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Abstract — In this paper, we have described a geometrical
approach called linear projection-subdivision to compute the
monostatic RCS of canonical and complex perfectly conducting
objects based on the combination of geometrical and physical
optics (GO-PO). This approach was modelled in Matlab and
compared to ray-triangle intersection method in the case of a
dihedral corner reflector. The results show a significant
reduction in computing time. In addition, to validate the
proposed linear projection-subdivision approach with a concrete
case, we applied it to a more complex target, namely a generic
boat. Thus, we have computed the monostatic RCS of the boat
with taking into account simple and double reflection effects at
10 GHz. The obtained results validate the proposed method in
terms of computational efficiency and prediction accuracy

Keywords — Radar Cross Section (RCS), Complex target,
Physical Optics (PO), Geometrical Optics (GO), Shadowing
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l. INTRODUCTION

Prediction of scattering from a complex target is a subject
of recent interest in the radar target recognition field [1]-[4].
The applications are varied, both in military and civilian fields
[5,6], e.g., reconnaissance and surveillance of the objects in
natural environment, such as a ship over rough sea surface,
and search and rescue missions after an earthquake or an
avalanche, etc. This led to technological advances in radar
systems and their modelling tools in order to apprehend the
interaction phenomena between the electromagnetic waves
and the natural environment or a man-made target. An
application of these modelling tools is calculating the radar
cross section (RCS) [7] of complex targets which can be used
for detection, characterization, and radar imagery [8,9]. The
computation of the RCS for complex targets involves several
kinds of scattering mechanisms, such as multiple scattering,
specular reflection, diffraction by edges [10], creeping wave,
surface wave, shadowing effect, etc. Several numerical
[11,12] and asymptotic methods can be used to model these
mechanisms [13,14].
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Asymptotic techniques can be divided into two families
[7,15-17].The first one, called ray asymptotic method, is
based on the asymptotic expression for the scattered field,
such as Geometrical Optics (GO) [7] and Uniform Theory of
Diffraction (UTD) [7], [18]. The second family, called current
asymptotic method, is based on the surface current
distribution on the illuminated surface of the target. The
scattered field is calculated as the scattering of these currents.
An example of these current asymptotic methods is the
Physical Optics (PO) which approximates the surface currents
in order to obtain the fields [1], [4]. The choice of a method
depends mainly on the characteristics of the object’s surface,
the frequency of the incident wave and the trade-off between
results accuracy and computing time. Despite their accuracy,
numerical methods are less efficient to compute the scattered
field from 3D complex targets. In fact, a large amount of CPU
time is required when taking into account the multiple
scattering mechanisms among the different parts of these
complex targets. For this reason, most recent simulators and
studies are based on asymptotic methods which are faster and
memory efficient in case of complex targets [1]-[3].

In this work, a novel efficient asymptotic approach, based
on linear projection-subdivision technique, for monostatic
RCS calculation is proposed. It takes into account simple and
double reflection effects by combining Geometrical Optics
(GO) and Physical Optics (PO) methods. Monostatic RCS at
10 GHz of two perfectly conducting (PEC) targets with
triangular meshing are computed using the proposed
approach. The first target is a dihedral corner reflector while
the second one is a generic boat. As a first step, a geometrical
pre-processing is performed, which consists in the
determination of hidden triangular meshes and also those
really contributing to the double reflection. The proposed
approach was compared with the well-known ray-triangle
intersection approach in the case of the first target (dihedral)
and with Pofacets in the case of the second target (boat). The
obtained numerical results validate the linear projection-
subdivision approach and demonstrate its capability for
monostatic RCS calculation of complex targets with reduced
computational time. This approach is based on a linear
projection of the three vertices of each triangular facet along
the specular direction of the reflected ray, and then we linearly
subdivide the new triangular facet until we reach the real
boundary of the surface illuminated after the first reflection.
Unlike the ray-triangle intersection method, the RCS
calculationmay include non-illuminated surfaces, which can
produce erroneous results, so this method needs to mesh the
target with a very large number of triangular facets in order to
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be accurate, which means that the computation time increases
accordingly. This model is useful for testing new detection
and classification methods or designing the best operating
configuration for maritime surveillance or ocean remote
sensing. Other work in this field involves, for example, ISAR
application, SAR polarization analysis for target classification
[19], simulating SAR images through reflectance maps [20],
or using commercial simulators to generate image databases
of ground targets [21].

