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The rigorous computation of the monostatic RCS (Radar Cross Section) of an object above a
one-dimensional sea surface (2D case) needs to solve a problem involving a high number
of unknowns. Thus, a recently developed fast numerical method, called E-PILE (Extended
Propagation-Inside-Layer Expansion), was combined with FB-SA (Forward–Backward with
Spectral Acceleration). Two objects are considered in this article: the cross and the cylinder.
Results obtained from E-PILE + FB-SA allow us to understand the physical mechanisms
involved in the coupling between the object and the sea surface.
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r é s u m é

Le calcul rigoureux de la SER (Surface Equivalente Radar) monostatique d’un objet situé
au-dessus d’une surface de mer monodimensionnelle (cas 2D) nécessite de résoudre
un problème possédant un grand nombre d’inconnues. Pour ce calcul, une méthode
numérique rapide récemment développée, nommée E-PILE (Extended Propagation-Inside-
Layer Expansion), est combinée à la FB-SA (Forward–Backward with Spectral Acceleration).
Deux objets sont considérés dans ce papier: l’obstacle cruciforme (la croix) et le cylindre.
L’étude des résultats issus de la méthode E-PILE + FB-SA permet de bien comprendre les
mécanismes physiques du couplage de l’obstacle et de la surface de mer. L’application visée
est la détection d’obstacles pour la télédétection en milieu maritime.

© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The study of scattering from an object above a rough surface is a subject of great interest. The applications of such
research concern many areas such as remote sensing, radar surveillance, optics and acoustics. Since the sea surface can be
modeled as a rough surface, these applications are useful for maritime domain in which some radar reflectors are used in
several situations: mounted on a buoy to mark a shoal or mounted on a ship’s mast, for example. Such a problem implies
many parameters, such as incidence angle, frequency, shape and size of the reflector, position above the surface and so on.
Thus, some models are needed to design the radar reflectors.
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Fig. 1. Description of the problem. (a) Case: scattering by a stack of two rough interfaces separating homogeneous media. (b) Case: scattering by an object
below a rough surface. Case (c): scattering by an object above a rough surface. The media {Ω1,Ω2,Ω3} of permittivities {εr1, εr2, εr3} are assumed to be
homogeneous, and the scatterers are invariant along the direction normal to the figure.

On a related subject, several asymptotic and exact models have been developed for scattering from an object below a
rough surface [1–6] and on a rough surface (the object is partially buried) [7,8]. Recently, several studies have led to some
asymptotic and exact numerical models for scattering from an object above a rough surface [9,10,3,11] (and references
therein). But, in numerical simulations, the surface length plays an important role since a tapered wave is employed to
eliminate the finite surface length edge effects [12,13]. So, it is interesting and necessary to investigate exact fast numerical
methods to treat such a large problem.

On the one hand, some exact fast numerical methods have been developed for a single rough surface (without the
object). For instance, one can quote the Banded-Matrix-Iterative-Approach/CAnonical Grid (BMIA-CAG) of Tsang et al. [14,15]
of complexity O(N2 log N2), the Method of Ordered Multiple Interactions (MOMI) of Kapp et al. [16] of complexity O(N2

2),
the Forward–Backward (FB) method of Holliday et al. [17] of complexity O(N2

2), and the accelerated version Forward-
Backward Spectral Acceleration (FB-SA) of Chou et al. [18] of complexity O(N2), in which N2 is the number of unknowns
on the rough surface.

On the other hand, Déchamps et al. [19] have recently developed a fast numerical method, PILE (Propagation-Inside-
Layer Expansion), devoted to scattering by a stack of two one-dimensional interfaces separating homogeneous media which
corresponds to the problem depicted in Fig. 1(a). The main advantage of the PILE method is that the resolution of the
linear system (obtained from the Method of Moments: MoM) is broken up into different steps. Two steps are dedicated to
solving for the local interactions, which can be done from efficient methods valid for a single rough interface, such FB-SA
and BMIA/CAG, and two are dedicated to solving for the coupling interactions.

