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1. Abstract 

This paper presents the RANURS code (RAdar cross section- 
NURbS surfaces) for the analysis of the monostatic radar cross 
section (RCS) of electrically large complex targets. The geometric 
representation of the targets is given in terms of parametric sur- 
faces, which allow an excellent fit between the model and the real 
surface. The parametric surfaces used are NURBS (Non-Uniform 
Rational B-Spline) surfaces. This technique of modeling is currently 
used in many industries to represent complex bodies such as air- 
craft, ships, etc. Today, most of the CAGD (Computer Aided 
Geometric Design) tools use the NLiRBS format for modeling, 
because it can represent complicated objects using limited informa- 
tion. Therefore, an important feature of the code is its compatibility 
with most of the available CAGD codes, in order to ensure that the 
entire design process, involving different engineering aspects 
(structural, mechanical, aerodynamical, electrical, etc.) can be 
developed with compatible models. 

The scattered fields are calculated by using the Physical 
Optics and the Equivalent Currents Methods (PO+ECM) The fol- 
lowing contributions to the RCS are taken into account Reflected 
field, diffracted field, double-reflected field, and diffracted-reflected 
field In addition, a method for determining the hidden parts of the 
targets is used The PO+ECM approach is directly applied on the 
parametric surfaces, and the final expressions of the fields are given 
as functions of the coefficients of the numerical description of the 
NURBS patches 

2. Introdtictioil 

he knowledge and reduction of the RCS of vehicles has been a 
requirement of the aerospace industry for the last 20 years 

The RCS prediction codes offer a cheaper alternative to measuring 
a target at a RCS range Moreover, the codes can be used in the 
initial steps of the design process, before the vehicles have been 
physically built Because of the aforementioned reasons, RCS com- 
putation has been one of the main areas of intensive research work. 
In fact, the Spanish aeronautical industry, led by Construcciones 
Aeronauticas SA (CASA), launched a national consortium (1988), 
which united several research groups The objective of the project 
was to provide the Spanish industry with the tools to predict and 
measure the radar cross section of complex bodies 

The code RANURS is one of the University of Cantabria’s 
contributions to the consortium’s activities in the area of high- 
frequency RCS prediction. It can be considered an evolution of a 

previous program called I’OTAL The code TOTAL works over an 
edge-facet model of the target, similar to the program RECOTA 
[I]. Furthermore, the TOTAL program includes a very efficient 
treatment of double reflections and diffraction-reflections [2, 31 

Although the edge-facet model, used in conjunction with the 
PO+EMC approach, gives good results and a big improvement over 
other geometrical descriptions [ l ,  21, it has a major disadvantage a 
large number of facets is necessary in order to fit curved surfaces 
As a general rule of thumb, the number of facets must be large 
enough to provide a maximum distance of 1/16 between the real 
curved surface and the flat facets The solution chosen was to use 
NURBS surfaces [4-61, which provide an efficient and accurate 
description of curved surfaces (they include plane surfaces as a 
special case) The method developed in RANURS works directly 
with the NURBS surfaces’ parameters, and provides expressions of 
the scattered field in terms of these parameters 

The use of the NURBS description of objects for RCS com- 
putation was introduced simultaneously by some Spanish research 
groups [7-111. At present, the NURBS surfaces for the description 
of objects are being introduced in other electromagnetic applica- 
tions [12-131. In the case of RCS computation, a notable example is 
the code GRECO [lo]. This code makes use of the NURBS tech- 
nique for modeling the object geometry and, after using a graphical- 
processing approach, an image of the target on the computer screen 
is used to obtain the unit normal vector at each point (pixel) on the 
visible surface. With this information, a PO/PTD approximation of 
the RCS is obtained. The major advantage of the graphical-process- 
ing technique is that the shadowing is performed efficiently, but the 
drawback is that GRECO, in fact, works with a faceted model, 
pixel by pixel. As a result, interactions like double reflections and 
diffraction-reflections are quite difficult to include. 