This paper is organized as follows. Section Il introduces
some theoretical background on geometrical modeling of
complex targets and describes the two proposed approaches
for monostatic RCS computation. In section IlI, the two
approaches are numerically validated and compared at 10
GHz in the case of two PEC targets: dihedral corner reflector
and a generic boat. Finally, the conclusion of this work is
given in Section IV.

1. GEOMETRICAL MODELLING OF COMPLEX
TARGETS

For an object illuminated by an electromagnetic wave, the

amount of backscattered energy is defined by its Radar Cross
Section (RCS) value, which is given by the following relation
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with(u, v) = (6, ¢), R is the distance between the receiver and
the target, and I?i,,, and Es,uare respectively the incident and
scattered electric field vectors. The first step in RCS
computation is to model the target [7]. In this work, we have
chosen to represent the target by a collection of triangular
facets as shown in Fig. 1. In fact, the use of such model allows
a good representation of complex targets and thereby
achieving an accurate RCS calculation [22].
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Fig. 1.Triangular mesh model of a generic boat.
A. Shadowing Effect

When a target intercepts an incident electromagnetic wave,
a portion of its surface is illuminated and the rest remains
dark. In fact, according to the propagation direction towards
the target, some of its parts are hidden by other ones. A
visibility test is then required since the RCS calculation takes
into account only the illuminated parts of the target. In this
work, the Moller-Trumbore ray-triangle intersection

algorithm [23] is used for the visibility test. The main idea
consists in checking whether the ray passing through a
predetermined point of the first facet intersects with the
second facet. Fig. 2 shows the results of the visibility test
applied to a generic boat for a radar position given by
(60 =p=45°). The visible facets are represented in white color
and the hidden ones are in black color. Once the real
illuminated target by the incident wave is determined, the PO
approximation is applied in order to calculate the contribution
of Specular Reflection (SR).
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Fig. 2.Shadowing effect for an observation direction given by
0 = ¢ = 45°: (a) visible facets and (b) hidden facets.

B. Modeling of Specular Reflection

In order to compute the reflected field by a triangular facet
in the specular direction, the Physical Optics (PO) method is
chosen. As a matter of fact, this method is particularly suitable
for electrically large objects and it is highly accurate in the
specular direction [7]. According to the PO approximation
[22], the reflected electrical field is given by the following
equation.

Zoks X [l x J] =
[k x M]e‘jkﬁS'FdS
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where] and M represent the electric and magnetic currents on
the surface, respectively, their expressions are given by:
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where E;; E,and H;; H, represent the electric and magnetic
incident and reflected fields, respectively. Eq. 2 is valid for #
in S;, where S;is the illuminated surface. k is the wave number,
R is the distance between the illuminated surface and the

receiver, ES is the unit vector in the direction of the receiver,
and Z0 is the free space impedance; For a perfectly
conducting surface, electric and magnetic currents become :

J =27 xH, (5)

M =70 (6)
C. Modelling of Second Order Reflection

The study of multiple scattering is not a trivial subject and
requires careful implementation. The combination of
Geometrical and Physical Optics (GO-PO), developed in [1],
[24], constitutes a solution for such multiple scattering
problems. Multiple interactions are well approximated by GO
while the contribution of the last reflection on the object
surface is calculated using PO. Moreover, modelling complex
targets in terms of facets reduces significantly the problem. In
this work, the multiple scattering contributions are expressed
in terms of facet-facet interaction using two approaches: (1)
Ray-triangle intersection and (2) linear projection-subdivision.

1. Ray-Triangle Intersection Approach

The ray-triangle intersection consists in following the path
of the incident ray in the specular direction. This approach
provides quite good results when a large number of facets are
used to model the target. However, by taking into account the
facets that do not really contribute to the double reflection,
this approach leads to an important computing time. Fig. 3
illustrates the principle of ray-triangle intersection in the case
of a dihedral corner reflector.

illuminated facet by the radar

illuminated facets after first
reflection

Radar

Fig. 3.Ray-triangle intersection principle.