More recently, the PILE method has been applied by Bourlier et al. [21] to the problem depicted in Fig. 1(b). Kubické
et al. [22] have proposed the extended version of the PILE method, called E-PILE (Extended-PILE), in order to treat the
more general case of two illuminated surfaces like the case depicted in Fig. 1(c). In addition, to accelerate this method
and to treat a large problem, the local interactions on the rough surface are computed from FB-SA. Since the number of
unknowns on the rough surface is much greater than that on the object, the complexity of the method is then O(N2). For
a bistatic configuration, the development of the E-PILE method combined with FB-SA (E-PILE + FB-SA) and its convergence
was already described in details in [25], in which scattering from canonical objects above a multi-scale sea surface obeying
the Elfouhaily et al. height spectrum [23] was considered.

In this article, the monostatic case is thoroughly investigated. For this configuration, a longer surface (due to the incident
beam) and a high computing time are required. Thus, to our knowledge, there is no result of such a complex problem for a
monostatic configuration from a rigorous approach. By using the E-PILE + FB-SA method, monostatic results can be obtained
for realistic maritime scenes made up of an object (cylinder and cross are considered) above a sea surface. This permits us
to confirm, with a rigorous method, some intuitively known conclusions and, also, to establish some new remarks about the
monostatic configuration.

The article is organized as follows. In Section 2, a brief summary of the E-PILE + FB-SA method is given and its conver-
gence is tested for a monostatic configuration in Section 3. In Section 4, the algorithm is applied to compute the Normalized
Radar Cross-Section (NRCS) of an object (cylinder and cross are considered) located above a sea-like surface at microwave
frequencies from a Monte Carlo process. In addition, comparisons are done with results obtained by considering a single
rough surface (without the object), the object only (without the sea surface) and the object above a flat surface.

2. The E-PILE method combined with FB-SA

2.1. A rigorous numerical method for the scattering from two scatterers

Let us consider two scatterers (with homogeneous media) embedded in a homogeneous medium as depicted in Fig. 1(c).
The use of the integral equations discretized by the MoM leads to the linear system Z̄X = b, in which Z̄ is the impedance
matrix of the scene made up of the two scatterers, b the incident field, and X the current on both the scatterers (the
field and its normal derivative on the surfaces). The E-PILE method was developed in order to solve such a linear system
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efficiently and rigorously. Indeed, by inverting by block the impedance matrix and using the way of [19,22], it can be shown
after some mathematical manipulations that the current X1 on the surface S1 of the scatterer 1 is:

X1 =
p=PPILE∑

p=0

Y(p)
1 (1)

in which{
Y(0)

1 = Z̄−1
1 (b1 − Z̄21Z̄−1

2 b2) for p = 0

Y(p)
1 = M̄c,1Y(p−1)

1 for p > 0
(2)

M̄c,1 being the characteristic matrix of the scene (the two scatterers) defined as M̄c,1 = Z̄−1
1 Z̄21Z̄−1

2 Z̄12 and b1 the incident
field illuminating the scatterer 1. Z̄1 and Z̄2 are the impedance matrices of scatterer 1 and scatterer 2, respectively, whereas
Z̄12 and Z̄21 can be interpreted as coupling matrices between the two scatterers. The mathematical expressions of these
matrices can be found in [19,21,22]. In Eq. (1), the sum is truncated at order PPILE obtained from a convergence criterion.
By substituting subscripts {1,2,12,21} for subscripts {2,1,21,12} in Eqs. (1) and (2), the unknowns on the surface S2, X2,
can be found.

