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Abstract—In this contribution a model based on asymptotic methods
is proposed to compute the scattered field from complex objects on a
sea surface. The scattering model combines the geometrical optics, the
physical optics and the method of equivalent currents. It includes the
shadowing effects and multiple-bounce up to order 3. This model is
used, in the following, for Radar Cross Section (RCS) estimation and
to generate Synthetic Aperture Radar (SAR) raw data for imaging
applications. The theoretical aspects are reviewed in this paper and
the proposed model is detailed. Numerical results are provided to
validate the approach through the computation of RCS for canonical
objects and complex scenes. Both the bistatic and the monostatic
configurations are studied in this work. Finally some first results
dealing with SAR imaging of objects on a sea surface are provided.
These images are constructed from the simulated raw data thanks to
a chirp scaling-based algorithm.

1. INTRODUCTION

The development of efficient electromagnetic simulators for radar signal
simulations or Radar Cross Section (RCS) computation has been
of interest for many years. Useful techniques have already been
developed to provide realistic results. They can be based on exact
methods (integral equations, method of moments ...) or approximate
approaches. One can refer to commercial or non commercial software
such as XPATCH [1], GRECO [2], FEKO, XFDTD ...

Exact methods are unfortunately not efficient for the moment
to calculate the scattered field from a large tridimensional complex
object or scene. That is why most simulators are based on asymptotic
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methods. They can use or combine the geometrical optics, the
geometrical theory of diffraction (GTD), the physical optics, the
physical theory of diffraction, etc. [3-6].

Over the last few years, studies have focused on the introduction
of targets in an environment; mostly a rough surface [7-12]. The
proposed work falls within this area. It deals with the computation
of the scattered field from a complex scene composed of a target
floating on a realistic sea surface. The main goal of our project is to
generate Synthetic Aperture Radar (SAR) raw data and to construct
the corresponding SAR images for maritime surveillance applications
(see Figure 1). We believe that few works have already been published
dealing with a global imaging radar system (from the model to the SAR
processing) of complex scenes and this is the interest of this paper.

This kind of model can be of interest for testing new detection and
classification methods or to design optimal operating configurations for
maritime surveillance or marine remote sensing. Other works in this
area deal with, for example, the analysis of SAR polarimetry for target
classification [13], the simulation of SAR images through reflectivity
maps [14], or generating of image database of ground targets using
commercial simulators [12].

In this contribution, in order to model the scattered field by a
complex scene, a combination of geometrical optics, physical optics
and the method of equivalent currents has been used. The considered
model also includes the shadowing and multi-path effects for more
accuracy. This model can be seen as an electromagnetic tool for RCS
evaluation and for generating radar signals in maritime environments

Figure 1. Bistatic SAR imaging setup.
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such as SAR raw data for radar imaging applications. Of course
the proposed work takes advantage of previous contributions dealing
with the modeling of bistatic SAR systems for imaging point target
or simplified objects [15,16] and maritime scenes [17,18]. The new
aspect in this contribution is the introduction of complex objects in
the maritime environment.

In Section 2 the considered asymptotic methods are briefly
reviewed and the proposed model is described. Numerical RCS results
are provided to show the validity of the developed model. Section 3
introduces the scattering model for the maritime surface. In Section 4
a SAR application is proposed for imaging objects floating on a sea
surface. Finally concluding remarks end the paper.

2. SCATTERED FIELD MODELING

The computation of the scattered field by complex targets involves
different scattering mechanisms such as specular reflection, diffraction
at edges, multiple scattering, shadowing effects, etc. An illustration of
these phenomena is given in Figure 2.

In this contribution, in order to model the scattered field from a
target, the geometrical optics, the physical optics and the method of
equivalent currents are considered. These asymptotic methods can be
used in the high frequency region of electromagnetic scattering (i.e., the
object needs to be larger than the wavelength). Of course, they do not
allow the phenomena represented in Figure 2 to be modeled, but they
provide a suitable approximation for a weak computational burden
in comparison with exact methods. Moreover, for RCS accuracy, the
proposed model includes the shadowing effects and multiple-bounce
(up to 3).
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Figure 2. Target RCS contributors.
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Figure 3. Target composed of triangular patches.