2. Linear Projection-Subdivision Approach

The proposed linear projection-subdivision approach takes
into account the double reflection contribution in the RCS
calculation of complex targets. Its principle consists in finding

all the facets which are subject to the double reflection
mechanism. Firstly, as shown in Fig. 4(a), the first facet
illuminated by an incident electromagnetic wave and all facets
oriented towards it are identified. The double reflection is then
expressed in terms of facet-facet interaction. Secondly, the
illuminated facet along the specular directionis projected into
the plane containing all facets candidate to the double
reflectionand a linear subdivision is performed in order to
obtain the real illuminated surface (Fig. 4(b)).
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Fig.4. Linear projection-subdivision steps: (a) selection of candidate
facets, (b) linear subdivision.

1. NUMERICAL RESULTS

In this section, the proposed linear projection-subdivision
approach is used for monostatic RCS calculation of two
perfect conducting (PEC) targets at 10 GHz. The first target is
a simple dihedral corner reflector and the second one is a
generic boat. For both cases, the multiple scattering
contributions are taken into account. This approach is
compared with the ray-triangle intersection approach in the
case of the first target (dihedral) and with Pofacets in the case
of the second target (boat). The ray-triangle intersection
approach (called first approach) and linear projection-
subdivision approach (called second approach) were
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implemented in Matlab and the calculation was performed
using a desktop computer whose characteristics are:

e CPU: Processor Intel i7-4790 3.60 GHz

e Memory: 8GB

e  Operating system: Windows 8.1 64-bits professional

A.Dihedral Corner Reflector

The first target to be considered is that of a simple dihedral
corner reflector shown in Fig. 5. It is composed of two square
PEC plates each with sides of 0.18 m with 90° interior angle.
Fig. 6 shows this dihedral corner reflector modelled by 4, 64
and 216 triangular facets, respectively.

0.18

Perspective view Top view

Fig.5.The PEC dihedral corner reflector geometry and dimensions.

SN

Fig. 6.Three models of PEC dihedral: (a)
(c) 216 facets.

facets, (b) 64 facets and
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Fig. 7. Monostatic RCS of a PEC dihedral corner reflector at 10 GHz
(first approach).

Fig. 7 presents the monostatic RCS at 10 GHz of the
dihedral computed using the first approach, which is based on
the ray-triangle intersection. The RCS is given for the three
triangular facet models: 4 facets (red line), 64 facets (blue
line) and 216 facets (green line). For comparison purposes, the
computed RCS when considering only simple reflection (SR)
contribution is also plotted in Fig. 7 (black line). The obtained
results show the limit of this approach, particularly when a

small number of facets are used. It is noted that increasing the
number of facets would improve the precision, but at the
expense of the computational time.

Fig. 8shows the monostatic RCS at 10 GHz of the dihedral
computed using the second approach, which is based on the
linear projection-subdivision technique. The computed RCS
of the 4-facet dihedral model using the first and second
approaches are compared in Fig. 8(a). It is noted that for a low
number of triangular facets, the second approach (linear
projection-subdivision) provides more accurate results than
those obtained by the first approach (ray-triangle intersection).
Fig. 8(b) shows the computed RCS by the second approach
for the 4 facet model (blue line) compared to those computed
by the first approach using 64 (red line) and 216 (black line)
facet models. Unlike the first approach which requires a large
number of triangular facets to obtain satisfactory results, the
second proposed approach gives quite accurate results with
only 4 triangular facets. Therefore, the use of the second
approach allows a significant reduction in the computational
time compared to the first approach. Table 1 summarizes the
computational time of these two approaches for different
number of triangular facets (4, 64 and 216). As can be seen
from this table, the second approach is less time consuming
than the first one for an identical number of triangular facets.
In fact, using the second approach, instead of the first one,
reduces the computational time by 87 %, 46 % and 50 % for
4, 64 and 216 triangular facets, respectively.
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Fig. 8. Monostatic RCS of a PEC dihedral corner reflector at 10 GHz
(first and second approaches).
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TABLE 1
PERFORMANCE COMPARISON OF COMPUTATIONAL TIME
(PEC DIHEDRAL CORNER REFLECTOR)