Z̄−1
1 accounts for the local interactions on the surface S1, so Y(0)

1 (zeroth order term) corresponds to the current on the
surface of scatterer 1 when it is illuminated by the direct incident field (b1) and the direct scattered field by the surface
S2 (−Z̄21Z̄−1

2 b2). Indeed, Z̄−1
2 accounts for the local interactions on the lower surface, and Z̄21 propagates the field on the

surface S2 toward scatterer 1. In the first-order term, Y(1)
1 = M̄c,1Y(0)

1 , Z̄12 propagates the current on the surface S1, Y(0)
1 ,

toward scatterer 2, Z̄−1
2 accounts for the local interactions on S2, and Z̄21 re-propagates the resulting contribution toward

scatterer 1; finally, Z̄−1
1 updates the current values on S1. Thus the characteristic matrix M̄c,1 propagates the field between

the two scatterers in a back and forth manner. In conclusion, the order PPILE of E-PILE method, corresponds to the number
of back and forths between the scatterers.

Moreover, one of the advantages of the E-PILE method is that the resolution of the linear system Z̄X = b is reduced to an
iterative scheme which involves the inverses of the impedance matrix of each surface. Consequently, if one of the scatterers
is a rough surface (as in the cases depicted in Fig. 1), the computation of the local interactions on this surface (inversion of
Z̄2 and computation of the matrix–vector product Z̄−1

2 u, where u is a vector) can be done by using a fast numerical method
that already exists for scattering from a single rough surface (without the object). So, the FB-SA method [18] can be used
to accelerate the E-PILE method.

2.2. Acceleration of E-PILE by using the FB-SA

The FB-SA method [18] is based on the FB method [17] in which the local interactions are split into forward and
backward contributions leading to an iterative procedure. With the Spectral Acceleration, the local interactions (forward and
backward contributions) are split into strong and weak interactions. The strong ones are computed exactly, whereas the
weak ones are computed approximately by using a spectral decomposition of the Green’s function. The key parameters of
the FB-SA are then the order PFB involved in the iterative scheme of the FB and the strong interaction length (horizontal
distance separating the weak interactions from the strong ones) xd0 involved in the SA. For more details, see [17,18,20,21].

For a monostatic configuration (at the scattering angle θs = −θi ), the field scattered from the scene (object above a rough
surface) in far-field region (at a distance r′), ψs(θi), is computed by using the Huygens principle; the fields and their normal
derivatives on the surfaces (object and sea surface) are obtained from E-PILE + FB-SA. Then, the Normalized Radar Cross
Section (NRCS) of the scene is expressed from [12]

σ(θi) = r′|ψs(θi)|2
2η0 Pi

with Pi = cos θi

2η0
g

√
π

2

[
1 − 1 + 2 tan2 θi

2k2 g2 cos2 θi

]
(3)

in which r′ is the distance separating the scene from the receiver, η0 = 120π , g is the Thorsos wave parameter which
defines the width of the incident beam. g = L2/6 is a common value. Pi is the Thorsos incident power on the mid-plane of
the rough surface [12] which depends on θi . This normalization makes the RCS independent of Pi , and so, independent of
θi and of the surface length L2.

As seen before, one of the advantages of the E-PILE method is to separate the local interactions of the rough surface
and those of the object. Thus, a means to obtain the parameters PFB and xd0 is to study the scattering from a single
rough surface (without the object). A main conclusion drawn in [25] is that the FB-SA method is particularly interesting for
maritime applications. Indeed, a convergence study of the FB-SA showed that for a sea surface xd0 = 0.02Lc in which the
correlation length (corresponding to the gravity waves) is Lc = 0.154u2.04

10 for a sea-like surface [24] whereas for a Gaussian
spectrum xd0 = 3Lc . In the following, by considering the results obtained in [25], an order PFB = {5,2} for {H, V polarization}
and a ratio α = 0.05 (xd0 = 0.05Lc) are chosen in order to insure the good convergence of FB-SA, whatever the considered
scene. For example, with this ratio, the strong interaction length is only xd0 = 0.2 m with u10 = 5 m/s.
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Table 1
RRE versus the order PPILE for the H polarization and for two canonical objects above a rough surface. f = 3 GHz, εr = 70.4+40.6i, u10 = 5 m s−1, sampling
step λ0/10, N2 = 4000 samples and Thorsos wave parameter g = L2/6.