The computation of the considered asymptotic methods needs to
geometrically describe the target or the scene. In this way, a surface
model of the scene made of triangular elements is considered. To
generate the target, the software CATIA has been used. Figure 3
gives an example of a discretized target.

2.1. Geometrical Optics

In Geometrical Optics (GO), it is assumed that the radar energy
propagates along ray paths, governed by Fermat’s principle. When the
ray interacts with a surface, the angle of the scattered ray, measured
from the surface normal, is equal to the angle of the incident ray
(specular reflection).

2.2. Physical Optics

The initial point of Physical Optics (PO) is the surface currents
produced by an incoming electromagnetic wave (F;, H;). The induced
magnetic (J,,) and electric (J) currents are given by

I = —1 x E, J.=nxH, (1)

where 7 is the unit vector normal to the surface, and E and H are
respectively the total electric and magnetic fields at the surface.

If the source illuminating the target is at a far enough distance,
then the incident field can be taken as a plane wave. Following the
configuration in Figure 4, the scattered field from the illuminated
surface S is given by

L ie—JkR R . o N I

Es = ]47}2 /S [k: X (ks x Jo + Jm) | e IFReTds, (2)
where k is the wavenumber; R is the distance between the center of
the referential and the receiver; k; and ks, are respectively the unit
directional vectors of the 1n(:1dent and scattering electromagnetic wave.
7 is the impedance of the medium and 7is the position vector of a point
in S. The integration in Equation (2) can be solved following [19].
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Figure 4. Configuration for the PO computation of the scattered field
from a triangular patch.

Notice that the angles used in the following are defined according
to Figure 4 and for the monostatic case pp = pr = pand g = 0g = 0.

2.3. Method of Equivalent Currents

To improve the PO solution and take into account the diffraction by
edges, the Method of Equivalent Currents (MEC) has been proposed
by Michaeli [5,20,21]. The MEC describes the source of the field in
terms of fictitious equivalent electric and magnetic currents along the
edge.

According to the MEC and using the local referential in Figure 5,
the scattered field by an edge C is given by the radiation integral [5]

By~ % /C [nnés X [k X f] + My % f] e Ikks T g (3)

where 7' is the position of a point on C, t is the tangent unit vector to
the edge, I = If and M = M{ are the electric and magnetic equivalent
currents, respectively. Figure 5 shows the main referential related to
Face 1 of the wedge to compute the scattered field. The dashed lines
are the projections of the directions of incidence and observation on
the XY-plane. N7 is the exterior wedge angle (it is assumed that
N >1).

Notice that to compute this scattered field, one needs to find the
edges of the target. A simple criterion against the angle between two
adjacent patches can be used.
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Figure 5. Local referential for the MEC computation.

2.4. Shadowing Effects

Shadowing is introduced to eliminate the effects of the irrelevant
scattering sources. Thus, one needs to identify the triangles of the scene
which are visible from the emitter and the receiver at each acquisition
time. To find the illuminated facets, an algorithm combining backface
culling and a Z-buffer-based approach has been developed.

Backface culling is the process by which triangles that are not
facing the emitter or the receiver are removed. This is done by
comparing the triangle’s surface normal with the position of the emitter
or the receiver. It is a simple and very fast approach. The Z-buffer-
based approach leads to the suppression of the triangles of the scene
which are not visible from the emitter or the receiver by using depth-
information.

2.5. Multiple-bounce

The possible multiple-bounce scattering mechanisms must be evaluated
in order to obtain a suitable model. In the proposed model, one
can consider up to 3-bounce (which is necessary for complex targets
presenting trihedral geometries).

Basically, the idea is to project each facet reach by a ray in the
specular direction (see Figure 6). If at least one of the specular rays
coming from each node of the current facet cuts another facet, this
means that multiple-bounce exists. In this case, one projects the
current facet. If the three vertex of the projected triangle do not belong
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Incident ray Adaptive subdivision

Figure 6. multiple-bounce and adaptive subdivision.

to the same plane surface of the target, in this case, a subdivision of
the projected triangle into smaller triangles (see Figure 6) is performed
in order to find the illuminated area. The same method is applied to
find the third-order bounce.

Finally, for a double-bounce, the scattered field is computed as
follows: first geometrical optics is used to find the field which reaches
the first and the second facet. Then, the scattered field (from the
second facet to the receiver) is computed using physical optics.

