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ABSTRACT

RADAR CROSS SECTION ANALYSIS BY
SHOOTING AND BOUNCING RAYS METHOD

Cakir, Mustafa Kagan
Ph.D., Department of Engineering Sciences

Supervisor: Prof. Dr. Turgut Tokdemir

September 2015, 121 pages

In this study, a MATLAB code incorporating "Shooting and Bouncing Rays (SBR)
Method" is developed for calculating Radar Cross Section (RCS) of complex shapes.
The code can calculate ray paths, magnetic current sheets, incident and scattered
electric fields and RCS in horizontal, vertical and cross polarizations. While
reflection effects are calculated by SBR algorithm, diffraction effects due to edges
and corners are handled by "Equivalent Edge Currents (EEC’s)'. Wave frequency,
aspect angle and number of rays are the input parameters of the code. Primitive
geometries can be generated and analyzed by the code. In case of complex shapes,
the input to the program is generated by 3D CAD tools in STL format. Several

conclusions drawn from the calculation results are presented.

Keywords: Radar Cross Section, RCS, Shooting and Bouncing Ray Method, Ray
Tube Integral
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SEKEN ISIN YONTEMI ILE
RADAR KESIT ALAN ANALIZLERI

Cakir, Mustafa Kagan
Doktora, Mithendislik Bilimleri Boliimii
Tez Yoneticisi: Prof. Dr. Turgut Tokdemir

Eyliil 2015, 121 sayfa

Bu calismada, Seken Isin Yontemi (SIY) ile kompleks cisimlerin Radar Kesit
Alani'm1 (RKA) hesaplayabilen bir MATLAB kodu hazirlanmasi amaglanmustir.
Kod, 1sin yollarini, ylizey akimlarini, gelen ve sagilan elektrik alanlar1 ve dikey,
yatay ve capraz dalga polarizasyonlarindaki RKA degerlerini hesaplayabilmektedir.
Gelen dalga frekansi, tarama agisi, polarizasyon ve 1smn sayist gibi parametreler,
hazirlanan MATLAB koduna girdi olusturmaktadir. RKA analizi yapilacak olan
temel geometrik sekiller gelistirilen kod icinde olusturulabilmekte, bunun yaninda
karmagik geometriler ise 3D CAD programlart araciligi ile olusturulup STL
formatinda MATLAB koduna girdi olarak tanitilabilmektedir. Ayrica, Ornek

¢oziimlemelerden elde edilen sonugclar, tez ¢alismasinda sunulmustur.

Anahtar Kelimeler: Seken Isin Yontemi, Radar Kesit Alani, RKA, Isin tiipii
integrali
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CHAPTER 1

INTRODUCTION

1.1 Literature Review

James Clerk Maxwell formed the foundations of the classical theory of
electromagnetism in 19th century. Main application scope of Maxwell equations is
calculation of electromagnetic fields scattered from targets. Backscatter from

military targets has been widely investigated since the beginning of World War II.

The principles of ‘Radar’ are mainly based on Maxwell’s equations. “Radar is an
object-detection system that uses radio waves to determine the range, altitude,
direction, or speed of objects. It can be used to detect aircraft, ships, cavitycraft,
guided missiles, motor vehicles, weather formations, and terrain. The radar dish (or
antenna) transmits pulses of radio waves or microwaves that bounce off any object in
their path. The object returns a tiny part of the wave's energy to a dish or antenna that
is usually located at the same site as the transmitter. The term RADAR was coined in
1940 by the United States Navy as an acronym for RAdio Detection And Ranging.
The term radar has since entered English and other languages as a common noun,

losing all capitalization.

Hertz proved that electromagnetic waves are reflected back from metallic and
dielectric surfaces. Research and development studies on radar systems gained
significance due to the tactical advantages obtained on the combat field of World
War Il. In radar applications, electromagnetic power scattered by the target is
modeled in hypothetical field called the ‘Radar Cross Section’ (RCS). Today,

calculating the RCS of a target is one of the important issues in radar engineering.
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“The radar cross section (RCS) of a target is defined as the effective area intercepting
an amount of incident power which, when scattered isotropically, produces a level of
reflected power at the radar equal to that from the target. RCS calculations require
broad and extensive technical knowledge, thus many scientists and scholars find the
subject challenging and intellectually motivating. This is a very complex field that
defies simple explanation, and any short treatment is only a very rough

approximation.

The units of radar cross section are square meters; however, the radar cross section is
NOT the same as the area of the target. Because of the wide range of amplitudes
typically encountered on a target, RCS is frequently expressed in dBsm, or decibels
relative to one square meter. The RCS is the projected area of a metal sphere that is
large compared with the wavelength and that, if substituted for the object, would
scatter identically the same power back to the radar. However, the RCS of all but the
simplest scatterers fluctuates greatly with the orientation of the object, so the notion

of an equivalent sphere is not very useful.

Different structures will exhibit different RCS dependence on frequency than a
sphere. However, three frequency regimes are identifiable for most structures. In the
Rayleigh region at low frequencies, target dimensions are much less than the radar
wavelength. In this region RCS is proportional with the fourth power of the
frequency. In the Resonance or Mie Region at medium frequencies, target
dimensions and the radar wavelength are in the same order. The RCS oscillates in the
resonance region. In the Optical Region of high frequencies, target dimensions are
very large compared to the radar wavelength. In this region RCS is roughly the same
size as the real area of target. The RCS behaves more simply in the high-frequency

region. In this region, the RCS of a sphere is constant.” [32]
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Figure 1 Normalized backscattered RCS for a perfectly conducting sphere using

semi-log scale

Computational electromagnetics methods are based on numerical approaches of
Maxwell equations which model interaction of physical targets and electromagnetic
fields. In the last few decades this discipline has been critical for low observability
technologies. Methods of this discipline have been widely adapted for problems such
as antenna design and installation, radomme design, electromagnetic compatibility,

RF parts design and bioelectromagnetism.

“In general, codes based on the methods-of-moments (MOM) solution to the
electrical field integral equation (EFIE) are used to calculate scattering in the
Rayleigh and resonance regions. Codes based on physical optics (PO) and the
physical theories of diffraction (PTD) are used in the optical or high-frequency
region. The target's electrical size (which is proportional to frequency and inversely
proportional to the radar wavelength) that determines the appropriate algorithm to

calculate the scattering. When the target length is less than 5 to 10 wavelengths, the



EFIE-MOM algorithm is used. Alternatively, if the target wavelength is above 5 to
10 wavelengths, the PO-PTD algorithm is used. [32]

Many different methods have been developed since World War 11 for calculating
Radar Cross Section of complex shapes. In the earlier techniques, electromagnetic
waves in the microwave frequency are assumed to obey the laws of optics. These
approximate techniques are used in the solution of numerically large problems. Since
these techniques are effective at high frequencies, they are called high frequency
solution techniques. Among the high frequency techniques are Physical Optics (PO),
Geometric Optics (GO), Physical Theory of Diffraction (PTD), Geometric Theory of
Diffraction (GTD)) and Uniform Theory of Diffraction (UTD). In most of these
approaches, diffraction effects have also been taken into consideration when
modeling interaction of electromagnetic wave with the target. Among these methods,
physical optics and geometric optics provide accurate predictions unless there exists
sharp edges on the target. However, in case of sharp edges and corners, methods that
neglect diffraction effects have large error percentages. Error percentages in optic
methods depend on the shape of the target.

Computational Electromagnetics Techniques

100 500 1 5
MHz MHz GHz GHz

Low Frequency Techniques HighFreque_
A_hniques Diffraction Tec_

Finite Differences FMM GTD Geometric Optics
Finite Element Method PWTD PTD Physical Optics
IRBC uUTD
Method of Moments
IML EEC
PSTD ILbC

Figure 2 Computational Electromagnetics Techniques



Since 80’s there has been a rapid increase in computational power of processing
units. Correspondingly, new methods which reduce approximations in RCS
calculations have been developed. Techniques developed for RCS calculations after
1980 are classified under two main groups. Basically, these techniques are high
frequency techniques which adopt optical approaches and low frequency techniques

which aims to solve the problem without any approximations.

Full wave techniques have been developed by the approach of numerical
discretization of Maxwell equations. Methods of Moments, Finite Difference Time
Domain and Finite Element Method. These techniques are sometimes called the low
frequency techniques. Electrically large problems in GHz frequencies cannot be
solved by these low frequency techniques. However, low frequency techniques
model the interaction of the target and electromagnetic wave and the resulting
percent error is generally much lower than what is dictated by most engineering
approaches. Recently, new methods based on full wave solution have been
developed. This new method is called the Multilevel Fast Multi Pole Method
(MLFMM) and uses the Method of Moments formulation. The main difference from
MoM is that MLFMM groups the main functions and calculates the interaction
between these groups. Today, this method is used for electrical large and dielectric

problems that are difficult to solve even with today’s high computation power.

The most effective solution for high frequency problems is high frequency
techniques supported by diffraction theories. In these techniques, single and multiple
reflections, shadowing and diffraction effects are also considered. The contribution
of diffraction is calculated by the Physical Theory of Diffraction. Recently, a new
method called the Shooting and Bouncing Rays (SBR) method is developed.
Multiple reflections can be handled with this method. SBR is method is composed of
combination of GO and PO methods. Ray tracing technique is an appropriate method

used for low observability design.

Multiple scattering plays a crucial role in RCS calculations. Cavities are locations
where multiple scattering occurs mostly. The solution to this problem has been a
main issue since multiple scatters around cavities have significant contributions on
RCS.



In general, RCS of cavities is calculated by means of either modal analysis or full
wave solution methods. For complex structures, neither modal analysis method nor
full wave solution methods are not sufficient for solving electrically large problems.
Shooting and Bouncing Rays (SBR) method for cavities first used by Chou et al. in
1989 in a project supported by NASA [2] In this method, rays are shot into the cavity
and propagate in the cavity according to GO rules. Besides, material properties can

be taken into consideration by this method [2].

In Geometric Optics, electromagnetic propagation is first represented with the
reflection, refraction, and divergence of optical rays. The electromagnetic properties
of magnitude, direction, and phase are then added on top of the ray traces to mimic
the properties of waves. In Physical Optics, incident electromagnetic waves are
converted into equivalent surface currents on the scattering surfaces of the structure
under study, using the surface equivalence principles. The current is then integrated
and re-radiated as electromagnetic waves towards the observation points everywhere

in the computational domain [1].
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Figure 3 Various mechanisms contributing the Radar Cross Section (RCS) of an

aircraft

Combining Geometric Optics and Physical Optics methods, PO-SBR begins the
computation by launching numerous rays from the sources, usually antennas or

regions of plane waves. The magnitude of the rays is dependent upon the pattern of



the source. Each ray then propagates through the computational domain and bounces
between the target surfaces under study using the GO method. Next, the
electromagnetic fields at each hit point are converted into surface currents using the
PO methods and re-radiated towards all observation points. Finally, the fields at each
observation point are summed up to represent the final electromagnetic field
computed at the corresponding location of the computational domain. Although the
optical approximation is not a precise electromagnetic theory compared to the full
wave methods, asymptotic methods are able to provide a very fast and reasonable
estimation of the field strength in presence of electrically large structures [1].

Scattering from open ended rectangular cavities has been analyzed by two methods.
These are ‘waveguide modal analysis method’ and ‘shooting and bouncing rays
method’. Cavity is defined according to waveguide modes whose electrical field is a
known quantity. Unknown mode coefficients are determined by applying the
Kirchoff approach and reciprocity relationship. The second approach is the ray

tracing method [3] which also known as shooting and bouncing rays.

The solution to scattering from open ended waveguides and electromagnetic
coupling problems has been investigated by Pathak et al. [4]. A relatively simple and
efficient high-frequency analysis of electromagnetic modal reflection and
transmission coefficients for waveguide discontinuities which are formed by joining
different waveguide sections has been investigated. “The analysis extends the
concept of geometrical theory of diffraction based equivalent edge currents and
utilizes it in conjunction with the reciprocity theorem to describe interior
(waveguide) scattering effects. It is noted that the previous use of equivalent edge
currents was mostly restricted to exterior scattering by edged bodies, and its
application to deal with interior scattering was limited to those guide geometries for
which image theory could be used effectively to account for the interior wall effects.
The present extension allows one to treat more general two and three-dimensional
waveguide geometries provided the waveguide modes and their associated modal
rays can be found explicitly. In particular, expressions for two-dimensional reflection
and transmission coefficients are developed, and numerical results are shown for a

flanged, semi-infinite parallel plate waveguide and for the junction between two



linearly tapered waveguides. One sample result is also shown for the reflection
coefficient of a three-dimensional open-ended circular waveguide. Detailed
expressions for three-dimensional waveguide discontinuities are being reported

separately.” [4]

As a result of the literature survey, it is concluded that there is a deviation between
the results deduced from the computations conducted by SBR and modal analysis
methods at low frequencies. Modal analysis method yields to accurate results at low
frequencies whereas SBR at high frequencies. Other advantages of the SBR method
are providing flexibility and applicability to problems whose waveguide modes
cannot be determined easily.