Another advanced and complete code, based on the direct 
application of PO to parametric curved surfaces, is CADDSCAT 
[14]. This code has been developed at McDonnell Douglas Aero- 
space. In CADDSCAT, physical optics are applied by combining 
numerical integration with an analytic technique on bi-cubic 
patches. Perhaps the more critical points are the increase of run 
times with frequency, and the cumbersome treatment of shadowing. 
On the other hand, this code offers such interesting capabilities as 
the ability to handle RAM (radar-absorbing-material)-treated sur- 
faces, gap diffractions, sea-state modeling, etc. 

At high frequencies, the different parts of a body are practi- 
cally uncoupled, therefore, the TOTAL scattering field can be com- 
puted by adding contributions from local-scattering centers As 
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long as this is true, a geometric model built from elements like 
patches, is very suitable, because the contributions to the scattered 
field from patches and edges are accurately calculated using the 
PO+ECM approach [ 1-31 In fact, an efficient method for applying 
PO directly over NURBS patches has been developed [7-91 The 
diffracted field is taken into account by applying the Equivalent 
Current Method over the edges Double effects, between patches 
and edges, are incorporated for the cases of plane facets and 
straight edges by following the techniques developed in [2-31 

Therefore, in RANIJRS, the RCS of a body is calculated by 
adding the contributions of the following scattering mechanisms: 

Reflected field 
Diffracted field 
Double-reflected field 
Diffracted-reflected field 

Shadowing is also given careful consideration, because of its impor- 
tant contribution to the accuracy and eficiency of the method. 

This paper does not present a detailed description of the 
theories, approaches, and techniques involved in the RANCJRS 
code; rather, it presents an overview of the subject. Companion 
papers and references, which can be consulted for more detailed 
explanations, are [2-31 and [7-91. The rest of the paper is ordered 
as follows. Section 3 presents some ideas about target modeling, 
and the features of using NURBS surfaces. In Section 4, the fun- 
damentals of applying PO to NURBS surfaces are summarized. 
Section 5 is devoted to explaining the approach followed in order 
to account for diffracted fields. In Section 6, the double effects are 
considered. Issues about shadowing are discussed in Section 7. 
Section 8 highlights some results, which are followed by the major 
conclusions in Section 9. 

3. Target modeling 

Until now, the plane-facet representation has been the most 
extensively used method for the geometric description of RCS tar- 
gets [I-21 In this method, the bodies are described in terms of fac- 
ets and wedges This technique is referred to as the method of 
components using facets and wedges Some of its principal advan- 
tages lie in its simplicity, and in its capacity to represent any geome- 
try. 

An alternative to the previous technique is the method of 
components using NURBS curves and surfaces [4-61. These are 
free-form parametric curves and surfaces. Today, the NURBS for- 
mat is in widespread use in the world of CAGD. It is currently used 
in the aeronautic, automobile, ship, and other industries, in both the 
designing and manufacturing stages. The NURBS scheme is able to 
manipulate both free-form surfaces and primitive quadrics 
(cylinders, spheres, cones, etc.). Linear surfaces (plane facets) are 
an additional, special case of NURE3S surfaces. Using this tech- 
nique, it is possible to model complicated bodies with a low number 
of patches, and, therefore, with limited information. For instance, a 
primitive quadric, like a cylinder, can be modeled exactly as a single 
NURBS surface. A complicated body, such as a complete aircrafl, 
can be described with high precision by using less than one hundred 
NURBS surfaces (see Figure 1). 

NURBS curves and surfaces have been an Initial Graphics 
Exchange Specification (IGES) standard since 1983 1151. IGES is 
the standard for the interchange of design information between 
various computer-aided-design systems, and between computer- 

aided design and computer-aided manlufacturing systems. This stan- 
dard has been in operation for approximately 15 years, and is 
widely accepted by aircraR companies, as well as by the US gov- 
ernment. NLTRBS has been incorporated into a number of geomet- 
ric-modeling systems. It has also been implemented in hardware 
(VLSI or microcode) by a number of graphics-workstation manu- 
facturers. Today, many of the available CAGD tools provide 
descriptions of the designed objects in terms of NURBS curves and 
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Figiire 1. A NURBS-patch model of the CN-235 aircraft. 
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Figure 2a. A plane-facet model of a generic missile. 