Number of Computational time (in seconds)
triangular facets | First approach | Second approach
4 283 36
64 29487 15743
216 127393 63696

B. Generic Boat

A more complex target is considered in order to further

validate the proposed second approach, which is based on the
linear projection-subdivision technique. It consists of a PEC
generic boat (10m length along the x-axis, 3m wide along the
y-axis and 5m high along the z-axis) modeled with triangular
facets as shown in Figs. 1 and 2. The obtained results in terms
of monostatic RCS at 10 GHz are compared with those given
by Pofacets, which is an implementation of the physical optics
approximation for predicting the RCS of complex objects.
Note that this comparison is achieved without taking into
account the double reflection contribution, since multiple
reflections, shadowing and edge diffraction are not supported
in Pofacets. The RCS is calculated for two cases, without and
with taking into account the multiple scattering effects.
By assuming the absence of multiple scattering, the second
order reflection contribution due to the geometry of the target
is neglected. Fig. 9 shows the computed monostatic RCS of
the boat at 10 GHz for radar positions given by: ¢=90°. The
observation angle here is 6ranging from —90° to 90°. It is
noted that the computed RCS using the proposed second
approach (without double reflection contribution) is in a good
agreement with that provided by Pofacets. The computational
time, using the proposed second approach, was about 14107
seconds.
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Fig. 9. Monostatic RCS of the PEC generic boat at 10 GHz (without
multiple scattering): ¢p=90°.

By taking into account the multiple scattering effects,
computed monostatic RCS of the generic boat at 10 GHz is
given in Fig. 10. Two radar positions are considered: ¢=0°
(Fig. 10(a)) and ¢=90° (Fig. 10(b)). In this case, the RCS
computation lasts about 51051 seconds.
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Fig. 10. Monostatic RCS of the PEC generic boat at 10 GHz
(with multiple scattering): (a) ¢=0° and (b) ¢=90°.

As can be seen from Figs. 10(a) and 10(b), a good
agreement of the computed RCS using the proposed second
approach with Pofacets is found, when only the simple
reflection is considered. The computed RCS taking into
account the double reflection is quite different compared to
that including only the simple reflection contribution. This
difference emphasizes the importance of including the
multiple reflection contribution in the RCS calculation of
complex targets, but at the expense of longer computational
time. In our case, considering the double reflection
contribution increases the computational time by 72% and
47% for the radar positions given by ¢ = 0° (Fig. 10(a)) and
¢ =90° (Fig. 10(b)), respectively.

V. CONCLUSION

In this paper, a novel efficient asymptotic approach (GO-
PO), based on linear projection-subdivision, for monostatic
RCS calculation of canonical and complex targets is
presented. It takes into account simple and double reflection
effects on perfectly conducting targets. The proposed
approach, implemented in Matlab, is compared with the well-
known ray-triangle intersection approach in the case of a
canonical target (dihedral corner reflector) and with Pofacets
in the case of a complex target (generic boat). For an identical
number of triangular facets of the dihedral reflector, the linear
projection-subdivision approach allows a significant reduction
in the computational time compared to the ray-triangle

7
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intersection approach (up to 87 % for 4 triangular facets). The
computed RCS of a generic boat using linear projection-
subdivision method (without double reflection contribution) is
in a good agreement with that obtained by Pofacets. The RCS
of the boat taking into account the double reflection effects is
also calculated with the proposed approach, but with a
significant increase in the computational time (up to 72% for
the worst case). Finally, further work will deal with the
improving of the proposed approach in order to take into
account more scattering mechanisms such as the triple
reflection and edge diffraction effects, which are neglected in
this paper. Moreover, the bistatic case will be included in the
linear projection-subdivision approach.This work can be
improved by making collaboration with another laboratory
with more efficient computing resources in order to test the
algorithm for more complex targets and configurations.
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