Baldauf et al. modified the SBR method which was originally developed for cavities.
In cavity structures, rays leaving the cavity are captured at the aperture. However, for
the open scatterers, it is troublesome to determine the area where the electrical field
integral is solved [5]. Baldauf proposes a cavity equivalent to the scatterer. With this
proposition, the solution is similar to conventional PO method except for multiple
reflections. In this study, the baseline of this method is explained by Huygens

principle.

In this method, both basic and complex targets can be produces in STL
(stereolithography) format. In STL mesh format, targets consist of triangular flat
elements. Node coordinates and surface normal of triangular elements are clearly

defined in this format.

Complex targets can be handled as a geometry consisting of triangular flat elements.
Ray-triangle intersection test has significance as most of the computation time is
spent for this intersection test. Basic intersection algorithms in the literature first
calculate three planar boundaries and then tests whether the intersection point lies
within the boundaries of the triangle. One of the most frequent methods used in SBR
for ray-triangle intersection is Badouel algorithm and the other is Moller-Trumbore

[7] algorithm.

In Badouel algorithm, the intersection of the ray with the plane that the triangle lies

on is tested. If the ray is intersecting the plane, then the intersection point is tested



whether it lies inside the triangle or not. If the intersection point lies within the

triangle, the intersection coordinates are calculated.

In Moller-Trumbore algorithm, since the intersection of the ray with the plane that
the triangle lies on is not calculated, there is no need for the plane’s equation
parameters. Therefore, ray/triangle intersection test is accelerated. The most
significant advantage of this method is efficient usage of the memory.

The asymptotic solution to the canonical problem of scattering of planar waves from
perfectly electric conducting cylinder has been investigated by Pathak [8] and
‘Uniform Theory of Diffraction (UTD)’ has been proposed as the solution. Pathak
solved the problem of scattering of planar waves from perfectly electric conducting
cylinder in a manner similar to the method of Fock and by means of heuristic
approaches he converted the total field into a uniform field. This solution is also
valid for surface boundary layer transition zone. Fock also developed an asymptotic
theory that investigates the diffraction of waves at large convex surfaces and
proposed the solution in the shape of a canonic integral.

Paknys [9]. investigated the radar cross section of the large rectangular shaped cavity
embedded inside a finite cylinder. The geometry used in this analysis has also been
used for analyzing cockpit like structures in air vehicle. Aperture Integration method
has been used for analysis of waveguide modes propagating in cavity. Creeping wave
effects have been calculated by ‘Geometric Theory of Diffraction’. Diffractions

outside the cylinder have been handled by the ‘Theory of Equivalent Edge Waves’.

1.2 Overview of the Thesis

In this thesis study, basic SBR code is developed by MATLAB®. This code has been
applied for open end scatterers for which the selected aperture is critical for the
aperture integral. If the electromagnetic field values at the exit aperture are exactly
known, far field RCS results can be acquired without considering the selected exit
aperture. Huygens principles are applied to determine the electromagnetic field at the

exit aperture. According to these principles it is assumed that the scattering surface is



contained by a surface called the Huygens surface. Equations of Huygens surface
hypothesis has been used for numerical integration on the aperture surface. Results
obtained from this code have been compared with the results obtained from PO
methods. SBR can automatically handle shadowing and multiple bounce problems by
means of ray tracing capability. However, since SBR algorithm does not consider
diffraction effects, SBR code shall be supported by Physical Theory of Diffraction
(PTD) or Uniform Theory of Diffraction (UTD) to achieve more accurate

computation results.

The broadest method in the literature which can handle edge diffraction effects is the
Micheali’s method [10]. In this study, Micheali formulated the ‘Equivalent Edge
Waves’ and claimed that diffraction effects can be solved by using them inside a
linear radiance integral presented by Thomas Young almost 300 years ago.
Although, Micheali, himself, did not perform any software applications, there have
been numerous researchers using his method of ‘Equivalent Edge Waves’ for RCS

analysis.

1.3 Outline of the Thesis

In the 2" chapter of this thesis study, formulation of the basic SBR method has been
investigated. Also, ray-triangle intersection test has been analyzed by different
methods and a new accelerated ray-triangle intersection test method has been
investigated and compared by other conventional methods. In the last phase of the
code, Huygens principles are made use of in the scattered field analysis and
explained in detail. The code developed by using MATLAB has been tested on
targets like square plate, cube and cylinder.

In the 3" chapter of the study SBR code developed has been used to verify RCS of
complex targets such as F117, Eurofighter and F16 aircrafts.

In the 4™ chapter, Physical Theory of Diffraction (PTD) — Equivalent Edge Waves

method has been superposed on SBR and diffraction effects have been investigated.
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In the 5" chapter, a case study on modelling a generic cockpit geometry of an air
vehicle has been investigated. Cockpit geometry has been analyzed by using SBR

and uniform theory of diffraction.
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CHAPTER 2

SHOOTING AND BOUNCING RAYS METHOD

In this chapter, Shooting and Bouncing Rays (SBR) method is explained. SBR algorithm
defined in this section is a ray based technique capable of calculating Radar Cross Section of
perfectly electric conducting targets. This technique is also applied to electromagnetic
scattering and antenna radiation problems. Basically, the algorithm is composed of ray

tracing, amplitude tracing and aperture integration parts.

Main blocks of the algorithm are defined in following sections: ‘Definition of the Ray’,
‘Ray-Triangle Intersection Test’ and ‘Reflected Ray’ .In section 2.1 SBR analysis results for
problems such as scattering from cavities and simple and complex targets are provided.
Numerical results of the SBR code are compared with results obtained by Physical Optics

(PO). Benefits and drawbacks of these two methods are also explained.

2.1 Shooting and Bouncing Ray Method Formulation

Shooting and Bouncing Ray (SBR) Method is based on principles of geometric optics [2].
Scattering analysis are performed on 3 levels. First, SBR traces the hit points and updates the
incident electromagnetic fields from the source onto those hit points. Next, PO paints the
equivalent surface current using the surface equivalence theory. The re-radiations of the
surface currents from all hit points are then collected and summed at the desired observation
points. And finally, the source radiates directly towards the observation points using SBR,
and the resulting fields are added on top of the summation from the surface currents to
become the final field solution at the observation points. In this step, scattered field is

calculated by ray tube integration method according to Huygens principles.
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SBR has two main advantages against PO. First, shadowing effects are naturally taken into
consideration while in PO there is serious effort to calculate shadow effects. The second and
more significant advantage is the ability of SBR to calculate multiple bounce effects whereas
PO does not have that capability.

Figure 4 Incident wave illuminating the target

2.1.1 Ray Definition

In order to perform SBR analysis, a stack of parallel rays shall be produced in order

to mimic incident wave. Origin vector of each ray is defined as follows:

Ql

= Oprigin = XoX + Y0¥ + 202 (2.1)

The direction vector of the ray is:

ﬁ = xd? + yd? + Zdﬁ Where; xdz + de + Zdz =1 (22)

The directional components of the incident waves in Cartesian coordinate system are
as follows:

xg = —sinf'cos@' , y, = —sinf'sing’
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and z; = —cos@*

- .
~ Local Coordinate
System

Global Coordinate
System

Figure 5 Incident ray intersecting the target surface

Ray equation defined by the origin vectors is as follows:

R(t)=0+1tD (2.3)

(xl' yl'zl) = (xOJ yO'ZO) + (xd' Yar Zd)t (24)

denotes the coordinates of the ending point. In above equations, t denotes time, R(t)

2.1.2 Ray-triangle intersection tests and reflected ray

This phase includes calculations of reflection plane, surface normal, reflection point,

distance from reflection point to the origin of the ray, amplitude and phase of
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incident ray, reflection and transmissivity vectors, field magnitudes corresponding to

reflecting and transmitted rays.

When the ray reaches the target surface, ray-triangle intersection test shall be
realized. If there is an intersection, plane of reflection, reflection and transmission
vectors and point of reflection are found. Exact locations of the reflection and
diffraction are necessary for calculating polarization components and traces of

reflecting and diffracting fields.

“Algorithms solving ray-triangle intersection test, simply calculates the intersection
with three boundary planes defining the size of the triangle and then tests whether the
intersection point is inside edges of the triangle or not.” [11] This approach requires a

significant amount of storage space.

Fig. 6 shows the boundary planes (i.e. plane AB, plane BC and plane CA) of triangle
ABC.

plane AB

plane CA

plane BC

Figure 6 Boundary Planes of a Triangle

Ray-triangle intersection test has two logical sequences:

e The distance from the origin of the ray to the intersection point of ray end

triangle is calculated. This is called the distance test.
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e Whether the ray-triangle intersection point lies within the triangle or not is

tested. This is called the aperture test.

In this study, three algorithms governing ray-triangle intersection have been used.
These are Badouel’s algorithm [6], Moller-Trumbore algorithm [7] and Plucker
algorithm [11].

2.1.2.1 Badouel Method
The scattering surface is defined by the equation z = f(x, y). Intersection point on

the ray and plane is determined by simultaneously solving plane and ray equations as

shown in Figure 7.

—
N

(0+tD) P

Figure 7 Ray and the plane on which the triangle lies

For instance, if the scattering surface is a flat plate, the intersection point is

determined as follows. Plane is defined by a point (Q) on it and the unit normal

vector (N).

Since the dot product of two perpendicular vectors is equal to zero, for any point (P)

on the plane following equation can be written,

N-P-Q)=0 (2.5)
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The following equation is obtained by simultaneously solving ray and the plane

equations:
N-(0+tDh-Q)=0 (2.6)

Here t is defined as
=2 2.7)

Shape of the basic geometries like plate, sphere or cylinder can be defined by one
single equation. Complex geometries can be handled by treating them as
combination of triangular flat plates. In this case, intersection of a triangle and ray is
more complicated than primitive geometries. “Basically, ray-triangle intersection test
is applied in two steps:

e Intersection of the ray and the plane of the triangle

e Checking whether the intersection point lies within the triangle or not.” [11]

Ray-triangle intersection is explained by equations 2.5 thru 2.7. After defining the
intersection point, it is decided whether the point lies inside the triangle or not.
Triangle is defined by corners p0, pl and p2 as shown in Figure 8. The unit normal

vector (1) is defined by the right hand rule and expressed as follows:

n = (p; — po) X (P2 — Po) (2.8)
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Figure 8 Triangle defined by the right hand rule

The triangle is the intersection of 3 planes as shown in Figure 6. Provided that the

point is at the right side of the each line (edge) then the point lies inside the triangle.

Using this definition, if a point is at the left hand side of each edge then the point is
outside the triangle. By means of vector multiplication and using the equations 2.9
thru 2.11 it can be decided whether point P (ray-traingle intersection point) is at the

right hand or left hand side of the specific edge.

Since three corners of the triangle and the intersection point lies on the 3D space,
vector multiplication is the best way to calculate the clockwise (CW) /
counterclockwise (CCW) directions. The unit normal vector (7)) shall be
perpendicular to and outward the surface. The following equations shall be satisfied

in order the point to be inside the triangle:

(p1 — Po)Xx(X —po)[-0 =0 (2.9)

(pz —px(x—py)| M =0 (2.10)

=1
v
o

(po — P2)x(x — p2)| - (2.11)
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Figure 9 Method of testing whether a point is inside the triangle or not

2.1.2.2 Moller-Trumbore Method

This method yields to a faster algorithm since there is no need for the surface

equation. Moller-Trumbore Method can be expressed as follows:

Ray R(t) with origin O and normalized direction D can be defined as follows:
R(t) =0 +1tD (2.12)

Say the corners of the triangle are Py, P; and P, respectively. t is the intersection

distance and (u,v) are the coordinates at the intersection point.

2.1.2.2.1 Intersection Algorithm

A point T (u, v) on the triangle is defined by the following equation:

T(u,v)=(1-u-v)Po+uP;+VvP, (2.13)
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where (u,v) are baricentric coordinates, u >0, v>0 and u+v <1 must be
satisfied. When calculating the intersection between ray R(t) and triangle T(u,v),

R(T)=T(u,v) equation must be satisfied and defined as follows:
O+tD = (1-u-v)Po+uP1+VvP, (2.14)
This equation can also be defined as follows:

t

[_D, P1 - Pz, P2 - P] lul = O - PO (2.15)
A%

The distance (t) between the ray’s origin and intersection point and its baricentric
coordinates can be determined by solving the linear system of equations given in Eq.
2.15.