2.6. Numerical Results and Validation

In order to validate the considered model, canonical objects are
considered in this part. From the scattered field, the radar cross section
of the target is computed and compared with results obtained using
FEKO software.

Notice that as the targets have been meshed with triangular
patches, that for a given incident direction, the total scattered field
is the sum of all the scattered fields from the illuminated patches.

2.6.1. RCS of a Trihedral

This target is considered in order to show that multiple reflections up
to order 3 are taken into account in the proposed model.

The trihedral dimensions and the monostatic configuration, based
on [22], are described in Figure 7.

Figure 8 shows the monostatic RCS obtained with our model and
given by FEKO (Method of Moment — MoM) at 10 GHz, for 6§ = 66°
and ¢ = 0° to 90° and for both polarizations. The results obtained
using our model are very close to those obtained using FEKO and those
proposed in [22].

Figure 9 shows the bistatic RCS obtained for both polarizations
with our model and given by FEKO (MoM) at 10 GHz, for a fixed
emitter at (0g = 45°, ¢ = 45°) and a moving receiver along 0p = 45°
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Figure 7. Trihedral setup.
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Figure 8. Monostatic RCS of a trihedral (a) hh-polarization and (b)
vv-polarization.
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Figure 9. Bistatic RCS of a trihedral (a) hh-polarization and (b)
vv-polarization.
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and pr = 0° to 90°. The results obtained using our model are very
close to those obtained using FEKO in the area prp = 28° to 62°.
Outside this area, our results show significant differences. They can
be explained by multiple reflections which are higher than order 3
(not taken into account in our model). They can also be explain by
diffraction at edges after multiple bounces. Indeed our model only
includes direct diffraction at edges.

Our goal being to design a scatter model realistic enough to
generate radar signals to test and develop imaging or detection
applications, the results obtained with our model seems to show
sufficient accuracy.

2.6.2. RCS of a Complex Target Made of Canonical Objects

The last target is composed of canonical objects (see Figure 10). This
target can be classified as a complex target, even if its design seems
simple, since it includes multiple-bounce, shadow areas, diffraction by
edges, cross-polarization effects ...

For this target, the bistatic configuration is considered: the
emitting antenna is fixed at (¢ = 90°, g = 45°) and the receiving
antenna move along ¢pr = 90° and g = —90° to 90°. The operating
frequency is 2 GHz.

Figure 11 shows the RCS results obtained using our model and
FEKO (MoM method). As expected, since our model does not take
into account all the physical phenomena which take place during the
interaction between the electromagnetic wave and the object, our RCS
results show differences with the FEKO’s method of moment. However,
globally these results show good accuracy in the RCS form evolution
according to Og.

0.2m

0.1m

Y
|

Figure 10. Dimensions of the target composed of canonical objects.
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Figure 11. Bistatic RCS of a complex object (a) hh-polarization and
(b) vv-polarization.

3. RCS OF MARITIME SCENES

In previous works [17,18] dealing with ship wake modeling in a
bistatic SAR configuration, the scattered field from the sea surface
was computed using a so-called semi-deterministic, semi-statistical
facet-based version of a two scales method. In this contribution, the
scattered field will be computed from a deterministic sea surface by
using the physical optics (i.e., Kirchhoff approximation) as already
proposed in [7,23]. Thus, the sea surface plus the target can be seen
as a single target for our model.

In the following, the generation of a realistic sea surface (geometry
and electrical parameters) is detailed. Then, some numerical results
are proposed to illustrate the proposed approach.

3.1. Sea surface model

The scattering properties of the sea depend both on its electromagnetic
characteristics and its state (geometrical aspect). The geometric
properties of the sea surface can be modeled as a random height as a
function of the position (z,y) and time t. The power spectral density
of the wave height S is generally given by

S(R) = 51(K)$:(0), (4)
where K is the sea wave vector, K the norm of K , S1 is the
omnidirectional wave height spectrum and S the spread function.
is the difference between the direction of the waves and the direction
of the wind.

