz. This figure can
be compared with Fig. 8(b), evaluated at a doubled frequency
of 1200 MHz. A visible doubling of the fringes of interference
of the field in both the wall and the lowest medium occurs,
accounting for the doubled frequency of analysis.
A case of two hidden targets is simulated in Fig. 9. The targets

are two circular cross-section cylinders with equal radii
10 cm, distance 2m between their centers, and placed

at 70 cm from the bottom boundary of the layer [Fig. 9(a)].
The dielectric layer models a brick wall of thickness 30
cm; the incident field is a plane wave in normal incidence and
TM-polarization. The magnitude of the total scattered field is
evaluated at two frequencies: 600 MHz in Fig. 9(b) and
1200 MHz in Fig. 9(c). Considering in medium 0 a

line parallel to the interface, the scattered field has several nulls,
depending on the chosen wavelength of analysis. The number of
nulls is increased as the wavelength is decreased, as it is clear
from a comparison between the two figures.
The general theory developed in Section II is also suitable

to simulate a stack of three media, where the last half-space
(medium 2) is filled by an arbitrary permittivity for geophys-
ical applications. An example of a possible simulation layout is
depicted in Fig. 10(a), where a metallic pipe of radius 5.5
cm, simulating a buried service, is placed in a soil of relative
permittivity after a layer filled by a soil with different
permittivity ; the distance of the center of the pipe from
the lowest boundary of the layer is 70 cm. The two-di-
mensional field map for a soil of thickness 10 cm is given
in Fig. 10(b). Keeping the pipe at a fixed depth, the layout in
Fig. 10(a) is simulated also for an increased thickness of the
soil layer of 40 cm, and the relevant field map is given in
Fig. 10(c). In both Fig. 10(b) and (c), the presence of the layer
is not visible, as the field map has a continuous intensity profile
across the layer and the lower medium, i.e., in the space .
Medium 1 and medium 2 are stacked with an increasing value
of permittivity, i.e., , whereas in the previous layouts of
through-wall, simulated in Figs. 6–9, it is . This has a
strong effect of interference inside medium 1, which makes the
layer clearly distinguishable from the lower medium.

IV. CONCLUSION

A technique for a fast computation of the field scattered by
cylinders placed below a dielectric layer has been presented,
based on the CWA. Through suitable reflection and transmis-
sion coefficients used inside plane-wave spectra, the interac-
tion of the scattered field with the two interfaces bounding the
layer has been evaluated with a single-reflection scheme. The
numerical implementation of the method has proved its validity,
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through a comparison with results from amultiple-reflection ap-
proach, also demonstrating its advantage in terms of reduced
computational times. Numerical results have shown how the
developed technique is particularly suitable for the simulation
of through-wall scenarios. Applications are also possible in the
frame of the geophysical modeling of a layered ground. A fu-
ture extension of the work will be a layout with scatterers placed
below a stratified medium.
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