M0-Va)

W

Figure 10 Translation of the ray’s origin

In Figure 10, M=[-D, V1-Vy, V2-V(] is the matrix in Eq. 2.15.

Given E;= P1-Poy E>= P2-Pgand T=0-Py Eq. 2.15 can be solved by Kramer’s rule.

¢ T E, E,
1
—— ' |p T E .
H B Tzl (219
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|[A° B C|l=-(AXxC)-B=—(CxB)-A equation is known from linear algebra

and can be solved Eq. 2.16 can be arranged as follows:

t (T xE;)-Ey Q-E;
H: —— [ (DXE,)T =%[P-T‘ (2.17)
( 2)'Eq (TXEl)'D 1 Q-D

where; P=(D x E3) and Q=(T x E;)

2.1.2.3 Plucker Test Method

Another method used to accelerate ray-triangle intersection test is the Plucker test.
This test is faster than Moller-Trumbore test. Main idea of the Plucker test is to store
the ray’s coordinates (i.e. origin and direction) and the edges of the triangle in
Plucker coordinates. In Plucker method, first the intersection distance parameter and

then intersection point is calculated [11].

Figure 11 Illustration of Plucker Test
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In Figure 11 a, b and ¢ show the edges of the triangle. Since, all the black arrows
attached to the edges of the triangle are directed towards the ray rl and towards
inside of the triangle, it can be concluded that the ray intersects the triangle. All the
grey arrows attached to the edges of the triangle are directed towards the ray r2 but
not all of them are directed towards inside of the triangle, it can be concluded that the

ray does not intersect the triangle.

The general strategy of the methods in the literature is first to perform the distance
test and pass to the aperture test if the distance test fails. The Plucker algorithm
performs a fast aperture test that makes use of the Plucker coordinates along with
distance calculations. The following section explains the Plucker coordinates.

2.1.2.3.1 Plucker Coordinates

Plucker coordinates developed by Julius Plucker in 19" century, is a method that
assigns 6 homogenous coordinates for each line in the projective 3D space (P°).
2.1.2.3.2 Geometric Intuition

In the 3 dimensional Euclid space, line L is defined by two points or two planes

containing the points.

o Q \

(a) (b)
Figure 12 (a) Representation of two points in a line (b) Representation of direction
and moments of two points on the line

The displacement vector from point P = (p;, p2, ps) to point Q = (qi, g2, Q3) is
different from 0 as long as the points are not collocated. The displacement vector
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also shows the direction of the line. Each displacement between the points on Line L
is given by the scalar multiplication of U=P-Q. If a physical particle having a unit
mass is moved from point P to point Q then it has a moment about the origin. This
moment is equal to the cross product of the U and Q. The area of the triangle OPQ is
proportional to the distance between P and Q which is considered as the triangle’s
base and the area doe no change if the triangle is moved along the line. The moment
vector V is perpendicular to the displacement as stated in its definition hence
Uu-v=0.

(U:V) = (uz: u2: u3: v1: v2: v3) are homogeneous coordinates of L.

2.1.2.3.3 Algebraic Definition

In the 3D projective space (P%), line L includes point P and point Q with
homogeneous coordinates (px: py: pz: 1) and (g«: qy: gz: 1) respectively. These

coordinates when embedded into the columns of M, a matrix of 4 x 2 is formed.

Px dx

M = Ir))Z gz (2.18)

1 1

Since P and Q are different points, the columns of M are linearly independent and
rank 2. Plucker coordinates of line L is defines as follows:

L={P-Q: PxQ}
Px Ox py qy Pz Qqz py qy Pz 4zl |Pz 4z (2 19)
\1 1 1 1 1 1) \pz gzl 1px  qxl|Py Ay )

Y Y

P-Q PxQ

The Plucker coordinates of A, B and C edges of the triangle are expressed using
following 18 coefficients, where (Xo,Yo0,20), (X1,y1,21) and (Xo,y»2,Z2) are the

coordinates of the corners respectively [12].
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Table 1 Coefficients for Plucker Test

A B C
Ao=XoY1-X1Yo Bo=X1y2-X2Y1 Co=X2Y0-XoY2
A1=X0Z1-X120 B1=X1y2-X2y1 C1=X2Z0-X0Z2

Ar=Xo-X1 Bo=X122-X221 C2=X2-Xo
As=Y0Z1-Y1Z0 Bs=y1Z2-Y221 Cs=Y2Z0-Yoz2
As=20-21 Bs=z1-2, Cs=2-2
As=Y1-Yo Bs=Y2-y1 Cs=Yo-Y2

Following equations can be deduced from Table 1:

Ao+Bo+Cr=Xg-X1+X1-Xo+X2-Xo=0 (220)
Aut+Bs+Ci=20-21+21-25+75-2p=0 (221)
As+Bs+Cs=y1-yo+y2-y1+Yo-y2=0 (2.22)

Equations above yield:

C,=-A,-B, (2.23)
C4:-A4-B4 (224)
C5:-A5-B5 (225)

As a result, for a triangle only 15 coefficients are enough instead of 18 coefficients
yielding a memory saving 20 %. Non-normalized unit normal vector of the triangular

surface can be defined as follows [13].
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Figure 13 Unit normal vector components of a triangle

N=Az+B3+C3 (226)
ny:-Al-Bl-Cl (227)
n,=Ag+Bo+Cp (228)

2.1.2.3.4 Basics of the Plucker Test

“Plucker coordinates are an alternate way of describing directed lines in three space
using six numbers [11]. By performing a six dimensional permuted inner product of
these numbers we can determine whether two directed lines intersect (the inner
product is 0.0) or whether one passes to one side or the other (depending on the sign

of the inner product). These three possibilities are illustrated in figure 14.” [11]

/A/ 7
ﬂ/{ a El/
b

Figure 14 Three possibilities for two directed lines whether one passes to one side or
the other (depending on the sign of the inner product).
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By determining on which side a line passes with respect to another we can determine

if a ray passes through a triangle [11].

So if 6-dim vectors defining edges and a ray are:

€ = {P — Po, P X po} (2.29)
er={p1—p, prx p} (2.30)
€2 ={pPo— P1, Po * p1} (2.31)
R={dxo,d} (2.32)

Ray intersection test is performed by checking whether the dot products of the

following 6 dimensional vectors have the same sign or not.

o= (eo, R), t1 = (el, R), = (82, R) (233)

Figure 15 Ray-Triangle Intersection Algorithm finds whether intersection point py
exists. If yes, computes the u, v parameters of intersection (such as pn = p + epsu +

e1+v) as well as distance t={o, pn}.

Fast test is performed by pre-calculation and storage of the triangle edges in Plucker

coordinates.
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2.1.2.3.5 Intersection Algorithm

In the following sections, accelerating techniques for ray-triangle intersection test
with Plucker coordinates. First, necessary amount of calculation during rendering
process, and how it’s reduced is explained in detail. Second, Plucker test which used
for data processing, in the previous section is explained. Finally, whole intersection

test is described.

2.1.2.3.5.1 Pre-calculated Triangle Data

In the pre-processing phase, all the information about the tringle is based on indexing

the coordinates of normalized unit normal vector, corner p and two edges (e and ey).

2.1.2.3.5.1.1 Storing the Unit Normal Vector

The unit normal vector of the triangle is defined as follows: 7 = (ny, ny,n,). One of
the perpendicular components is assumed to be equal to 1 and since the defined
intersection algorithm does not include any perpendicular length, there is no need to
store it. Similar to the projection test, the perpendicular component with the largest
amplitude is chosen and all the proper values can be scaled by the inverse of this

component.
nw = max(abs(ni)) where i=0,1,2 (2.34)
Then the last two remaining components can be determined:

Ny = Ny/Ny (2.35)
Ny = ny/ny (2.36)

whereu<vandu+v+w=3.

Choosing the perpendicular component with the largest amplitude is not compulsory.
Preferably a component with non-zero amplitude can be chosen but small amplitude

can effect sensitivity.
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2.1.2.3.5.1.2 Storing the Vortex Data of the Triangle
The data of two components of the corner p of the triangle with indices u and v are
simply stored in pu and pv.

pu = pu (2.37)
PV = py (2.38)

The vectorial product of the corner p and scaled unit normal vector is stored as nj.
Np = NuXPu + NPy Pw (2.39)

Instead of storing the dot product, it is possible to stoe the p, component of p but
storing the dot product allows the best memory usage during intersection test phase.

2.1.2.3.5.1.3 Storing the Edge Data of the Triangle

It is necessary to store only two components of each edge with indices u and v (eqy,
€ov, €14, €10 ). There is no need to store the component having w index considering an
edge is a 3 dimensional vector. The scaled components of e are calculated as in e; in

the following manner:

eou = (-1)"eou/ny (2.40)
eov = (-1)"eov/Ny (2.41)
ey = (-1)"er/ny (2.42)
e = (-1)"ewn/ny (2.43)

The w index itself is stored and used for reloading the coordinate components for
indexing. The other two indices (u, v) can be reloaded in order to be used for the bias

(u <) or (v<u)which are used in the pre processing and intersection test phases.

2.1.2.3.5.2 Intersection Algorithm

Generally speaking the ray-triangle intersection problem leads to solving of simple

linear system (see Figure 1 for description of vectors):
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P+ Ueo+ Ver = 0 + 0t (2.44)

if ray hits triangle than ,

u+ve<i (2.45)
uv,t=0 (2.46)
“The intersection algorithm defined here is based on two methods:

o) Fast hit test based on Pliicker coordinates. Using three edges of a triangle, a
ray calculation is determined against each edge and whether the ray is
clockwise or counterclockwise with respect to the edge is determined. The

ray intersects the triangle only when the ray is inside the triangle;

B) Intersection point calculation. If ray passed the hit test (thus it is inside the
triangle) then intersection point barycentric coordinates namely u,v and scalar
distance ¢ (see Figure 15) are calculated.” [11] This done by solving linear

system written in Eq. 2.44.

2.1.2.3.5.2.2 Improved Hit Test for Axis Aligned Triangles

Axis aligned triangles have only one non-zero normal’s coordinate. In our case this
will be n, and n, fields equal to zero. Thus, calculations from previous section could

be simplified to:

det =dy (2.57)
dett=np — Ow (2.58)
Dy = dy- dett - (py- 0y) - det (2.59)
Dy =d,- dett - (py- ov) - det (2.60)
det, = (e1v' Dy — €1y DV) (2.61)
det, = (eoy- Dy — €gv- Dy) (2.62)
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2.1.2.3.5.2.3 Intersection point calculation

“After it is determined that the ray intersects the triangle, the exact position of
intersection point is computed by solving linear system of ray-triangle intersection

equations using Kramer’s rule.” [11]

rdet = 1/det (2.63)
t =dett x rdet (2.64)
Ubar = det, x rdet (2.65)
Vbar = det,xrdet (2.66)

Found ubar, vbar parameters are baricentric coordinates (see section 1), and t -

distance of intersection.

2.1.3 Calculation of the Reflected Wave

“Next, the reflected ray is determined by using the rules of Snell’s law [2];

1) Reflected ray must lie in the plane of incidence

2) The angle of reflection must be equal to the angle of incidence.”

b J:; )
¥
G

1'0‘!7(21 Coordinate
System

Figure 16 Reflection of a ray
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Referring to Figure 16 the reflected ray can be determined according to Snell’s law.

Let m be a unit vector,
m=(ray;j xN)/sin6; (2.66)

where ray; is the incident ray and N is the reflection normal. Note that m is
perpendicular to the plane of incidence. Referring to Figure 14, one can define local

coordinates as follows:

y| =M (2.67)
=N (2.68)
x| =—(f XN) (2.69)

In spherical coordinates ray, can be defined as follows

rayr = (raea(P) (270)
r=1, 0=—(1/2-6;), p=0 (2.71)

“Next, (x, yi, ;) coordinates of ray, in the local coordinate system can be calculated
by spherical to Cartesian coordinate transformation.” Finally, local to global
coordinate transformation can be performed as follows;

A=[0 1 0

0 0 1

(2.72)

100]

x1() x(2) x(3)
C=In1) »n@ wnB) (2.73)
z1(1) 7u(2) z(3)

B=AC ! (2.74)
(Xg: Yg 1 2g) =B(X1. y1.2]) (2.75)

where, B is the transformation matrix. By using the reflected ray as a new incident
ray this procedure is applied until the ray ends to bounce in the geometry.
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2.1.4 Amplitude Tracing and Calculation of the Scattered Field

In ray paths the field amplitude is also traced. In Geometrical Optics, the amplitude,

phase and polarization of electric field can be updated with the following equation.