Figure 2b. A NURBS surface model of a generic missile. 
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Figure 3. A NURBS surface-geometric description. 

surfaces One of them is the I-DEAS solid-modeling tool [16]. It is 
integrated with RANURS as pre-processing software, achieving the 
following tasks 

Target modeling 
Target visualization 
NURBS surface generation 

However, many other CAGD tools can be easily integrated with 
RANlJRS via IGES format. 

Apart froin the above features, the use of NURBS patches 
provides other important advantages in the description of bodies for 
RCS computation, with regard to the plane-facet approximation: 

It includes the plane facets as a special case of NURBS sur- 
faces 

The number of surfaces required to describe complex bodies 
is very low Figures 2a and 2b show a representation of a generic 
missile, using flat facets and NURBS surfaces, respectively. 

A better fit to the target geometry is achieved. Thus, “facet 
noise,” usually present in the “facet-modeling” codes, is avoided. In 
fact, in many cases the model is completely identical to the real 
body, because the NURBS scheme is used in the design and manu- 
facturing process of the object. 

Artificial edges are not introduced. 

A NURBS patch is a parametric surface of arbitrary degree 
(see Figure 3) [4-61 It is defined by a set of control points with 
associated weights, and two knot vectors (one for each parametric 
coordinate) The parametric coordinates vary between 0 and 1, so 
the surface domain is a square of side 1 The description of each 
edge as a NURBS curve is obtained directly from the geometric 
information of the NURBS surfaces which form the edge 

Any NURBS representation can also be written in terms of 
piecewise-Bezier patches [4-51. A Bezier patch is also a parametric 
surface, defined as a linear combination of a set of control points 
and the Bernstein polynomials [4]. Bezier patches are more suitable 
for the numerical computation of parameters associated with the 
surface (derivatives, normal vectors, curvatures, etc.), due to the 
characteristics of the Bernstein basis. On the other hand, a mesh of 
NURBS elements is the best tool for constructing and storing the 
surface of complex objects. It is relatively simple and fast to obtain 
the Bezier mesh from a NURBS representation, by applying the 
Cox-De Boor algorithm [17]. Most of the available CAGD soft- 
ware uses NURBS surfaces for the design and storage of the body 
shape, and the Bezier format for the numerical computations 
(rendering) with the surface. 

The number of Bezier patches obtained from a NURBS repre- 
sentation, and the information about the order of continuity 
between adjacent patches, depends on their knot vectors A 
rational-Bezier patch is also defined by two degrees (one for each 
parametric coordinate), a mesh of control points, and a set of asso- 
ciated weights The number of points of the mesh depends on the 
degrees The parametric domain is a square of corners (O,O), (O,l) ,  
(l,O), (1,l) The surface points of a rational-Bezier surface are 
given by 

where the Zv are the control points, the 11’~ are the control-point 

weights, m and ? I  are the surface degrees, andB? and BY are the 
Bernstein polynomials Also, the parametric derivatives of the sur- 
face can be written as a hnction of the patch degrees, control 
points, weights, and Bernstein bases [4] 

The Bezier surfaces can be easily classified into four types, 
depending on geometric criteria (see Figure 4), using information 
about the degrees and the mesh of control points [S-91. 

a. Polygonal-plane facets: 

A Bezier surface is flat if the mesh of control points is located 
in a plane, and polygonal if the boundary-control points of each side 
of the mesh are collinear (see Figure 4a) In this case, the vertices 
of the polygon coincide with the control points of the corners of the 
mesh 

b. Plane patches with curved boundaries: 