Object PPILE

0 1 2 3 4 5

Cylinder 0.2792 0.0322 0.0142 0.0063 0.0032 0.0028
Cross 0.3347 0.1139 0.0558 0.0279 0.0110 0.0047

3. Convergence of E-PILE + FB-SA

In this section, for a monostatic configuration, the convergence of E-PILE + FB-SA is studied for the scattering from
perfectly-conducting canonical objects above a rough sea surface. As seen in Section 2, the E-PILE method is applied and
accelerated by using FB-SA for the local interactions on the rough surface. Two scenes are considered: a circular cylinder
above a sea surface and a cross above a sea surface.

For each scene, f = 3 GHz, εr = 70.4 + 40.6i, u10 = 5 m/s, L2 = 400λ0 = 40 m, �x2 = λ0/10 (N2 = 4000), g = L2/6.
H polarization is considered. We set PFB = 5 and α = 0.05 (xd0 = 0.2 m). The circular cylinder has a radius a = 5λ0 = 0.50 m
and is described by N1 = 314 samples. The cross is made up of four plates with L1 = 5λ0 = 0.5 m; it is described by
N1 = 400 samples and oriented in such a manner that two plates are oriented horizontally and the other two are oriented
vertically. Consequently, these two canonical objects are circumscribed in a circle with a diameter D = 1 m. The center of
each object is located at (x0 = −h0 tan(θi), h0 = 30λ0 = 3 m) in such a way that each object is centered on the Thorsos
wave for any incidence angle. One surface realization is considered. To stop the algorithm at order PPILE, a criterion is
defined by a Relative Residual Error (RRE) smaller than a threshold chosen equal to 10−2, where the RRE is given by

RRE = norm(σ − σ LU)

norm(σ LU)
(4)

in which “norm” corresponds to the Euclidean norm of a vector, σ and σ LU are the vectors which contain the NRCS versus
the scattering angle obtained from the method under test (E-PILE + FB-SA) and the classic MoM (with direct LU inversion:
MoM + LU), respectively.

Table 1 presents the RRE obtained from E-PILE + FB-SA for the two scenes and versus the order PPILE.
From Table 1, as the order PPILE increases, the RRE decreases. Indeed, the order PPILE corresponds to the number of back

and forths between the object and the sea surface, so the coupling is better taken into account with a high order PPILE.
E-PILE + FB-SA converges (under the criterion RRE < 10−2) for the cylinder from PPILE = 3 and from PPILE = 5 for the cross
above the sea surface. Thus, the convergence is obtained very rapidly. Same results are obtained in V polarization and for
other frequencies.

In Figs. 2(a) and 2(b), the NRCS for the circular cylinder and the cross above the sea surface are depicted respectively.
For each figure, the E-PILE + FB-SA method is compared with MoM + LU (with direct LU inversion). The same parameters as
in Table 1 are considered.

From Figs. 2(a) and 2(b), very good agreement between E-PILE + FB-SA and MoM + LU is observed. Consequently,
the E-PILE + FB-SA method can be used to study rigorously a more realistic scene which implies a high number of un-
knowns.

4. Monte Carlo simulations for an object above a sea-like rough surface for the monostatic case

4.1. Criterion for the convergence of E-PILE + FB-SA

For more realistic results, the random behavior of the scene must be taken into account. This is done with the Monte
Carlo process. By using a spectral method, several independent surfaces (but with the same Gaussian process and the same
height spectrum) are generated. A cross is put above each generated surface at the same position (x0,h0). For each scene
(numbered “r”) the scattered field ψr is calculated from E-PILE + FB-SA at order PPILE and versus the incident angle θi . Then,
the NRCS (total component: uncentered second-order moment) with the Monte Carlo process is evaluated from