E(Xi+1, Yi+ s Zj+1 ) = (DF )i I .E(Xi Vi Zj ).e o (2.76)

Where @=Ko[(Xi+1—Xi)*+(Yis1—Yi)*+(z i+1-2i)°]¥? and DF is the divergence factor which
calculates the spreading of ray tubes. DF is applicable for curved surfaces and for
planar surfaces takes the value of 1. T'j is the planar reflection coefficient. For PECs,

planar reflection coefficient can be applied with the equation 2.77.

E; = (=E) + 2(A x E;) x )
(2.77)

The scattered far field can be computed by applying the basic physical optics
approximation in the aperture where exit rays are gathered. The magnetic current

sheet E’ over the aperture is;
M, = 2E(x,y,2) x fi, (2.78)
where, 11, is aperture normal.

“From this magnetic current sheet, the scattered field can be calculated. The scattered
far field is the sum of contributions from individual ray tubes.” The contribution of a

ray tube is calculated as;

e_jkor

Es = ——[BiAp + BiA,] (2.79)
and,

M = [EqgB + EopB] x 22 (2.80)
where,

® = cosOcoseX+cosh singpy—sindZ (2.81)
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|

6 =—sineX+cosey (2.82)

Ms :2E09[sin((p)§r+cos((p)>?]+2Eo(p[—cos(O)cos((p)?+cos(6)§lsin((p)>?] (2.83)

A= f—;’ [f M, eikrdxdy (2.84)
ik : .

Ag = lz—ifsz dxdye/ko(Ux+uy) . [E, cosdy; + Eysind;] (2.85)
ik : .

Ag = ]2_T(;fsz dxdyelko(x+uy) . [(—E, cos; + Eysin;)cosb;] (2.86)

u = sinB;cosd; (2.87)

v = sin0;sind; (2.88)

For the bistatic case, 6' and ¢' values in equations (2.85), (2.86), (2.87) and (2.88) are

replaced with observation angles.

Since the outgoing rays are not uniform, the integrations cannot be evaluated easily
[2]. At this point, shooting and bouncing ray method has a way out. A small ray tube
is shot into the geometry. The ray tube bounces on the geometry and comes to the
aperture finally. Then the scattered field is calculated from this ray tube. Enough ray
tubes are shot into the geometry to model the incident plane wave. The total scattered

field is the sum of all contributions from the ray tubes.[2]
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Aperture

Ray tube

Figure 17 Ray Tube

Assume that the incident ray tube has an area of (AXoAyp) . The central ray with
direction vector (s, Sy, Sz) hits the aperture. The ray tube will have an area of
(AXsAys) on the aperture and the field within the existing ray tube can be

approximated as

Ex( Y] _ [Ex(O W] Sikofsyxoxi)+s, (y-y0)]
[Ey(x, Y)] B [Ey(x, nle Y (2.89)

This means that the amplitude of the field is same on the ray tube and across the ray
tube there is a linear phase variation [2]. If the size of existing ray tube is too large,
the approximation will not be valid. Components of scattered electric field can be

calculated using equations below;

. ray dXdye]kO (UX+VY) e_jkO [SX (X_Xi)+sy (y—yl)]
Ag = % Ziﬂtube _ _ (2.90)
- [Ex(x;, yi)cos@! + Ey(x;,y;)sin®']
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. ray dXdyejko(ux+vy)e—jk0 [sx(x—xi)+sy(y—yi)]
Ay = ’2“—;; Y, fftube | | | (2.91)
- [Ex(xi, yi)sin@' + E, (x;, yi) cos@!) coso]

Since Ex(xi , yi) and Ey(xi , yi are independent of integral variables they can be taken

out of the integral;

Ag = %Zi[Ex(Xi,yl’)COSQ)i + E, (x;, y)sin®'] - elko(sexitsyyi) (Ax, Ay ), (2.92)

Ag = L2 T [Eyx, y)sin®' + By (x, y)cos0'] - elfoloxirsyyi) (ax,ay I, (2.93)

where

1 i — —
l = Gy [y, iy s (v=sy)y] (2.94)

The integral in equation (2.94) is the phase factor in standard physical optics theory
[5]. Sometimes it is called shape function and it is the Fourier Transform of the ray
tube shape.

In order to take advantage of this method for each ray tube, four rays around a central

ray are shot into the geometry.

2, ....... !I
S
e o
Input
Ray tube
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1y
e
‘.
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Qutput

Figure 18 Shape of Exit Ray Tube
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“The position vectors of rays are denoted by y; = x,,X + v,¥, n=1,2,3,4. Fourier

transform can be evaluated as described in [2] and [15]. Simpler proof of this method

based on Stokes’ theorem can also be considered in [16].”

li :S(p,q)/S(0,0)

where,

S(p q) — V4 1ejw-yn (Xn+1=Xn) Yn=Yn-1)—n+1=-Yn) Xn—Xn—1)
) n=

[(&n=%Xn-1)P+¥n=Yn-1)a[Xn+1=Xn)P+¥n+1-Yn)al
S(0,0)=(X1y2 —Xoy1)*+(XoY3 =X3Y2)+(X3Y4 —X4Y3)*+(XgY1 —X1Y4)/2
p=kg (U—syx)
q=kg(v— Sy )

W =pR+qy

As a final step, RCS can be calculated as in equations (2.100) and (2.101).

RCSgg = 41 - |Ag|?> (Vertical polarization)

RCSgg = 4 - |A¢|2 (Horizontal polarization)
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2.2 Numerical Results

2.2.1 RCS Analysis of Cavity

In this section, RCS analysis of a cavity geometry is performed by SBR method. The
SBR algorithm used for these analyses is compiled at MATLAB®. Befor explaining
RCS results in detailed, brief information concerning azimuth and elevation angles

shall be provided to better understand the results.

2.2.1.1 Definition of Azimuth and elevation Angles

“Azimuth and elevation are angles used to define the apparent position of an object
in the sky, relative to a specific observation point. The observer is usually (but not
necessarily) located on the earth's surface.

AUp
z
h
North

A >
h = elevation z = zenith angle, A = Azimuth angle,
angle, measured  measured from measured clockwise
up fom horizon  vertical from North

Figure 19 Presentation of azimuth and elevation angles used in the analysis

The azimuth (¢) angle is the compass bearing, relative to true (geographic) north, of
a point on the horizon directly beneath an observed object. The horizon is defined as
a huge, imaginary circle centered on the observer, equidistant from the zenith (point

straight overhead) and the nadir (point exactly opposite the zenith). As seen from
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above the observer, compass bearings are measured clockwise in degrees from north.
Azimuth angles can thus range from 0 degrees (north) through 90 (east), 180 (south),
270 (west), and up to 360 (north again).

The elevation (6) angle, also called the altitude, of an observed object is determined
by first finding the compass bearing on the horizon relative to true north, and then
measuring the angle between that point and the object, from the reference frame of
the observer. Elevation angles for objects above the horizon range from 0 (on the
horizon) up to 90 degrees (at the zenith). Sometimes the range of the elevation
coordinate is extended downward from the horizon to -90 degrees. This is useful
when the observer is located at some distance above the surface, such as in an

aircraft.”

In RCS analysis azimuth and elevation angles define incident ray’s direction with

respect to target’s longitudinal and normal axes respectively.

2.2.1.2 Results of RCS Analysis of Cavity

The length of the cavity is 1.8 m and the cross section is a square with dimensions

0.6mx0.6m.

Figure 20 Predicted Ray Path in the Cavity
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The incident ray angle ¢! is set to zero in order to bound the study in xz plane and
the excitation is 5 GHz. The estimated propagation directions of the rays incident on
the cavity is shown in Figure 20.

RCS values obtained by using the SBR method is plotted in Figures 21 thru 24 are
vertical polarization values (RCSgp) and horizontal polarization values (RCS,). The
azimuth angle of the incident ray is assumed to be ¢ = 0 and the elevation interval is
set to [0°-80°] in the analysis as shown in Figure 21. Incidence angles in following
results are ¢ = 45° (Figure 22), ¢ = 60° (Figure 23) and ¢ = 90° (Figure 24).
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Figure 21 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢=0°

40



40 . , . . . ; .
35} A

30t ' (e

20} N -

15} , -

RCS [dBA)

5 RCSeg 4

RCSz2

10 1 1 1 1 1 1
0 10 20 30 40 50 &0 70 80

B [degree]

Figure 22 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢p=45°
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Figure 23 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢=60°
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Figure 24 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢p=90°

As seen from above figures, RCS value is dependent on the incidence angle (¢). RCS
value decreases as ¢ increases at both 00 ve @¢ polarizations and there is phase

difference at both polarizations.

RCS values obtained by using the SBR method is plotted in Figures 25 thru 27 are
vertical polarization values (RCSgg) and horizontal polarization values (RCSy,). The
elevation angle interval is set to [0°-80°] in the analysis as shown in following
figures. Azimuth angles in following results are ¢ = 45° (Figure 24), ¢ = 60°
(Figure 25). The excitation frequency is 3 GHz.
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Figure 25 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢=0°
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Figure 26 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢p=45°
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Figure 27 RCS values of a square cross section cavity obtained by SBR method at

horizontal and vertical polarizations at ¢p=60°

As seen from the Figures 25 thru 27, RCS values at 60 polarization have not been
changed significantly whereas RCS values at ¢¢ have increased with increasing

incidence angle oi. Also, there is phase difference at both polarizations.

RCS values at 1 GHz and 10 GHz frequency values, [0°-80°] elevation interval and
@i=0° are presented in Figures 28 and 29.
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Figure 28 RCS results at 1 GHZ obtained by SBR method
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Figure 29 RCS results at 10 GHZ obtained by SBR method
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As seen from Figures 28 and 29 it can be concluded that there is an average
difference of 20 dB’s between RCS amplitudes calculated at 1 GHz and 10 GHz.
According to results of analysis conducted at 1 GHz results maximum value of RCS
is 20 dB at horizontal and 10 dB at vertical polarization. On the other hand Results
obtained from 10 GHz analysis show that maximum value of RCS is 40 dB at

horizontal polarization and 30 dB at vertical polarization.

2.2.2 Numerical Results for Simple Targets

SBR algorithm computing the RCS of basic and complex shapes is compiled by
MATLAB. The code has the ability to read geometries produced in .stl format. STL

format transforms surface geometries into discrete geometries made of flat triangles.

The code can calculate the RCS of any shape discretized into triangular panels.
Target geometries are modeled by triangular plates and scattering field integral is
calculated by PO as explained in SBR method. The scattering field from each
triangular element is superposed in a simple and fast manner. Therefore computation

time is independent from size of the plates.

In this section, RCS values calculated by SBR method for some simple shapes have
been presented. RCS values of simple shapes such as square plate, plate with a hole,
cube, corner reflector and cylinder are presented at different frequencies, aspect
angles and polarizations. Numerical values obtained by SBR is compared by PO

method.

Various mesh models of a 1m x 1m square plate is presented in Figure 28. Triangular
mesh models of the square plate composed of 2, 4 and 232 triangles are presented in

Figures 30 (a), (b) and (c) respectively.
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(a) (b) (c)
Figure 30 (a) Square plate modeled by two triangular elements, (b) Square plate

modeled by four triangular elements, (c) Square plate modeled by 232 triangular

elements

Since a triangle has 3 sides, ray-triangle intersection test can be performed by
checking the location of a certain ray with respect to only 3 sides. Quadrilateral
(quad) elements (elements with 4 sides) could also be used in the analysis. However
since a quad element has 4 sides, ray-quad intersection test would take longer
computation times but the results would not improve much as the accuracy of RCS

analysis results inrease with number of rays shot into the geometry.

Physical Optics (PO) method cannot calculate the multiple scatter effects. However
in SBR method, shadowing effects and multiple reflections can be taken into
consideration. The ray window illuminating the target is composed of different
number of rays at different frequencies. As the frequency changes, computation time

as well as the number of rays change.
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Figure 31 RCS of square plate vs aspect angle with PO and SBR methods (a)

Vertical polarization, (b) Horizontal polarizationf

RCS values of the square plate in Figure 31 (a) illuminated at ¢=0° and [-90°,90°] 6
interval and 1 GHz frequency at vertical polarization (a) and horizontal polarization
(b) with both SBR and PO methods are given in Figure 31. RCS value is given in
terms of dBsm. In SBR method, rays are shot into the geometry with spacings of
M20 which results in 4356 rays at 1 GHz. Intersection test of these rays with the
triangles are also performed. RCS of square plate reaches the maximum value at
0=0°. SBR and PO techniques result in similar results at 4 consecutive peaks from
0=0°.