All the control points are in the same plane, but on at least on 
one boundary, they are not collinear (see Figure 4b). This implies 
that at least one of the surface degrees must be greater than one A 
typical example is a disk 
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Figure 4. Classification of the Bezier surfaces: a. Polygonal 
plates; b. Plane patches with curved boundaries; e. Singly 
curved surfaces; and d. Doubly curved surfaces. 
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c. Singly curved surfaces: 

These are the so-called ruled surfaces (see Figure 4c). They 
are curved surfaces generated by a family of straight lines. These 
lines are isoparametric segments, so the patch equations are linear 
for one of the parametric coordinates [4]. Typical examples are 
cylindrical and conical surfaces. Ruled-Bezier surfaces may be eas- 
ily identified from their geometric descriptions [ 1 13. 

d. Doubly curved surfaces: 

This group comprises all patches not included under the pre- 
vious categories, whose surface equations are not linear for either 
of the two parametric coordinates (see Figure 4d). 

4. Reflected field 

As described in the introduction, the reflected field is calcu- 
lated by using the PO approximation Given an incident monochro- 
matic plane wave, under the far-field approximation, the backscat- 
tered field of an arbitrary conducting body, predicted by the PO 
theory [ 18-20], is given by 

(3) 

where S is the illuminated surface of the body, /z is the wavelength, 
is the incident electric field, i? is the wave vector, k is the 

normalized wave vector, F' is the surface point corresponding to 
ds' , and fis is the unit-normal vector at this point. I is the so-called 
PO integral. First, notice that the incident field and the predicted 
PO-scattered field have the same polarization. Second, notice that 
the monostatic-RCS prediction, due to this mechanism, is inde- 
pendent of the incident-wave polarization. 

The main difficulty in evaluating the scattered field is the 
computation of the PO integral. This is evaluated as the sum of the 
contributions of all the Bezier patches of the model. The method of 
calculation of the integral differs, depending on the patch geometry. 

a. Polygonal plane facets 

If the surface is plane, f iS (F ' )  is constant, so Equation (3) can 
be calculated using Gordon's method [21]. In this case, the PO 
integral is reduced to a closed-form expression, involving no inte- 
grations at all. 

b. Plane patches with curved boundaries 

Approximate boundaries can be drawn with polylines, 
obtained directly from the control points of the surface, and then 
Equation ( 3 )  can be calculated in the same way as for the polygons. 

c. and d. Singly and doubly ciirved surfaces 

Most of the surfaces of a real target are curved, but in this 
case, it is usually impossible to evaluate the PO integral analytically 
Therefore, it is necessary to use approximate methods in order to 
evaluate the field scattered from curved patches. 

For parametric surfaces, the PO integral, Equation (3), can be 
expressed as a function of the parametric coordinates. This is done 

by writing the normal vector and the surface element in terms of the 
parametric derivatives of F(u, I > ) ,  i.e.. <,<, respectively [8]: 

(4) 

The integration domain is the surface-parametric domain, which is a 
square of side 1 .  The integral is evaluated using the stationary- 
phase method (SPM) [22] It provides an asymptotic expansion of 
the PO integral, valid for small values of the wavelength with 
respect to the surface dimensions. Reference [SI presents the 
mathematical expressions of the asymptotic expansion, and the 
geometrical meaning of the leading terms. 

In doubly curved patches, the SPM contributions are only 
derived from regions around certain critical points of the integral 
domain Furthermore, different type:; of critical points give rise to 
different powers of K in the leading terms of their respective contri- 
butions. There are three types of critical points. stationary-phase 
points, boundary-critical points, and vertex points (see Figures 5 ,  6, 
and 7) 

In singly curved surfaces, the phase term of the integral, 
Equation (4), is linear for one parametric coordinate. In this case, 
the integration along this coordinate can be calculated analytically, 
and the SPM for single integrals is applied to evaluate the integral 
along the other coordinate Consequently, larger contributions are 
produced by regions surrounding certain critical isoparametric seg- 
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Figure 5. A stationary-phase point. 
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Figure 6. A boundary critical point. 
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Figure 7 .  Vertex points. 

Figiire 8. Statioiiaiy-phase segments. 