σ(θi, PPILE) = r′〈|ΨPPILE(θi)|2〉
2η0 Pi

(5)

with

〈∣∣ΨPPILE(θi)
∣∣2〉 = 1

R

r=R∑
r=1

∣∣ψr(θi, PPILE)
∣∣2

(6)

As seen previously, the higher the order PPILE, the more the method E-PILE+FB-SA converges to the MoM+LU. A criterion is
used to choose the order PPILE which provides a good convergence (called Pconv). The NRCS is evaluated with E-PILE + FB-SA
for PPILE = {1,2, . . . , Pmax}. Pconv is obtained with the following criterion (with θi ∈ [0;70]◦):
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(a) Cross above a rough sea surface (b) Cylinder above a rough sea surface

Fig. 2. Comparison of the NRCS of an object above a sea surface computed from E-PILE + FB-SA with the one computed from a direct LU inversion versus
the incidence angle. The radius of the cylinder is a = 5λ0 = 0.5 m, N1 = 314. For the cross, each plate has a length L1 = 0.5 m (N1 = 400). The object is
located at (x0 = −h0 tan(θi), h0 = 3 m) and same parameters as in Table 1. In the legend, the order PPILE in parenthesis and the RRE.

Pconv = {
(PPILE + 1)/max

(∣∣σdB(θi, PPILE + 1) − σdB(θi, PPILE)
∣∣) < S0

}
(7)

in which max(x) provides the maximum value of the vector x over θi , σdB represents the NRCS σ expressed in dB and S0
is a threshold expressed in dB. In this paper, we set S0 = 0.1 dB.

4.2. Numerical results

For a monostatic configuration, numerical results of the NRCS (given by Eq. (5)) are presented for a perfectly-conducting
object (cylinder and cross) located above a rough sea surface by considering 50 realizations (R = 50). Comparisons are done
with the results obtained by considering the sea surface only (without the object), the object only (without the sea) and the
object above a flat surface. For all the results presented here: the frequency is f = 5.3 GHz, the relative permittivity of the
sea surface is εr = 69 + 35i, L2 = 80 m, �x2 = λ0/8 (N2 = 11 307), g = L2/6. The cross is described by N1 = 560 samples,
with L1 = 0.5 m, centered on (x0 = −h0 tan(θi), h0 = 3 m). The cylinder is described by N1 = 440 samples, with a = 0.5 m,
centered on (x0 = −h0 tan(θi), h0 = 3 m).

The NRCS of the cross above the sea surface in H polarization with u10 = 5 m/s and u10 = 10 m/s are plotted in Figs. 3(a)
and 3(b), respectively. The NRCS of the cross above the sea surface in V polarization with u10 = 5 m/s and u10 = 10 m/s
are plotted in Figs. 4(a) and 4(b), respectively.

The NRCS of the cylinder above the sea surface in H polarization with u10 = 5 m/s and u10 = 10 m/s are plotted in
Figs. 5(a) and 5(b), respectively. The NRCS of the cylinder above the sea surface in V polarization with u10 = 5 m/s and
u10 = 10 m/s are plotted in Figs. 6(a) and 6(b), respectively.

The convergence of E-PILE + FB-SA under the criterion given in Eq. (7) is reached with Pconv = 2 for results obtained
in Figs. 3(a), 3(b), 4(a), 4(b) and 6(b) and reached with Pconv = 3 for results obtained in Figs. 5(a), 5(b) and 6(a). Thus,
E-PILE + FB-SA converged in only few iterations. From these results, one can notice that for θi < 15◦ , the NRCS of the
object above the sea surface is very close to that obtained with the sea surface only. Indeed, for low incidence angles,
the backscattering direction is close to the specular direction; thus, the object response is drowned out by the strong
contribution of the sea surface only, except for θi = 0◦ which is due to specular single reflections of the two horizontal
plates of the cross. The specular reflection of the cylinder is very lower than that of the cross and, so, its contribution is not
perceptible at θi = 0◦ . From θi > 15◦ , the more the backscattering direction departs from the specular direction, the more
the contribution of the sea surface only decreases. The object effect (direct reflection and coupling) is more important.