RCS of square plates in Figure 30 (b) and Figure 30 (c) at 1 GHz frequency, ¢=0°
and 0 interval of [-90°,90°] are given in Figures 32 and 33 respectively.
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Figure 32 RCS of square plate vs aspect angle with PO and SBR methods at Vertical

polarization
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Figure 33 RCS of square plate vs aspect angle with PO and SBR methods at Vertical

polarization
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Figures 32 and 33 show that RCS values obtained from squares plates of Figure 30
(b) and (c) are almost identical to those presented in Figure 31. Therefore it can be
concluded that for a flat square plate RCS is independent of the size of the triangular
elements. Provided that the target surface is flat, surface properties like unit normal
vector and surface impedance are constant, the surface can be partitioned by using
larger elements since even relatively larger elements can represent flat surfaces
perfectly. Therefore number of elements necessary to represent a flat surface is
relatively small. Providing that the target surface is curved, number of flat elements
needed to represent the surface perfectly is relatively large. In othe words element
sizes decrease dramatically. Table 2 shows the increase in computation time as the

number of triangular elements increases.

Table 2 Computation time vs number of elements on the target surface [sec]

Number of 2 4 | 232 | 600 | 800 | 1000 | 1250 | 1700 | 2200
triangular plates

Badouel Method 34 37 | 600 | 800 | 1200 | 1550 | 2000 | 2800 | 3800

Moller-Trumbore | 35 | 35 | 280 | 650 | 820 | 1000 | 1500 | 2000 | 2550
Method

Plucker Method 32 34 | 210 | 450 | 600 | 790 | 1100 | 1500 | 2200

Table 2 shows the computation time necessary for intersection tests during RCS
analysis of flat square plate. It can be concluded that Plucker test is almost twice as

faster as Badouel test.
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Figure 34 Change in time of computation in SBR method when Badouel, Moller-

Trumbore and Plucker methods are used

Figure 34 shows the variation in time of computation in SBR method when Badouel,
Moller-Trumbore and Plucker methods are used for ray-triangle intersection test.

Plucker method provides much faster computation compared to other methods.

Figure 35 shows monostatic RCS values of the square plate presented in Figure 30

(b) at 4 GHz, ¢=0° and vertical polarization.

51



Square Plate RCS vs Aspect Angle
T T T T T

Ros [dBsm)

—mmme
——ar T

===

-80 50 =40 =20 ] 20 40 &0 80
8 [degree]

Figure 35 RCS of square plate vs aspect angle with PO and SBR methods at Vertical

polarization

Compared to Figure 33, in Figure 35 both number of peaks and the amplitude of
RCS has increased. While at 1 GHz RCS value is 22 dB, at 4 GHz it is 34 dB at

¢=0°.

Figure 36 shows monostatic RCS values of the square plate at 1 GHz, ¢=30° and

vertical polarization.
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Figure 36 RCS of square plate vs aspect angle with PO and SBR methods at Vertical

polarization and ¢=30°
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When the results presented in Figure 36 compared to those in Figure 32, it can be
concluded that the peak value at ¢=0° is the same. The RCS value changes with the

aspect angle.

Figure 37 shows monostatic RCS values of the square plate at 1 GHz, ¢=45° and
vertical polarization. 1090 rays are shot to the meshed square plate with a spacing
value of A /10.
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Figure 37 RCS of square plate vs aspect angle with PO and SBR methods at Vertical

polarization and ¢=45°
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Figure 38 A square plate mounted on xy plane

In addition to the results presented above, monostatic RCS of a square plate mounted
on xy plane (Fig. 38) has been investigated at 2-18 frequency interval, vertical

polarization and 6=0°, ¢=0°.

Square Plate RCS vs Aspect Angle
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Frequency [GHz]

Figure 39 RCS of square plate vs frequency with PO and SBR methods at Vertical

polarization

As shown in Figure 39, RCS results obtained by SBR perfectly matches PO results.
Monostatic RCS results at vertical polarization, ¢=0° and 6 interval [-90°,90°]
frequency values 5 and 12 GHz are given in Figures 40 and 41. Ray windows
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illuminating the target are formed with A /20 spacing and number of rays at 5 and 12

GHz are given in Table 3.

Table 3 Number rays with respect to frequency

Frequency [GHz] | Number of Rays
5 3250
12 18750

Square Plate RCS vs Aspect Angle

RS [dBsm]

] ] i i i i i i i
50 50 A0 =20 1] 20 40 ] B
& [degrez]

Figure 40 RCS of square plate vs frequency with PO and SBR methods at Vertical
polarization and 5 GHz
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Figure 41 RCS of square plate vs frequency with PO and SBR methods at Vertical

polarization and 12 GHz

As seen in figures 40 and 41 as the frequency increases more peaks occur and the

=0° increases.

peak value at 0
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Figure 42 Discretized geometry of the square plate with a hole at the center
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Monostatic RCS of a square mounted on xy plane with a hole at the center and edge
length of 5m at 500 MHz, ¢=0° at vertical polarization is given in Figure 42. The
square plate with the hole consist of 950 of triangular elements. The ray window for
this case consist of 27500 rays at a spacing value of A /10.

RC5 of Square Plate with 2 holavs Aspect Angle

RCS [dBsm)

&[degres]

Figure 43 RCS of square plate vs aspect angle with PO and SBR methods at vertical
polarization and 500 MHz frequency

In Figure 43, RCS value of square plate vs aspect angle is given with PO and SBR
methods at Vertical polarization and 500 MHz frequency. The results obtained by PO
and SBR methods perfectly match ing the [-40°,40°] interval.

In Figure 44 a cube with edge length of 1 m and consisting of 12 triangular elements
is shown. Ray window illuminating the cube consist of 4400 rays at a frequency of 1
GHz at a spacing of A /10.
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1 2
Figure 44 Cube geometry discretized into triangles

Figure 44 shows monostatic RCS results of the cube geometry at a frequency value
of 1 GHz, azimuth angle of ¢=0° and a 6 angular interval of [-90°,90°] at vertical
polarization. Results obtained by SBR and PO methods are compared.

Cube RCSws Aspect Angle

RCS [dBsm)

& [degres]

Figure 45 RCS of cube vs aspect angle with PO and SBR methods at vertical
polarization and 1 GHz frequency

As seen from the above figure the results obtained from SBR and PO match perfectly

inside the 0 angular interval of [-25°,25°] where specular turns from the target are

dominant.

Figure 46 shows monostatic RCS results of the cube geometry at a frequency value
of 1 GHz, azimuth angle of ¢=25° and a 6 angular interval of [-90°,90°] at vertical
polarization. Results obtained by SBR and PO methods are compared.
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Figure 46 RCS of cube vs aspect angle with PO and SBR methods at vertical
polarization ¢=25° and 1 GHz frequency

The results provided in Figure 46 when compared with the results in Figure 43 shows
that the peak value at 6=0° does not change, however the whole envelope of the
graph has changed. Also, SBR and PO match perfectly inside the 6 angular interval

of [-30°,30°] where specular turns from the target are dominant.

Figure 47 shows monostatic RCS results of the cube geometry at a frequency value
of 5 GHz, azimuth angle of ¢=0° and a 0 angular interval of [-80°,80°] at vertical
polarization. Results obtained by SBR and PO methods are compared.
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Figure 47 RCS of the cube vs aspect angle with PO and SBR methods at vertical
polarization ¢=0° and 5 GHz frequency

The results provided in Figure 47 shows that SBR and PO methods match perfectly
inside the 0 angular interval of [-30°,30°] where specular turns from the target are

dominant.

1 2
Figure 48 Cube geometry discretized into triangles
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Figure 48 shows a cube with dimensions x=7 m, y=7 m and z=7 m. The surface of
the cube is composed of 24 triangular elements. Monostatic RCS of the cube has
been investigated at vertical polarization, ¢=0° and an angular interval of [0°,180°]
for 6. The analysis has been conducted at 2 GHz frequency where 218000 rays have
been shot into the target with standard spacings of A /10.

Cube BCS vs Aspect Angle

RS [dBamy

Figure 49 RCS of the cube vs aspect angle with PO and SBR methods at vertical
polarization ¢=0° and 2 GHz frequency

Figure 49 shows that inside elevation angle intervals of [30°-60°] and [120°-150°]
results obtained from SBR and PO methods do not match due to edge and corner
effects. Except these boundaries, SBR and PO results match in regions where

specular surface returns are dominant.

Table 4 Computation time for RCS analysis of the cube

Intersection test method | Number of Triangular Plates | Computation Time
[sec]

Badouel 36 750

Moller-Trumbore 36 510

Plucker 36 450

Table 4 shows computation times for analysis when Badouel, Moller-Trumbore and

Plucker test methods are used for ray-triangle intersection test. As seen from the
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table, Plucker test method provides 40% less computation time compared to Badouel

test.

Figure 50 shows monostatic RCS results of the cube geometry at a frequency value
of 6 GHz, azimuth angle of ¢ =90° and an elevation angular interval of [0°,360°]
The analysis have been conducted at vertical polarization with angular increments of
1°. Results obtained by SBR and PO methods are compared.

Cube RCS vws Aspect Angle

RS [dBsm)

o 50 100 150 200 250 300 350
& [degraz]
Figure 50 RCS of the cube vs aspect angle with PO and SBR methods at vertical
polarization ¢ =90° and 6 GHz frequency

Figure 50 shows that inside elevation angle intervals of [30°-60°], [120°-150°]
[300°-330°], [210°-210°] results obtained from SBR and PO methods do not match
due to edge and corner effects. Except these intervals, SBR and PO results match in

regions where specular turns are dominant.

Moreover RCS analysis of the box has been been conducted at azimuth angle ¢ =0°
and elevation angle 6=0° and [2-18] GHz frequency interval. The results have been
plotted in Figure 49.
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Figure 51 RCS of box vs frequency with PO and SBR methods at vertical
polarization, ¢ =0° and 6=0°

Figure 51 shows that results obtained by PO and SBR perfectly match. Also RCS
increases as frequency increases. As the frequency is increased, the wavelength gets
smaller compared to the cube size. Since the electric field integral depends on

wavelength, RCS of the single cube increases.

., N

. =N,

Figure 52 Geometry and dimensions of the corner refelctor

Geometry of a corner reflector is shown in Figure 52.The straight edges of the corner
reflector are equal to 4m. The corner reflector consists of 3 triangular plates in total.

RCS analysis has been conducted at azimuth angle ¢=0° and elevation angle 6=[0°,
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180°] with angular increments of 1° at vertical polarization. Number of rays
illuminating the target at 2, 5 and 8 GHz frequencies with standard spacings of A /10
are given in Table 5.

Table 5 Number rays vs frequency for the corner reflector case

Frequency [GHz] | Number of Rays
2 177000
5 1102200
8 1587000

ECS of comerreflectorvs Aspect Angle
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Figure 53 RCS of corner reflector vs aspect angle with PO and SBR methods at

vertical polarization, 2 GHz

Figure 53 shows that inside elevation angle intervals of [40°-85°], results obtained
from SBR and PO methods do not match due to multiple reflection effects between
perpendicular surfaces of the corner reflector. Except these intervals, SBR and PO

results match in regions where specular surface return effects are dominant.
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Table 6 Computation time for RCS analysis of two boxes

Ray-triangle Number of Triangular Computation time [sec]
intersection test method | Plates

Badouel 73 1340
Moller-Trumbore 73 1060

Plucker 73 1000

Table 6 shows Plucker test method provides 25% reduction in computation time.
Campared with the results of single box, one can conclude that Plucker test is the fast
intersection test but does not always yields to same amount of acceleration compared
to other tests. Plucker test causes an acceleration of 40% for single box case while
producing 25% acceleration for the case of corner reflector. These results show that
speed of Plucker test depends on many paramaters such as size and geometry of the
target, size of elements forming the target, frequency that the analysis has been
conducted etc. Scattering mechanisms triggered by multiple or single reflections can
also effect the speed of Plucker test. In the case of corner reflector multiple reflection

can ocur whereas in a single cube only single reflections can ocur.

RCS of comerreflector vs Aspect Angle

RCS [dBsm)

8 [degree]

Figure 54 Monostatic RCS of corner reflector vs aspect angle with PO and SBR

methods at vertical polarization, 8 GHz

Figure 54 shows inside elevation angle intervals of [5°-55°] and [190°-240°] results
obtained from SBR and PO methods do not match due to multiple reflection effects
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between the reflecting surfaces. Except these boundaries, SBR and PO results match

in regions where specular turns are dominant.

In Figure 55 corner reflector is illuminated at =0° and 6=0° and monostatic RCS

values in frequency interval of [2-18] GHz is plotted.