Figure 9. Boundary segments. 

inents on the surface, and different types of critical segments in turn 
give rise to different powers of K. These are the so-called stationary 
and boundary segments (see Figures 8 and 9). 

5. Diffracted field 

The PO predictions can be improved, when non-uniform cur- 
rents due to the edges are added to the uniform current induced in 
the surface The reason is that the current generated in the surface 
is different from the PO current, in the proximity of the patch 
boundaries 

The PO-ECM approximation is an efficient technique for cal- 
culating the KCS from targets modeled in terms of plane-polygonal 
patches and straight edges [I-;] This approach has been used in 
several codes using edge-facet models, in which the artificial edges, 
i e ,  those generated as result of the faceting of the model, must 
also be considered Using RANURS, no artificial edges are intro- 
duced when model faceting is implemented, and, therefore, only the 
body's inherent edges should be considered This means that 
RANURS is more accurate and efficient than codes which introduce 
artificial edges 

The calculation of the diffracted field by edges is carried out 
in an analytic form, by the equivalent-current method In order to 
form these currents, a set of PTD coeficients [18, 231 is used, so 
that the diffracted field is compatible with the PO results Because 
the analysis is restricted to the backscattering directions, the Knott 
and Senior equivalent currents [18, 231 have been selected, since 
they are simple to apply, and provide correct solutions in the Keller 
cone 

The non-uniform equivalent currents on the edges are formu- 
lated as follows. 

where i is the unit vector tangent to the edge; I? and 8' are the 
incident electric and magnetic incident fields; 2, and &are the 

impedance and admittance of free space, respectively; /3' and p" 
are the angles between the edge, and the incident and diffracted 
directions, respectively; f and g are the Ufimtsev diffraction coefi- 
cients, when the scattering direction is close to the Keller cone; and 
6' and 6" are the angles between the incident and the scattering 
directions and the top surface of the wedges, respectively. These 
are measured in the plane normal to the wedge length. 

6. Double effects 

Although at high frequencies, most parts of a scatterer are 
uncoupled, there are some geometric configurations and incident 
directions where the interactions between different parts become 
relevant The most relevant interactions can be reduced to 

1 Double reflections by facets 
2. Diffraction by an edge and reflection by a plane facet 
3 Reflection by a plane facet and diffraction by an edge 

6.1 Double-reflected field 

Double reflections between facets have been studied by many 
authors [25-281 The classical methods used for the analysis of 
double interactions between patches have applied the Physical 
Optics-Physical Optics (PO-PO) and Geometric Optics-Physical 
Optics (GO-PO) approaches 

The PO-PO approach is very cumbersome and time-consum- 
ing, because it requires the computation of a pair of nested double 
integrals. The problem is simplified if the first reflection is evaluated 
by using GO, as is involved in the GO-PO approach. Applying GO- 
PO, the plane nature of the wave is maintained from the first reflec- 
tion, and the radiated field from the second illuminated surface can 
be obtained analytically (PO integral). The GO-PO approach loses 
validity when a dihedral structure is formed by electrically small 
patches, or when the internal angle is too acute. Fortunately, these 
geometric configurations are not frequently found in usual targets. 

The RANIJRS code takes into account the contributions 
between polygonal patches that form dihedral corners close to 90' 
by using GO-PO. However, unlike other studies [25, 271, where the 
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solution is limited to the analysis in the plane perpendicular to the 
axis of the dihedral, in I?ANUI?S the problem has been generalized 
to include arbitrary spatial position, arbitrary geometries, and gen- 
eral observation angles. The GO contribution to this approach con- 
sists of applying the image theory through a conducting finite facet. 
A sketch of the problem is shown in Figure 10. The source currents 
could be expressed as 

The image currents associated with the e patches are 

where 

The contribution to the far field in the backscattering direction 
is obtained by using the PO integral of the image currents. The 
finite dimension of the patches is taken into account via ray tracing 
[29] ,  so only the illuminated region of the facets (see Figure 11) is 
considered. 

z t  J ?' 