From Figs. 3(a) to 6(b), one can notice that from θi > 15◦ , the cross above the sea surface provides a stronger monostatic
NRCS than that obtained with the cylinder above the sea surface. Same observations can be made by considering the results
obtained with the objects above the flat surface. This is physically due to the object shape: the cross facilitates intrinsically
the return of the incident wave by means of double reflections between the faces whereas the cylinder spread the energy
over a wide angular range. This can be seen with results obtained with the object only (without the sea surface). The object
shape plays an important role in the NRCS of the scene.

One can notice that the NRCS of the cylinder in free space depends on θi . Indeed, this does not correspond to the RCS of
the cylinder since there is a normalization by Pi which depends on θi (see Eq. (3)). For the cross case, for θi ∈ [25◦;60◦] for
H polarization and for θi ∈ [25◦;70◦] for V polarization, the NRCS of the cross above the sea equals the NRCS of the cross
in free space. This could mean that there is no coupling between the cross and the sea. For the cylinder case, the difference
of the NRCS of the cylinder above the sea and that obtained with the cylinder in free space indicates that there is a strong
coupling between the cylinder and the sea.
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(a) H polarization, u10 = 5 m/s (b) H polarization, u10 = 10 m/s

Fig. 3. Normalized Radar Cross Section of a cross above a rough sea surface.

(a) V polarization, u10 = 5 m/s (b) V polarization, u10 = 10 m/s

Fig. 4. Normalized Radar Cross Section of a cross above a rough sea surface.

(a) H polarization, u10 = 5 m/s (b) H polarization, u10 = 10 m/s

Fig. 5. Normalized Radar Cross Section of a cylinder above a rough sea surface.

From θi > 30◦ , the NRCS of the sea surface in V polarization is stronger than in H polarization whereas for an object
above the sea surface the NRCS is not very sensitive to the polarization. Indeed, from θi > 30◦ , the object effect (direct
reflection and coupling) is more important and the object response are quite similar whatever the polarization.

For an object above a flat surface, an oscillating behavior is observed. It is due to constructive and destructive contribu-
tions. For an object above the sea surface, the response is smooth.

In order to better understand the coupling between the object and the sea, the incoherent component (centered second-
order moment of the scattered field) and the coherent component (total component minus the incoherent component) of
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(a) V polarization, u10 = 5 m/s (b) V polarization, u10 = 10 m/s

Fig. 6. Normalized Radar Cross Section of a cylinder above a rough sea surface.

(a) Incoherent components (b) Coherent components

Fig. 7. Incoherent and coherent components of the NRCS of a cross above a rough sea surface for different values of PPILE for H polarization with u10 =
10 m/s. In addition, the incoherent and coherent components of the NRCS of sea surface only and the coherent component of the NRCS of the cylinder
only are plotted.

the NRCS can be studied. The incoherent component is related to the random behavior of the scene whereas the coherent
component is related to the deterministic one. For the cross above the sea surface in H polarization with u10 = 10 m/s,
these two NRCS components are plotted in Figs. 7(a) and 7(b), respectively.

In spite of the fact that the coupling is not really significant in the total component (see Fig. 5(b)) for θi ∈ [25◦;60◦], one
can see a strong coupling in the incoherent component (see Fig. 7(a)). Indeed, results with the cross above the sea differ
significantly from those with the sea surface only. The cross only does not provide incoherent component. Moreover, in
Fig. 7(a), the coupling appears from θi = 40◦ for PPILE = 0 (only one interaction between the object and the sea). It becomes
stronger and appears from θi = 25◦ as the order PPILE increases (more interaction are considered). Nevertheless, for the
coherent component (see Fig. 7(a)), the coupling is significant only for θi � 15◦ . One can notice that if the cross orientation
is modified, the specular directions of single and double reflections will be different. Thus, the coherent component will be
strongly modified (angular translation) and then, the total component of the NRCS will be modified. Same conclusions can
be drawn with the scenes considered in Figs. 5(a), 6(b) and 6(a).