RCS of two boxes vs Frequency
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Figure 55 Monostatic RCS of the corner reflector vs frequency with PO and SBR

methods at vertical polarization, ¢=0° and 6=0°

Figure 55 shows that results obtained by PO and SBR perfectly match. Also RCS
increases as frequency increases. As the frequency is increased, the wavelength gets
smaller compared to the target size. Since the electric field integral depends on
wavelength, RCS of the target increases.

Figure 56 Meshed model of cylinder

Meshed model of cylinder consisting of 400 triangular elements is shown in Figure

56. The cylinder has a diameter of 3m and height of 10 m. Number of rays
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illuminating the target at 1, 5 and 12 GHz frequencies with standard spacings of A/20

are given in Table 2-7.

Table 7 Number rays vs frequency for cylinder case

Frequency [GHz] | Number of Rays
1 4350
5 70750
12 120500

Monostatic RCS values of cylinder geometry are presented at 1, 5 and 12 GHz in
Figures 57, 58, and 59 respectively. RCS analyses have been conducted at azimuth

angle =0° and elevation angle 6=[90°, 90°] with angular increments of 1° at vertical

polarization using both SBR and PO methods.

RCS of cylinder vs Aspact Angle
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Figure 57 Monostatic RCS of cylinder vs elevation angle with PO and SBR methods
at vertical polarization, 1 GHz

Figure 57 shows inside elevation angle intervals of [-35°,-15°] and [10°,65°] results
obtained from SBR and PO methods do not match due to edge and corner effects.

Except these boundaries, SBR and PO results match in regions where specular
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surface returns are dominant. It is also observed that the RCS of the cylinder reaches

maximum at 6=0°

RCS of cylinder vs Aspect Angle

8 [degres]

Figure 58 Monostatic RCS of cylinder vs elevation angle with PO and SBR methods
at vertical polarization, 5 GHz

Figures 58 and 59 show that inside elevation angle intervals of [-20°,-80°] and
[20°,80°]; [-15°,-80°] and [15°,80°] respectively, results obtained from SBR and PO
methods do not match due to edge diffractions. Except these intervals, SBR and PO

results match in regions where specular turns are dominant.

RCS of cylinder ws Aspect Angle
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Figure 59 Monostatic RCS of cylinder vs elevation angle with PO and SBR methods

at vertical polarization, 12 GHz
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CHAPTER 3

APPLICATION OF SBR TO COMPLEX TARGETS

In the previous chapter, the SBR code is tested by using simple PEC objects.
However, realistic targets possess much more complex geometries with several
scattering mechanisms. The interactions between parts of complex geometries will
affect dramatically the RCS values. At this point the SBR code, with its multiple
scattering capability, will be superior to other ray based RCS prediction tools. The
RCS prediction code developed in the previous chapter will be applied to complex
targets in this chapter, in order to evaluate the performance of the method for realistic

Cases.

In the simulations, targets are modeled using large triangular patches. In order to
calculate the monostatic RCS of a target from different aspect angles, two different
methods are used. In the first method, the target kept fixed and the ray window in
Figure 60 is rotated. This method is applied to simple shapes. On the other hand, in
the second method the target is rotated while the ray window is kept fixed. Target
rotation is explained in next section. After that detailed monostatic RCS results of
complex targets such as F-117, eurofighter and F-16 aircrafts are presented.
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Figure 60 Simple target rotation geometry

3.1 Target Rotation

For the visualization of RCS variation, we obtain plots of RCS versus aspect angles.
Aspect angle is the orientation of target relative to the source position which is a ray
window. In order to calculate the RCS as a function of aspect angle, the target is
rotated. In order to rotate the target in three dimensions, three basic rotation matrices

are used:;

1 0 0
R,(a) =|0 cos(a) —sin(a) (3.1)
[0 sin(a) cos(a) |

rcos (@) 0 sin(a)]
Ry(a) = 0 1 0 (3.2)
|[—sin (@) 0 cos (a)l

[cos (@) —sin (a) O]
Ry(a) =|sin(a) cos(a) O (3.3)
0 0 1.

Each of these matrices rotates a target in counterclockwise direction around a fixed
coordinate axis, by an angle of a . Rotation direction is determined by the right-hand

rules. Other rotation matrices are derived from these three basic matrices.
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In our simulations, for rotating a target that is in STL mesh format, all vertices of
triangular patches are rotated about the orthogonal axes of the global coordinate

system. Simple rotation geometry is illustrated in Figure 61.

]

rrc— - — ﬂ _
7~

Figure 61 Fixed rotation around Y axis

3.2 Numerical Results

3.2.1 RCS Analysis of F-117 Aircraft

The first complex model that the RCS analysis is presented is a simplified model F-
117 aircraft.

(@) (b)
Figure 62 (a) Solid model of F-117 (b) Mesh geometry of F-117

Size of the aircraft model is 10m and the mesh model consists of 320 triangular
plates. Figures 63 and 64 presents monostatic RCS values of F-117 at 1 GHz and 12
GHz respectively. The RCS analysis has been conducted at ¢=0° azimuth angle and

0=[-80°,80°] elevation angle interval with angular increments of 1°.
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Table 8 shows the number of rays shot into the target at 1 and 12 GHz frequency
values. As the frequency level increases, number of rays in the analysis and

computation time also increases. Results obtained by PO and SBR methods are

compared in the plots.

Table 8 Number of rays vs frequency for F-117 case

Frequency [GHz] | Number of Rays
1 4350
12 640000

Monostatic RCS of F-117 ws Aspact Angle

P
———— 3BR

RS [dBsm|

& [degree]

Figure 63 Monostatic RCS of F-117 vs elevation angle with PO and SBR methods at

vertical polarization, 1 GHz

As seen in Figure 63 results obtained from PO and SBR methods have similar
tendency in [+30°, -30°] elevation angle interval. Results deviate in other intervals

due to multiple reflection and edge diffraction effects.
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Table 9 Computation time for F-117 case

Ray-triangle Number of Triangular Computation time [sec]
intersection test method | Plates

Badouel 320 1920
Moller-Trumbore 320 1850

Plucker 320 1510

Table 9 presents the estimated computation times necessary for ray-triangle
intersection tests with Badouel, Moller-Trumbore and Plucker methods. It can be

concluded that Plucker test provides 20% less computation time than Badouel

method does.

Monostatic RCS of F-117 vs Aspect Angle

RS [dBsm]

PO
- zER

Figure 64 Monostatic RCS of F-117 vs elevation angle with PO and SBR methods at

As seen in Figure 64 results obtained from PO and SBR methods have dissimilar
tendency throughout the elevation angle interval. Results deviate due to multiple

reflection and edge diffraction effects. At an elevation angle of (0) 30° RCS result

=40 =20 0 20
& [degres]

vertical polarization, 12 GHz

obtained from PO is -28 dBsm whereas SBR gives 39 dBsm.

73




3.2.2 RCS Analysis of Eurofighter Aircraft

The second RCS simulation on complex targets has been run on Eurofighter aircraft
(Fig. 65). The length of the target is 18 m and consists of 955 triangular plates. A ray
window big enough to illuminate this model consists of 4400 rays at 1 GHz with A

spacings.

Figure 65 Eurofighter computer aided design model

RCS analysis for Eurofighter has been conducted at 1 GHz at an azimuth angle of
¢=0° and elevation angle (0) interval of [-90°,90°] at vertical polarization. Results

obtained by SBR and PO have been compared in Figure 66.

Monostatic RCS of X-29 vs Aspact Angle

]

%0 & a0 2 0 2 4 & &
S [degree]
Figure 66 Monostatic RCS of Eurofighter vs elevation angle with PO and SBR

methods at vertical polarization, 1 GHz
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As seen in Figure 66 results obtained from PO and SBR methods have dissimilar
tendency throughout the elevation angle interval. Results deviate due to multiple
reflection and edge diffraction effects. It can be observed that maximum value occurs

at an elevation angle of 0°.

Table 10 Computation time for Eurofighter case

Ray-triangle
intersection test method

Number of Triangular
Plates

Computation time [sec]

Badouel 955 3420
Moller-Trumbore 955 3350
Plucker 955 2810

Table 10 presents the estimated computation times necessary for ray-triangle
intersection tests with Badouel, Moller-Trumbore and Plucker methods. It can be
concluded that Plucker test provides 20% less computation time than Badouel

method does.

3.2.3 RCS Analysis of F-16 Aircraft

The third RCS simulation on complex targets has been run on F-16 aircraft (Fig. 65).
The length of the target is 16 m and consists of 12500 triangular plates. A ray
window big enough to illuminate this model has been prepared with A spacings and
number of rays per frequency value has been provided in Table 11.

Table 11 Number rays vs frequency for F-16 case

Frequency [GHz] | Number of Rays
2 4350
8 110900
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Figure 67 (a) Solid model of F-16

Monostatic RCS values of F-16 model illuminated at an azimuth angle of ¢=0° and

an elevation angle of 0=0° has been presented in Figure 68 in a frequency interval of
[2-18] GHz.

Monostatic RCS of F-16 vs Frequeancy
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= S

2132 4 B B 10 12 14 16 18
Frequency [GHz]

Figure 68 Monostatic RCS of F-16 vs frequency with PO and SBR methods at

vertical polarization, ¢=0° and 6=0°

In Figure 68, RCS results obtained by PO and SBR methods have been compared. It
can be observed that PO and SBR curves have similar tendency in the frequency
domain of interest. As the frequency is increased, the wavelength gets smaller
compared to the aircraft size. Since the electric field integral depends on wavelength,

RCS of the aircraft increases.
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Monostatic RCS values of F-16 model illuminated at an azimuth angle of ¢=0° and
an elevation angle interval of 6=[0°, 180°] has been presented at vertical and
horizontal polarizations in Figures 69 and 70 respectively. Also results obtained by

SBR and PO have been compared in the Figures.

Mionostatic RCS of F-16 vs Frequency
40 : ' '
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Figure 69 Monostatic RCS of F-16 vs elevation angle with PO and SBR methods at

vertical polarization, 2 GHz

As seen in Figure 69 results obtained from PO and SBR methods have dissimilar
tendency in the elevation angle intervals of [20°, 60°] and [150°, 160°] due to
multiple reflections. PO and SBR results match perfectly in other intervals. It can be

observed that maximum value occurs at an elevation angle of 0°.
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Figure 70 Monostatic RCS of F-16 vs elevation angle with PO and SBR methods at
horizontal polarization, 2 GHz

As seen in Figure 70 results obtained from PO and SBR methods have dissimilar
tendency in the elevation angle intervals of [25°, 50°] and [160°, 170°] due to
multiple reflections. PO and SBR results match perfectly in other intervals. It can be

observed that maximum value occurs at an elevation angle of 0°.

Table 12 Computation time for F-16 case

Ray-triangle Number of Triangular Computation time [sec]
intersection test method | Plates

Badouel 12500 9700
Moller-Trumbore 12500 8700

Plucker 12500 7000

Table 12 presents the estimated computation times necessary for ray-triangle
intersection tests with Badouel, Moller-Trumbore and Plucker methods. It can be
concluded that Plucker test provides 25% less computation time than Badouel

method does.

Monostatic RCS values of F-16 model illuminated at an azimuth angle of ¢=0° and
an elevation angle interval of 6=[0°, 180°] has been presented at vertical and

horizontal polarizations in Figures 71 and 72 respectively. Analysis has been
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conducted at 8 GHz frequency with angular increments of 1°. Also results obtained

by SBR and PO have been compared in the Figures.

Monaostatic RCS of F-16 vs Frequency
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Figure 71 Monostatic RCS of F-16 vs elevation angle with PO and SBR methods at
vertical polarization, 8 GHz

As seen in Figure 71 results obtained from PO and SBR methods have dissimilar
tendency in the elevation angle intervals of [10°, 50°] and [140°, 160°] due to
multiple reflections. PO and SBR results match perfectly in other intervals. It can be

observed that maximum value occurs at an elevation angle of 0°.
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Figure 72 Monostatic RCS of F-16 vs elevation angle with PO and SBR methods at
horizontal polarization, 8 GHz

As seen in Figure 72 results obtained from PO and SBR methods have dissimilar
tendency in the elevation angle intervals of [10°, 60°] and [130°, 160°] due to
multiple reflections. PO and SBR results match perfectly in other intervals. It can be

observed that maximum value occurs at an elevation angle of 0°.

Monostatic RCS values of F-16 model illuminated at an azimuth angle interval of
¢=[0°-360°] and an elevation angle interval of 6=90° has been presented at vertical
and horizontal polarizations in Figures 73 and 74 respectively. Analysis has been
conducted at 10 GHz frequency with angular increments of 1°. Also results obtained

by SBR and PO have been compared in the Figures.
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Figure 73 Monostatic RCS of F-16 vs elevation angle with PO and SBR methods at

vertical polarization, 10 GHz

As seen in Figure 73 results obtained from PO and SBR methods have dissimilar
tendency in the azimuth angle intervals of [10°, 25°] and [330°, 350°] due to multiple
reflections. PO and SBR results match perfectly in other intervals. It can be observed

that maximum value occurs at an azimuth angle of 270°.