To generate a realistic sea surface, the Elfouhaily spectrum [24]
has been used. It has been developed from the work of Pierson [25]
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combined with experimental measurements. This model was developed
solely from in situ or tank measurements, along with physical
arguments however it also agrees with the slope model proposed by
Cox and Munk and with actual remote sensing data. The directional
wave height spectrum is that proposed by Fung and Lee [26].

Figure 12 shows an example of a sea surface. The sea parameters
used have been fixed at 5m/s for the wind speed at 19.5m, 25° for the
wind direction, 0° for the direction of the wave propagation and the
omnidirectional Elfouhaily spectrum.

From the high frequency point of view, if the rough surface
has a large curvature radius, the physical optics approximation will
obviously be very good when the reflection from rough surface is
evaluated [23,27]. To compute the scattered field, the sea surface
generated from the sea spectrum is also meshed by triangular facets.

The electromagnetic characteristics of the sea are defined by
the dielectric constant which depends on the temperature and the
salinity [28].

Notice that the interaction between the target and the sea surface
can be considered as double bounce. Figure 13 shows the interactions
considered in our RCS computation.

(w) Wby anem

N
VAN = VAV

Figure 13. Considered interactions between the incident field and the
scene composed of a target on a surface.
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Scattering coefficients (dB)
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Figure 14. Monostatic RCS of a deterministic sea surface generated
10 times (a) hh-polarization, (b) vv-polarization. The thick line
corresponds to the average of all the obtained RCS.

3.2. Kirchhoff Approximation and Small-perturbation
Model Versus Optical Physics for Deterministic Surfaces

To compute the scattered field from a sea surface, various methods
can be used (numerical methods such as the method of moments,
the approximate methods or statistical-based approaches). In this
contribution deterministic surface is considered and the scattered field
from the discretized surface is computed using physical optics. Notice
that physical optics does not give access to the cross-polarization.

Figure 14 shows the RCS of 10 sea surface (512 x 512) m-sized
generated with the same parameters: wind speed = 5m/s, wind
direction = 25°, salinity = 35 ppt, temperature = 20°C and direction of
the wave propagation = 0°. The thick line corresponds to the average
of all RCS.

We propose a comparison of these results with the common
Kirchhoff Approximation (KA) computed from slope distributions and
the Small-Perturbation Model (SPM).

3.2.1. Kirchhoff Approximation

The KA model is known to be adequate to compute the average
specular component for gravity waves, which satisfy the large curvature
condition, and for an infinite sea. Basically, the scattering coefficients
0mn (m and n stand for the h or v polarization) are proportional to
the probability of finding specular points on a lighted surface:

k2|72
Omn = ;LH|Umn\2Pr(ZI, Z,), (5)
z
where ¢ = k:(l;:sl;:,) = (¢, Qy,qz], Unn is a polarimetric parameter

depending on the configuration angles (g, ¢g, 0r, ¢r) and on
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Fresnel coefficients [29]; and Pr(Z,, Z,) is the probability of finding
a slope Z, = —q/q. and Z, = —q,/q. on the sea surface. The
slope probability function was determined empirically and fitted to
an analytical curve by Cox and Munk [30].

3.2.2. Small-perturbation Model

The SPM was introduced for radio waves by Rice [31]. It is used
to obtain the scattering coefficients of a slightly rough surface as
its vertical roughness scale is small compared to the transmitted
wavelength and so is the surface slope. The SPM has been recently
extended to the bistatic case for sea applications in [32].

Basically, the first-order scattering coefficients for a slightly rough
surface with surface standard deviation o, are given by

Omn = 802k* cos®(0g) cos?(0R) | atmn |*W (kx + ksinfg, k),  (6)

where oy, is a polarimetric coefficient that depends on the bistatic
angles and the sea permittivity [33]. W is the normalized roughness
spectrum that is the Fourier transform of the surface correlation
coefficient. k; = —ksinfgcospr and k, = —ksin g sin pg.

3.2.8. Numerical Analysis

In Figure 15, the obtained monostatic results from the three approaches
(KA, SPM and PO for deterministic sea surfaces) and for both
polarizations are compared. The physical optics result (average of
all the RCS in Figure 14) seems to show good accuracy between the
specular diffraction (KA) and the diffuse component (SPM) of rough
surfaces.
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Figure 15. Monostatic RCS of the sea surface. KA and SPM versus
PO (same as the thick line in Figure 14) (a) hh-polarization, (b) vov-
polarization.
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Notice that an equivalent study can be made in the bistatic case.
In this paper, we have chosen only to show the monostatic part.