Comparisons of the total, incoherent and coherent components of the NRCS of the cylinder above a sea surface with
u10 = 5 m/s for H and V polarizations, are plotted in Figs. 8(a) and 8(b), respectively. In addition, the total components of
the NRCS of the sea surface only (in free space) and that of the cylinder in free space are plotted.

From Figs. 8(a) and 8(b), unlike the cross case, the total component for the cylinder above the sea is due to both coherent
and incoherent components for θi > 25◦ . Moreover, an energy conversion from coherent to incoherent component can be
seen: as the incoherent component decreases, the coherent one increases. In spite of the fact that the sea clutter (sea surface
only) is higher for V polarization, the incoherent component is higher for H polarization. This explains why quite similar
results are obtained for both polarizations. This means that the coupling is stronger for H polarization. Indeed, for this
polarization, since the backscattering is lower, most of the energy is spread over bistatic angles, thus, in particular toward
the cylinder. The energy is redirected toward the monostatic direction with the help of the cylinder. Once again, for these
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(a) H polarization, u10 = 5 m/s (b) V polarization, u10 = 5 m/s

Fig. 8. Comparisons of the different components of the Normalized Radar Cross Section of a cylinder above a rough sea surface. In addition, the total
component of the NRCS of the sea surface only and that of the cylinder only are plotted.

configurations, coupling do not very occur in the coherent component (similar results than those obtained with the cylinder
in free space). If the height of the cylinder h0 is modified, coupling will slightly change, and thus, the total component too.

From this study, one can conclude:

– an object which gives intrinsically a high monostatic RCS in free space (the cross here) makes its detection easier when
put above the sea;

– a low sea state (u10 = 5 m/s) makes the object detection easier when put above the sea. Indeed, the sea clutter is
stronger with a higher sea state (u10 = 10 m/s) which makes the object detection more difficult;

– the roughness effect implies a smoothing of the monostatic RCS. The fading effects, obtained with an object above a flat
surface, disappear by considering a rough sea surface;

– since the sea clutter is lower in H polarization than in V polarization, the H polarization makes the object detection
easier when put above the sea;

– the coupling is stronger in H polarization;
– only few interactions between the object and the sea are needed to take into account the coupling effect;
– with the parameters considered in this paper, the coupling occurs in the incoherent component.

5. Conclusion

In this article, scattering from canonical objects above a sea-like one-dimensional rough surface in monostatic config-
uration is investigated. Since such a problem can not be solved easily with a classic Method of Moments (with direct LU
inversion), a recently developed fast numerical method called E-PILE is used. This allows us to use the Forward-Backward
Spectral Acceleration (FB-SA) for the computation of local interactions on the sea surface which is particularly interesting for
a maritime context. Then, the convergence of E-PILE + FB-SA is investigated for scattering from a canonical object (cylinder
and cross) located above a sea surface in monostatic configuration. This study leads to an important conclusion: E-PILE+ FB-
SA can be considered as a benchmark method whatever the shape of the object. Indeed, although the two objects imply
different scattering mechanisms, the E-PILE + FB-SA method converges to MoM + LU very rapidly. Since N2 � N1, the com-
plexity of this approach is O(N2) which permits to compute the scattering from an object above a very long sea surface.
Thus, this method is appropriate for a maritime application at microwave frequencies, for which, the MoM + LU can not be
used with a standard personal computer. By using the Monte Carlo process, realistic results obtained from E-PILE + FB-SA
method are presented and the physical mechanisms of the coupling between the object and the sea surface have been
studied. Thus, one can show that the object detection is easier in H polarization, with a slightly rough sea surface (low sea
state), at high incidence angles and when the object shape provides a high monostatic RCS in free space.
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