Mionostatic RCS of F-16 vs Frequency
m T T T T L

e B
e

0 50 100 150 200 250 300 350
P [degree]

Figure 74 Monostatic RCS of F-16 vs elevation angle with PO and SBR methods at

horizontal polarization, 10 GHz
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As seen in Figure 74 results obtained from PO and SBR methods have dissimilar
tendency in the azimuth angle interval of [330°, 350°] due to multiple reflections. PO
and SBR results match perfectly in other intervals. It can be observed that maximum

value occurs at an azimuth angle of 270°.
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CHAPTER 4

DIFFRACTION EFFECTS IN RADAR CROSS SECTION ANALYSIS

The physical optics (PO) scattered field from perfectly electrically conducting
structures is limited in accuracy because the PO current fails to closely approximate
the exact current near surface discontinuities such as edges. ’The accuracy of the PO
scattered field can be significantly increased by adding the fringe wave (FW) field,
which takes into account the distortion of the current caused by edges. An
approximation to the FW field can be calculated by integrating physical theory of
diffraction equivalent edge currents along the illuminated part of the edges of the
structure. These edge currents are determined from an integration of the FW current
(the exact current minus the PO current) along incremental strips on the canonical
wedge or half-plane. Throughout this study physical theory of diffraction equivalent
edge currents will be considered, and these will be referred to as EEC's.

4.1 Equivalent Edge Currents

Closed-form expressions for EEC's have been derived for un-truncated (infinite)
incremental wedge strips by Michaeli [10], Mitzner [17], and Shore et al. [18]. These
EEC's will be called un-truncated EEC's in this study. For the analysis of bistatic
radar scattering the un-truncated EEC's give an inadequate correction to the PO field
due to the presence of the Ufimtsev singularity and the discontinuities of the
calculated FW field across the current layers associated with the un-truncated strips.
The Ufimtsev singularity occurs when the direction of observation is the continuation

of an incident field grazing the face of the structure.
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The above-mentioned problems associated with the un-truncated EEC's are
eliminated by using truncated (finite) strips. Closed-form expressions for EEC's have
been derived for truncated incremental half-plane strips by Breinbjerg [19] and by
Shore and Yaghjian. Cote et al. have implicitly derived EEC's for truncated
incremental strips on a right-angled wedge. Michaeli seems to be the only one who
has derived EEC's for general truncated incremental wedge strips; the EEC's based
on truncated wedge strips will in this report be called truncated EEC's. They apply to
the analysis of bistatic radar scattering from three- dimensional structures with flat
faces. However, from theoretical considerations, as well as numerical calculations, it
appears that Michaeli's truncated EEC's contain non-removable singularities which
give rise to numerical problems and thus hamper their application. The singularities
are caused by the mathematical procedure applied to obtain closed-form expressions,
and they occur for special directions of incidence and observation and for zero strip
length.” [22]

Discontinuities and nonremovable singularities in EEC’s employed in general
computer codes are unwanted for two reasons. First, the prediction of the scattered
field for directions of observation close to discontinuities and nonremovable
singularities is clearly inaccurate. Second, the nonremovable singularities give rise to
numerical problems in computing the line integral along the edges of the structure.
Although the nonremovable singularities usually are confined to a narrow angular
region of observation, they do constitute a problem in applications in which the
scattered field has to be calculated for all directions of observation. For those
reasons, the untruncated EEC’s and Michaeli’s truncated EEC’s are not suitable for

the implementation of computer codes.

In this study truncated EEC’s derived by Johansen [20] are utilized. “These EEC’s
do not have the above-mentioned singularity problems of the previously reported
expressions, that is, they are well behaved for all directions of incidence and
observation and they take a finite value for zero strip length. This means that the new
truncated EEC’s are, to the knowledge of the author, the first EEC’s that are well
suited for implementation in general computer codes. [22]
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Figure 75 Three-dimensional view of a flat face of a three-dimensional structure.
The truncated incremental strip extends from the leading edge to the trailing edge
and is directed along the unit vector i The directions of incidence and observation
are S and s, respectively Nt is the exterior wedge angle, and it is assumed that
1<N<2

4.1.1 The Concept of Truncated EEC’s

The configuration under consideration is a perfectly con- ducting three-dimensional
structure with flat faces illuminated by a plane wave (see Fig. 75). In the far field of
the structure, a high-frequency approximation to the FW field is calculated from a
line integral along the illuminated part C of the edges of the structure. The truncated
EEC’s are represented by the magnetic current MT and the electric current I, so that

the electric FW field is given by

EV = jk f (218 x (8 x B) + My8 x £ 22 g

4.1)

Herein, j is the imaginary unit (the time factor exp (jwt) is suppressed), k is the wave
number, Z is the intrinsic impedance of the ambient medium, § = §s is the vector to
the far-field observation point, and £ is the edge unit tangent vector. The two
adjoining faces at each edge are denoted by A and B. Introducing a local rectangular
xyz system at the integration point with Z = £ and § being the outward normal unit

vector of face A, § is expressed as § = Xsinficos¢ + ysinfising + Zcosf and the
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propagation direction §, of the incident plane wave is §, = —Xsinf,cos¢, —
ysinfysing, + ZcosP, of incident plane wave is (see Figs. 73 and 74). Face B is
located in the plane described by ¢ = N where Nt is the exterior wedge angle.

Throughout the section it is assumed that 1 <N < 2.

Yy
§—§'2é §E§ 50—30'2.‘3
do
T
N >
Face A
s3]
S
Z

Figure 76 Two-dimensional view of the configuration shown in Fig. 75 in the plane
z=0

The truncated EEC’s are determined by a sum of two contributions, one from each of

the faces A and B

MT = MTA + MTB and IT = ITA + ITB (42)
Henceforth, the superscripts A and B refer to the contributions from the faces A and
B, respectively. In this paper, the contribution from face A will be derived in detail,
and the contribution from face B is then obtained from the result for face A using a

substitution technique.

“The contribution from face A to the truncated EEC’s, My%and 4, is calculated
analytically by integrating the FW current on face A of a wedge appropriately
conforming to the structure along a truncated incremental strip with the length 14.
The strip extends from the leading edge (the edge at which the EEC’s are placed) to

the trailing edge and is directed along the unit vector 14 which is the intersection of

86



the Keller cone and the face A. as shown in Fig. 75. However, the integration of the
exact FW current along the truncated incremental strip cannot be performed exactly
in closed form, and thus, an asymptotic calculation is necessary. To this end, the
truncated EEC’s are expressed as the difference between the untruncated EEC’s and

the correction EEC’s. [22]

Mt = Myr + M¢or and It = Iyr + leor (4-3)

Michaeli found that the untruncated EEC’s can be expressed exactly in closed form,
whereas closed-form expressions for the correction EEC’s can only be obtained
using an asymptotic technique. In the present paper, Michaeli’s untruncated EEC’s
are used but a new asymptotic calculation of the correction EEC’s is performed

because Michaeli’s correction EEC’s contain nonremovable singularities.

The contribution from face A to the untruncated EEC’s, My;# and I+, is obtained
by integrating the FW current on face A along an untruncated incremental strip. The

strip extends from the leading edge and is directed along 4.

Michaeli found that

PO | Sl 0.4
A _ 2jZHzosing U(m—go) Sin—g~
Mir = 1o oo C +— T ho0) (4.4)
ksinBosinf “u+cosdo  Nsina(cos———cosl)
and
; int=% . ®o
2j Hzosin—~ Ezosing
8, = - cotBcosdp — pcotBy) — +
e = ety e (cotBeos — pcotBo) — )
2jU(mt—do) . ( _ EzOSinq)o) _ 2jcotBoH,g
emgoucossyy) | (Hzo(cotBeosdy) — =2 T (4)

. o
kNsinBg(cos N —cosW)

where H,o and E, are the z components of the incident magnetic and electric field,

respectively, at the origin of the local xyz system and U(x) is the unit step function.

Moreover,

= sinfysinfcosd+cosBq(cosB—cosBy) (4.6)

sin2fB,
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and « is the solution to u = cosa determined by

a = —jLog(p++/pn? —1 4.7

with Logz = In|z| + jArgz and —t < Argz < m. The square root in Eq. 4.7 is
defines as

(4.8)

_ —|\/u2—1, n<-—1
W= iz =1], ~1<p<-1

The only nonremovable singularity in M{}; and I} is the Ufimtsev singularity which
occurs when u = 1 (e = 0) and simultaneously, ¢, = m that is, when the direction
of observation is the continuation of an incident field grazing face A.

The contribution from face A to the correction EEC's, M4, and IZ ., is obtained by
integrating the FW current on face A along another untruncated incremental strip.
This strip extends from the point of truncation at the trailing edge and is directed

along #i4. Michaeli found that

MA,. = —Zsinp, :E?s) L (4.9)
and
14, = sinBy(L,” — cotBcosdpL,™) (4.10)
with
L4, = [a)iw® exp(kus - ) du (4.11)

where ],’;‘;‘”A denotes the x- and z components of the FW current on face A. “The

approach used by Michaeli to calculate the integral L% , in is as follows. First, the
expressions for the exact FW current, which is given in terms of contour integrals in
the complex plane, are inserted into the integral (4.11). Next, the order of integration
Is interchanged, the inner integral is calculated analytically and finally, the resulting
integral is evaluated asymptotically for L = kl4sin?B, > 1 . However, this

asymptotic evaluation gives rise to two problems in the correction EEC's when N #
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2. First, the correction EEC's tend to infinity as L — 0. The quantity L can become
small for edge points close to corners in the evaluation of the integral (4.1). As
discussed in [21], it is possible to avoid small values of L by omitting part of the
edge which is close to comers. However, this approach is not robust in practical
applications because the calculated field will depend on the ratio of the edge being
omitted. Second, the correction EEC's contain nonremovable singularities for
¢o = —(m + a) + 2m, and for a« = m ,and they are caused by the fact that only few
of the poles potentially nearby the saddle point are isolated in the decomposition
[21], applied by Michaeli. For a detailed discussion on these singularities, the reader
is referred to [22]. The singularities occur for various directions of incidence and
observation. It should be noted that no singularity problems occur in the correction
EEC'swhen N = 2. [22]

4.1.2 Derivation of New Correction EEC's

In this section, a new approach derived by Johansen [20] is used to calculate the
correction EEC's. Instead of employing the exact expressions for the FW current
when calculating the integral L% , in (4.11), the asymptotic expressions for the FW
current are employed. Thus, the first thing that will be dealt with in this section is the

determination of the asymptotic expressions for the FW current.

4.1.2.1 Uniform Asymptotic Expressions for the FW Current on Face A

The x component of the FW current on face A is given by

fwA _ Hzoexp (—jkzcosPo) f sin%exp(jkxsin[%ocosi)di
r

X

, 412
JTN cos%—cos% ( )

where T is the steepest descent path trough = . Using the substitution

N
s = \/;cosz (4.13)
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where \/] means (j(g), and a decomposition technique similar to the one applied by

Michaeli [10] to isolate the pole potentially nearby the saddle point (s = 0), the
integrand in (4.12) is written as a sum of a simple pole term and a regular term so
that

fw,A _ V2Hggexp (-jka T

f_oco( A1+R(E) exp(—kxsinfys?) ds (4.14)

X \ﬁnN S+ﬁ
Herein, a = V2 cos (%) A = —%,F = Xx + Zz, and the regular term is
sin% A
RO=—F "= (4.15)
smE(cosﬁ—cosF) 5

“The integration of the simple pole term in (4.14) is performed exactly and expressed
in terms of a Fresnel function [23]. Since the quantity R(&) given in (15) is regular
near the saddle point, the integration of R(&) in (14) is evaluated asymptotically for
kxsinf, > 1 using the standard steepest descent technique [24].” The result of these

calculations is
JiA = —2H,gexp(—jka? - )

* | sign (cos %) F (\/m

cos @
2

) 1 ( 1
\/Z—jﬂkxsinBO ZCOS%

sin L
N

* N (cos% — cos %))

(4.16)

where F is a modified Fresnel function [21]
F(X) = \/;eXp (%) J exp(—jt?) dt
X
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(4.17)

A similar procedure is used to obtain the asymptotic result for ]fWA

JWA = _2exp(—jka?
. | (Ez0SIn@,
Zsinf3,
: Do . Do
— Hzocotﬁocos(bo) sign (cos 7) F (1/ 2kxsinf3, cos —- )
E,osin@, H,,cotB, cos®,
ZsinBy 24/ 2jmkxsinBycos 5 b0 f2jmkxsinBy  pcos 2o (DO
in X
~ sin )
N (cos% — cos ¢o)
(4.18)

which applies for kxsinf3, > 1.