Figure 10. A dihedral is formed by facets 8 and 4. Facet 4 is 
the image of lj over the plane that contains facet 4. 

/ K i  
/ Real edge )'i 

/ 
// 

,/ Plane facet 

Figure 12. In the analysis of the diffraction-reflection process 
between an edge and a plane facet, an equivalent-image edge is 
snbstituted for the edge. 

X J  

Fignre 13. In the reflection-diffritctiori process, a reflected 
plane wave is assrinied incident over the edge. 

6.2 Diffracted-reflected field 

This mechanism is an improvement for the double reflections 
between patches. This contribution to the backscattered field can be 
calculated by considering two terms a field diffracted from the 
edge and then reflected in the conductor plane (DR), and a term 
due to the field first reflected and then diffracted from the edge 
(RD) These terms are calculated by using the ECM approach, in 
combination with image theory 133 

In the case of the DR (see Figure 12) process, we use image 
theory, which is equivalent to the classical GO assumption In the 
RD (see Figure 13) process, we consider the plane-wave nature of 
the field that is incident on the facet i o  not be changed after reflec- 
tion The T 0 7 X  backscattered field created is obtained by adding 
the diffraction-reflection contribution to the reflection-diffraction 
contribution 

Truncated image facet 

Figure 11. The dashed part of li is excluded when the image 
facet 4 is defined. 

Errors can appear if the size of the facets is not taken into 
account when the image currents are computed. This problem is 
solved, via ray tracing, by analyzing the intersection of the dif- 
fracted ray with the flat facet. To take into account the actual size 
of the facets, the edges are subdivided into several segments. Each 
segment is represented by its center point (see Figure 14). In this 
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Image edge Y 
Fignre 14. An example of the subdivision of edges. 
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/ Surface 

Figure 15. Examples of hidiilg by self shadowing. 

example, it can be observed that there are only a few segments on 
the edges that must be taken into account. Only the field radiated 
from the image of these segments is considered. 

7. Shadowing 

If a surface, a wedge, or a part of these is not illuminated by 
the incident wave, the contribution to the reflected or diffracted 
field must be ignored. There are two possibilities for surfaces 
becoming hidden: 

* Self-shadowing or outward-normal shadowing 
Eclipse-shadowing, sometimes referred to as cast or 

mutual shadowing 

The first case appears when a surface is illuminated from its 
back face. That is, the scalar product between the unit normals ( 1 : )  

and the incident direction ( IC)  is negative (see Figure 15). In the 
case of an edge, the self-shadowing analysis involves two scalar 
products related to the normal vectors of the two surfaces (9 and 
S2) which form the wedge, as can be seen in Figure 15. 

In curved patches, the unit-normal vector varies along the 
surface, so a part of the surface can be illuminated and the other 
part, hidden. But, as mentioned before, the scattering centers on 
curved surfaces are critical points or segments. Therefore, the self- 

shadowing analysis is simplified considerably, taking only the criti- 
cal points into account. 

The eclipse-shadowing analysis is a more-complicated task. 
This is produced when a scattering center is hidden by another part 
of the body. Given a scattering center, the problem lies in determin- 
ing whether is hidden by any illuminated NURBS surface of the 
body. 

A generic plane surface can be completely hidden, partially 
hidden, or illuminated In the first case, its contribution is removed, 
and in the second, the surface is clipped, and only the contribution 
of the illuminated part is considered. For this purpose, a set of 
points (named sample points) is selected on a given illuminated 
NURBS patch (see Figure 16). For each incident direction, these 
points are projected onto the plane which contains the facet being 
studied. The result of this process is a set of points located on the 
plane. The convex-hull polygon enclosing them is achieved, in order 
to obtain the resulting shadow region. When this task has been 
performed, it is easy to study the shadowing of the plane surface by 
the NURBS patch. If all the vertex points of the facet are located 
inside the convex-hull polygon, the facet is completely shadowed. If 
the facet has vertex points inside and outside the convex-hull poly- 
gon, it is partially shadowed, and it is clipped by using the Weley- 
Altherton algorithm [29]. 