3.3. Numerical Results
3.83.1. Monostatic RCS of a Cube on a Flat PEC Surface

The considered setup corresponds to that proposed in [10] and it is
depicted in Figure 16. The considered frequency is 10 GHz, both the
cube and the surface are assumed to be perfectly conducting and the
antenna (emitter plus receiver) moves along (¢ = 0°, # = 0° to 90°).

The obtained results are compared with those obtained using
FEKO in Figure 17. These RCS results, for both the vv-polarization
and the hh-polarization, show good agreement of our model with the
MoM method in this simple case.

Figure 16.

—FEKO-MoM
—Model

0 10 20 30 409(0) 50 60 70 80 90 “0 10 20 30 409 @ 50 60 70 80 90

(a) (b)

Figure 17. RCS of a PEC cube on a PEC flat surface (a) vov-
polarization, (b) hh-polarization.
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3.8.2. RCS of an Object on a Rough Surface

The considered setup is composed of a 0.9 m cube target on a (10 x 10)
m rough surface (see Figure 18). This setup is based on that proposed
in [7]. Notice that because of the size of the considered scene, a scale
factor (equal to 10 along the x and y-axis) has been applied to the
generated sea surface so that it matches the size of the object (i.e., the
10m square rough surface has been created from a 100 m square sea
surface of level 3 — see Figure 18). The sea surface has been generated
following Section 3.1.

Figure 19 shows the obtained monostatic results at 1GHz for a
flat PEC surface, a flat sea surface and a rough sea surface for both
polarizations. The antenna move along ¢ = 0° and § = 0° to 90°.
Note that, for this configuration, the fast multipole method processing
(FMP) of FEKO has been used to reduce the computational time.

Figure 20 shows the obtained bistatic. For this configuration, the
emitter is fixed at (pr = 0°, g = 45°) and the receiver moves along
vr = 0° and Or = 0° to 90°. The RCS obtained using FEK0O (FMP)
for a PEC cube on a flat PEC surface are also presented.

7 "_SEA flat surface-Model ™ ‘ ‘ ‘ ‘ "—SEA flat surface-Model
60 — PEC flat surface-Model 60| —PEC flat surface-Model
—SEA rough surface-Model —SEA rough surface-Model
50 — PEC flat surface-FMP 50 —PEC flat surface-FMP
\

Figure 19. Monostatic RCS of a PEC cube on a flat PEC surface, a
flat sea surface and a rough surface for (a) the vv-polarization and (b)
the hh-polarization.
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Figure 20. Bistatic RCS of a PEC cube on different surfaces for (a)
the vu-polarization and (b) the hh-polarization.

These results show the evolution of the RCS considering different
kinds of surface. These changes will have consequences on detection
or imaging results.

4. SAR IMAGES OF MARITIME SCENES

In this part, we introduce a first use of the proposed model for
generating simulated raw data for synthetic aperture radar applications
(see Figure 1). Some first imaging results, for a monostatic
configuration and a bistatic configuration, dealing with targets floating
on a sea surface are provided.

4.1. Radar Radio-link

Following [15], the detected voltage at a given time ¢ is

Ny

EoSe(t — Stpe,p(t
Vi)=Y e e B, 1), 7)

where Ny is the number of facets and edges of the scene, Ej is the
field amplitude, Se(t) the transmitted wave form (a chirp in this
paper), dtpc,(t) the propagation delay between the emitter and the
ith facet/edge of the scene, dtc,r(t) the propagation delay between
the facet/edge i and the receiver, and dtgc,r(t) the propagation delay
between the emitter, the facet/edge ¢ and the receiver. Eg; is the
scattered field by the ith (illuminated) facet/edge of the scene and
computed following the proposed PO/MEC-based model.

Notice that, for simplicity, in this first work, antenna
radiations and multiple-bounce are not taken into account (for more
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computational efficiency). Moreover, one assumes the considered scene
(boat floating on the sea surface) to be immobile throughout the
acquisition.