I I ! NURBSsurface 
0 Sample points 

Incident direction 

I' , ' I  !!I I I 1 

Proj cting plane 4 
/ / 

Convex hull polygon 

Figure 16. Plane-facet hiding. 

U 
Convex hull polygon 

Hidden point 

Figure 17. Point hiding. 
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Figure 18. A NURBS-patch model of the NACA 3317 airfoil 
(30" x 6"). 
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Figure 19. The RCS for the NACA 3317 airfoil computed with 
the TOTAL code (horizontal polarization at 16 GHz). 

The study of the eclipse-shadowing of wedges, critical points, 
and segments, is easier than in flat surfaces In the present 
approach, the critical segments and wedges are considered to be 
hidden if their mid-points are shadowed Therefore, the eclipse- 
shadowing problem in curved surfaces and wedges is reduced to 
analyzing if a point is hidden or not To check if a given point is 
hidden, all the illuminated NURBS surfaces, located ahead of the 
point, are taken into account For each incident wave, the sample 
points of each NURBS surface are projected onto a plane perpen- 
dicular to the incident direction (see Figure 17), and a test is per- 
formed to determinate if the points are inside or outside the corre- 
sponding convex-hull polygon 

8. Results 

Numerical results of the RANURS code for complex geome- 
tries are presented below. Results about low- and medium-com- 
plexity targets can be seen in references [ 3 ,  7, 81. 

7.1 NACA 3317 airfoil 

This geometry has been analyzed with the TOTAL and 
RANlJRS codes. The model for RANURS contains six surfaces and 
one edge (see Figure 18), whereas in TOTAL, the model is 
described by 53 flat patches and 89 straight edges. Figures 19 and 

20 show the RCS results obtained with TOTAL and RANURS for 
thee  = 90" cut. These results are very close to the measured values 
that appear in reference [I ] ,  which have been reproduced in Figure 
21 

7.2 Generic missile 

Figures 2a and 2b present twos models of the missile which 
was analyzed. The first one is an edge-facet model of the missile 
that is described by 639 flat patches and 1,122 straight edges. The 
second figure represents a NURBS-surfaces model which contains 
57 patches. Figures 22 and 23 show predicted RCS values for the 
0 = 90" cut and vertical polarization at 12 GHz. These results have 
been obtained by taking into account reflections, diffractions, and 
double interactions Comparing these numerical results with the 
measurements in [I], a good agreement can be observed. 

7.3 CN235 airplane 

This target was modeled by 15,886 flat facets and 26,037 
edges for the 7 0 7 A L  code, and with 104 NURBS surfaces and 72 
edges for the RANURS code A sketch of the NURBS-patches 
model is shown in Figure 1 Figure 24 presents measurements 
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Figure 20. The RCS for the NACA 3317 airfoil computed with 
the RANURS code (horizontal polarization at 16 GHz). 
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Figure21.The measnred RCS for the NACA 3317 airfoil 
(horizontal polarization at 16 GHz), taken from 111. 
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Figure 22. The RCS for the generic missile computed with the 
TOTAL code (vertical polarization at 12 GHz). 
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Figure 23. The analytical RCS for the generic missile computed 
with the RANURS code (vertical polarization at 12 GHz). 
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Figure 25. The RCS for the CN235 airplane computed with the 
RANURY code. 
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Figure 26. The RCS for the CN235 airplane computed with the 
TOTAL code. 
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Table 1. CPU tiines for the TOTAL code. 

No. 
Edges 

89 

1122 

26037 

No. 
Patches 

53 

63 9 

RCS CPU 
Contributions Time 

Reflections and 0:00:06 
diffractions 
Reflections and 0:Ol:Ol 
diffractions 
Reflections, 
diffractions, and 0:22:36 
double 
interactions 
Reflections and 0:19:32 
diffractions 

15886 

Table 2. CPU times for the RANURS code. 

Target 
Modeled 

NACA 3317 
Airfoil 
Missile 

CN235 Airplane 

No. 
Patches 

7 

57 

86 

Reflections and 
diffractions 
Reflections and 

~ 

diffractions 
Reflections. 
diffractions and 
double 

Reflections and 
diffractions 
Reflections, 
diffractions and 
double 
interactions 

Time 

0:32: 10 

0.16 46 

2 54 50 

obtained from a 1/76 scale model for the B = 90’ cut at 26 GHz. 
These measurements were carried out by the Department of Signal 
Theory and Communications of the Universitat Politecnica de 
Catalunya, in Barcelona, Spain. Figure 25 shows the RCS values 
obtained with RANURS. As can be observed, the shape of the 
curve, and the positions of maxima and minima, agree well with the 
measured values. Figure 26 shows the RCS values obtained with 
TOTAL. In both cases, the results have been obtained by consider- 
ing single and double effects 

7.4 CPU times 

Tables 1 and 2 show the CPU times obtained by the TOTAL 
and RANCJILY codes for different geometries The computer was a 
HP Apollo 735 (124 MIPS, 41 MFLOPS) If only reflected and 
diffracted contributions to the RCS are considered, it can be 
observed in Tables 1 and 2 that the CPU times vary from several 
seconds, for simple geometries, to nearly half an hour, for complex, 
realistic targets When considering double interactions, the run 
times grow very much This fact must be taken into account by the 
users, who should chose this option only for the angular margins, 
where non-negligible RCS due to double interactions can be antici- 
pated 

The memory-size requirements are basically dependent on the 
complexity of the models. For instance, in the worst case (the 
CN235 airplane), the RAM-memory requirements for TOTAL and 
RANURS are 10 megabytes and 4 megabytes, respectively. There- 

fore, these codes are suitable for running on a compatible PC of 
high performance, with reasonable CPU times. 

9. Conclusions 

This paper has presented a general-purpose code, MNURS, 
for use in the analysis of the monostatic RCS of electrically large, 
complex targets. The geometrical description of the targets is given 
in terms of NURBS surfaces. This technique of modeling is used in 
a variety of industries (aircraft, ships, cars, etc.), and by engineers 
involved in different aspects of the design process (structural, 
mechanical, aerodynamical, electrical, etc.). The NURBS surfaces 
can be generated by the most-common CAGD tools, so RANURS 
can be easily integrated with many of the available CAGD codes. In 
fact, it has been integrated with the I-LEAS solid-modeling tool. 

The classical RCS analysis packages usually describe the tar- 
gets in terms of facets and wedges However, the NURBS-surfaces 
technique requires less memory storage to describe the targets’ 
geometries, enabling more accurate adjustment to the real target 
surfhce. This avoids the “facet noislt:” usually present in classical 
facet-modeling codes 

The scattered fields are calculated by using the PO+EMC 
approach These high-frequency techniques are very efficient and 
accurate, when used in combination with a NURBS description of 
the scatterers First, this is true because a small number of patches 
are used to inodel the target accurately Second, it is also due to the 
fact that the PO+EMC approach is diirectly applied on the paramet- 
ric (jurfaces, and the final expressions of the fields are given as 
functions of the NURBS-patch coefficients 

The contributions to the RCS can be subdivided into single 
effects (reflected fields and diffracted fields) that can be computed 
in very little time, and double effects (double-reflected fields, 
reflected-diffracted fields, and diffracted-reflected fields), which 
need more computational resources In addition the shadowing 
problem has been efficiently addressed. 

The program has been thoroughly validated The paper shows 
some results of comparisons with measurements and numerical 
simulations from other codes Data about computer times have also 
been presented Finally, it is possible, with some additional effort, 
to modify IiANllRS for the treatment of different materials (finite 
conductivity, RAM, etc ) 

To obtain further information about both codes, contact 
Felilpe Catedra at +34-42-201873 (Fax), or send e-mail to 
felipeagsr unican.es. 
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