4.2. Chirp Scaling Algorithm (Short Overview)

Various algorithms can be used to construct the image of the considered
scene from the raw data. In this contribution, a chirp scaling-based
algorithm is considered [34]. The basic block diagram is depicted in
Figure 21.

4.3. Numerical Results

For all the proposed results in this section, the same radar parameters
have been used. They are given in Table 1, where F. is the central
frequency, B the bandwidth, 7 the chirp duration and PRF the pulse
repetition frequency.

The positions and velocities of the transmitter and the receiver for
a monostatic and a bistatic configurations are given in Table 2. The
sea surface and the target are centered on (0; 0; 0). The direction of
the target (if needed) is given by 6, (see Figure 1).

RAW DATA
Azimut FFT

Range IFFT

Chirpscaling
Range scaling

Bulk RCMC
Range compression

L

Figure 21. Block diagram of the chirp scaling algorithm.

Azimuth compression

Azimuth IFFT
SAR image

Table 1. Radar parameters.

Ey E B PRF T
1 W | 10 GHz | 60 MHz | 800 Hz | 0.333 us
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Table 2. Emitter and receiver positions and velocities — Cartesian
coordinates (z; y; 2).

Monostatic Bistatic
Transmitter: Start |(—3000; —100; 3000) m |(—3000; —100; 3000) m
Transmitter: Stop (—3000; 100; 3000) m | (—3000; 100; 3000) m

Transmitter velocity (0; 222; 0) m/s (0; 222; 0) m/s
Receiver: Start (—3000; —100; 3000) m|(—4000; —100; 3000) m
Receiver velocity (0; 222; 0) m/s (0; 222; 0) m/s

Figure 22. Box on a sea surface.

4.8.1. Scenario 1

In this configuration, we consider a canonical target on a sea surface.
The object is a box with 10m sides and the sea is a (100 x 100) m
surface. It has been generated for a wind speed equal to 5m/s. The
box is semi-immersed as shown in Figure 22.

Figures 23 and 24 shows the SAR images of the target on the
sea surface for both polarizations. The cube and its shadow are
clearly visible in these images. They are also illustrating the different
information obtained from the monotatic and bistatic configurations.

4.8.2. Scenario 2

For that scenario, the considered scene is composed of a simplified boat
on a (100 x 100) m-sized sea surface (see Figure 25). The geometry
and the dimensions of the boat are given in Figure 26.

The monostatic (see Tables 1 and 2) SAR results are proposed
for 6, = 180°, 6, = 225°, 0, = 270°. Figure 27 shows all the results.
In these images, one can clearly see the shadow made by the boat.
Unfortunately the boat itself cannot really be seen. This can be
explained by the geometry of the boat and the considered acquisition
configuration, and above all by the fact that the multiple reflections
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Figure 23. Monostatic SAR images of a PEC box on a sea surface
(a) the vv-polarization and (b) the hh-polarization.
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Figure 24. Bistatic SAR images of a PEC box over a sea surface (a)
the vv-polarization and (b) the hh-polarization.

z(m)

x (m) 50
50 400 y (m)

Figure 25. Scenario 2: boat (see Figure 26) floating on a sea surface.

have not been considered to avoid indiscriminate computational time.
This must be tackled in future work for example by pre-processing the
possible multiple-bounce rays.

The last remark is that finally this kind of model for generating
SAR raw data from a three-dimensional maritime scene can be of
interest from the modeling point of view.
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Figure 27. Monostatic SAR images of various orientations of a boat
floating on a sea surface.

5. CONCLUSION

In this paper, a model to compute the scattered field from a maritime
scene composed of a target on a deterministic sea surface has been
proposed. The model combines asymptotic methods and takes
into account shadowing effects and multiple-bounce up to order 3.
Numerical RCS comparisons with results obtained from FEKO show
the proposed model to have enough accuracy for our purpose.

From the model, raw data have been generated and radar images
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have been obtained using a chirp scaling-based technique. The
obtained results for a canonical target and a complex target show the
feasibility of this kind of global SAR model for complex scenes.

Of course a number of studies can be made to enhance the
proposed model. Future work will particularly focus on the model to
improve its accuracy using realistic experiments. For radar imaging,
the introduction of a moving sea surface and a moving target, and
the bistatic configuration must be studied. Finally, computational
efficiency has to be carefully considered.
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