4.1.2.1 Expressions for the New Correction EEC's

The asymptotic expressions for the contribution from face A to the correction EEC's,
M4, in (4.9) and 14, in (4.10), are now obtained by inserting the expressions (4.16)
and (4.18) for the FW current into the integral L% , (4.11).By using the relations

f“ exp (~jkusin’fo(1-p) |\ _ 2Vmexp LG~ 1) o o
. Ve JTRCL = wsing,
(4.19)
and
f (\/msmﬁo cos—|> . exp(—jkusinZBO(l — u))du
1A
B exp(]L(u — 1)) _ bo
~ jksinZB (1 + cosdg) (=F (\/ﬁ |COS7 )
\/_ |cos -
T —F—=F(/L(1 -
(4.20)

91



where u and £ are defined in (4.6) and (4.17), respectively, and L = kl“4sin?f,.the

result for the new correction EEC's is obtained through a straightforward calculation
[22]

_ 2ZH,osin@exp(jL(p — 1))

A —_
cor jksinBsinf,
. Do
—sign(cos 5> 1=
. LF(\/Z_L|COS%>+( 1-u d)
H+ cosdo V2(u + cosd,)cos 70
\/EsinE
- N ) - F(JL(1 =
Ny1-— u(cos%— cosq; )
(4.21)
and

A _ 2exp(iL(n—1)
o = ksinBo (i + cosdy)

+ | sign(cos %) . (E;(;?—Iilrgl)o — H,o(cotBycosd, + cotBcosd))
e (VaL E;osin 5= Cl)o H,,
( | ) T 2A =W (= ZsmBO 2cos ¢o

* (cotBycosd, + cotPBcosd)
Hzosin%(u + cosd,) (cotB, — cotPcosd)

N (cos% — cos d)o) (1-w

) FHLA—w)

(4.22)

These asymptotic expressions apply for L > 1. The final expressions for the truncated
EEC's are obtained by first calculating M# and I# by subtracting the above results
(4.21), (4.22) from the untruncated EEC's (4.4), (4.5) (as shown in (4.3). Second, the
contribution from face B is calculated using the results for M# and 4 by replacing
Bowith T — By, B with T — B, ¢, With N — ¢y, ¢ with Nm — ¢. and 1* with [°.
Third, the contributions from the two faces are added to determine My, and I+, see
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(4.2). Finally, these expressions are inserted into the radiation integral (4.1) to

determine the approximate FW field from the truncated EEC's. [22]

It is noted that MZ,., in (4.21) and I4,., in (4.22) do not contain singularities for
a=n(u=-1),0,=—(r+a)+ 2nN, and L = 0 as do the previously reported
expressions [21]. Using the result of [6] it is shown that if ¢, # m, M4, and 12,
remain bounded as u - 1. If @, = mand u — 1, M2, and IZ2, are singular but this
singularity (the Ufimtsev singularity) is cancelled by the singularity in M{; and I{};
given by (4.4) and (4.5), respectively. This means that My and I are valid for all
directions of incidence and observation. Furthermore, the fact that MZ4,,. and 14, are
finite for L = 0 implies that no numerical problems arise for edge points close to
comers when evaluating the integral (4.1). This is very convenient from a practical
point of view. However, the field calculated from the truncated EEC's for edge points
close to comers is a poor approximation to the exact field because no information on

the distortion of the current near comers [25] is introduced.

4.1.3 Numerical Results

In this section results obtained by combining method of equivalent edge currents
with SBR are presented. Results obtained for square plate, box, two boxes and F-16
aircraft are shown. First, data for square plate in the literature are used to validate the

computer code consisting of combination of SBR, PTD and EEC methods.

For this purpose, case study mentioned in Polka and Balanis [26], is handled. In this
problem, Monostatic RCS of a square plate (Figure 77) mounted on xy plane and
illuminated 10 GHz at an azimuth angle of ¢=30° is investigated. Results for both
vertical and horizontal polarizations have been presented in Figure 76 and compared
with those obtained in [26].
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Figure 78 RCS results obtained by SBR, PTD and EEC (a) Horizontal polarization
(b) Vertical polarization
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Figure 79 RCS results obtained by Polka and Balanis (a) Horizontal polarization (b)

Vertical polarization

As shown in Figure 78, diffraction effects are dominant at horizontal polarization
when elevation angle 0 is greater than 30 degrees. On the contrary, at vertical
polarization diffraction effects are weak. The results presented by Polka and Balanis
in Figure 79 are compatible with SBR, PTD and EEC code. Therefore the code is

validated by the literature results.

After the code is validated, the fist simulation has been run on a cube (Fig 80)

consisting of 24 triangular elements with dimensions x=7 m, y=7 m and z=7 m.

Figure 80 Meshed model of the box
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Radar cross section of the cube has been investigated at 2 GHz frequency and 91°
diffraction angle, at vertical and horizontal polarizations. In Figures 81 and 82
change in RCS due to changing elevation angle; whereas in Figures 81 and 84
change in RCS due to changing azimuth angle have been examined.

In Figures 81 and 82, RCS of the box has been plotted at an azimuth angle of 0° and
elevation angle interval of [0°-180°] with angular increments of 1°

Monostatic RCS of cube vs Aspect Angle
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Figure 81 RCS of cube with SBR, PTD and EEC at vertical polarization

As shown in Figure 79, diffraction effects are dominant at elevation angle intervals
of [170°-180°]. In other angular ranges, since diffraction effects are weak, SBR, PTD
and EEC results are compatible with SBR results.
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Monostatic RCS of cube vs Aspect Angle
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Figure 82 RCS of cube with SBR, PTD and EEC at horizontal polarization

As shown in Figure 82, diffraction effects are dominant at elevation angle intervals
of [10°-85°] and [105°-170°]. Especially in [10°-85°] region the difference in RCS
levels is almost 10 dBsm. In other angular ranges, since diffraction effects are weak,
SBR, PTD and EEC results are compatible with SBR results.

In Figures 81 and 82, RCS of the cube has been plotted at an elevation angle of 90°
and azimuth angle interval of [0°-360°] with angular increments of 1°at vertical and
horizontal polarizations respectively. The results have been obtained at 2 GHz
frequency and diffraction angle has been set to 91°in order to take diffraction effects

of all edges into consideration.
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Monostatic RCS of cube vs Aspect Angle
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Figure 83 RCS of the cube with SBR, PTD and EEC at vertical polarization

As shown in Figure 83, SBR, PTD and EEC results are compatible with SBR results

when the target is illuminated at vertical polarization in azimuth direction.

Monostatic RCS of cube vs Aspect Angle
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Figure 84 RCS of the cube with SBR, PTD and EEC at horizontal polarization
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As shown in Figure 84, diffraction effects are dominant at azimuth angle (¢)
intervals of [90°-110°] and [270°-290°]. In other angular ranges, since diffraction
effects are weak, SBR, PTD and EEC results are compatible with SBR results.

The third problem handled to investigate is the corner reflector (Fig. 83). The straight
edges of the corner reflector are equal to 4m. The results have been obtained at 8
GHz frequency and diffraction angle has been set to 91°in order to take diffraction
effects of all edges into consideration. The corner reflector has been modeled using 3

triangular elements i.e. 1 triangle on each surface.

Figure 85 3D Model of corner reflector

In Figures 86 and 87, RCS of the corner reflector has been plotted at an azimuth
angle of 0° and elevation angle interval of [0°-180°] with angular increments of 1°at

vertical and horizontal polarizations respectively.
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Monostatic RCS of comerreflector vs Aspect Angle
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Figure 86 RCS of the corner reflector with SBR, PTD and EEC at vertical

polarization

As shown in Figure 86, diffraction effects are dominant at elevation angle (6)
intervals of [0°-40°] and [150°-180°]. In other angular ranges, since diffraction
effects are weak, SBR, PTD and EEC results are compatible with SBR results.

Monostatic RCS of comerreflector vs Aspect Angle
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Figure 87 RCS of the corner reflector with SBR, PTD and EEC at horizontal

polarization
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As shown in Figure 87, diffraction effects are dominant at elevation angle (9)
intervals of [110°-170°]. In other angular ranges, since diffraction effects are weak,

SBR, PTD and EEC results are compatible with SBR results.

In Figures 88 and 89, RCS of the corner reflector has been plotted at an elevation
angle of 90° and azimuth angle interval of [0°-360°] with angular increments of 5°at

vertical and horizontal polarizations respectively.

Monostatic RCS of comerreflector vs Aspect Angle
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Figure 88 RCS of the corner reflector with SBR, PTD and EEC at vertical

polarization

As shown in Figure 88, diffraction effects are dominant at azimuth angle (¢)
intervals of [100°-150°] and [100°-150°]. In other angular ranges, since diffraction
effects are weak, SBR, PTD and EEC results are compatible with SBR results.
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Monostatic RCS of comerreflector vs Aspect Angle
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Figure 89 RCS of corner reflector with SBR, PTD and EEC at horizontal

polarization

As shown in Figure 88, diffraction effects are dominant at azimuth angle (¢)
intervals of [60°-150°] and [250°-270°]. In other angular ranges, since diffraction
effects are weak, SBR, PTD and EEC results are compatible with SBR results.

The last problem investigated is the F-16 aircraft case (Fig. 90). The dimensions of
the aircraft are x=15 m, y=10 m, z=4 m. The results have been obtained at 10 GHz
frequency and diffraction angle has been set to 30° and 90° in order to take
diffraction effects of all edges into consideration. RCS values obtained at vertical and
horizontal polarizations and by PO, SBR and SBR, PTD and EEC methods have

been compared in related plots.
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Figure 90 (a) 3D CAD model of F-16 (b) Dominant edges on diffraction when
diffraction angle is 30° and 90°

In Figures 91 and 92, RCS of F-16 aircraft has been plotted at an elevation angle of
90° and azimuth angle interval of [0°-360°] with angular increments of 5°at vertical
and horizontal polarizations respectively. The results have been obtained at 8 GHz
frequency and diffraction angle has been set to 91°in order to take diffraction effects

of all edges into consideration.

Maonostatic RCS of F-16 vs aspect angle
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Figure 91 RCS of F-16 with SBR, PTD and EEC at vertical polarization
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Maonostatic RCS of F-16 vs aspect angle
T T

60
PO
SBR |J|
=0 SBR+PTO+EEC |
1
[
40r I|IllI .Iln
E (
: || A
E 30+ A 1A | L/
A Y W
A TR r“\.‘f A Y 11 " [ 1}
200 l ly l'l’ [ 1./ ¥ i1
i || W ( ' |
! : "\ |
10k 1 | | I
| ‘ | ‘
0 L -

& [degress:]
Figure 92 RCS of F-16 with SBR, PTD and EEC at horizontal polarization

As shown in Figure 91 and 92, diffraction effects are dominant at azimuth angle ()
interval of [65°-100°]. Main physical features on the aircraft which contribute to
diffraction are leading and trailing edges of wing, horizontal and vertical tails. In
other angular ranges, since diffraction effects are weak, SBR, PTD and EEC results

are compatible with SBR results.

In Figures 93 and 94, RCS of F-16 has been plotted at an azimuth angle of 0° and
elevation angle interval of [0°-180°] with angular increments of 1° at vertical and
horizontal polarizations respectively. The results have been obtained at 10 GHz
frequency and diffraction angle has been set to 90°in order to take diffraction effects

of all edges into consideration.
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Maonostatic RCS of F-16 vs aspect angle
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Figure 93 RCS of F-16 with SBR, PTD and EEC at vertical polarization

As shown in Figure 93, diffraction effects are most dominant at an elevation angle
(6) of 180°. 180° elevation angle coincides with the rear side of the aircraft. Also in
elevation angle interval of [0°-22°] SBR and SBR, PTD and EEC results do not
match due to diffraction effects. In other angular ranges, since diffraction effects are
weak, SBR, PTD and EEC results are compatible with SBR results.

Monostatic RCS of F-16 vs aspectangle
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Figure 94 RCS of F-16 with SBR, PTD and EEC at horizontal polarization
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As shown in Figure 94, diffraction effects are most dominant at elevation angle (6)
intervals of [0°-75°] and [91°-180°). In other angular ranges, since diffraction effects
are weak, SBR, PTD and EEC results are compatible with SBR results.

Figure 95 presents monostatic RCS values of F-16 with respect to frequency when
azimuth and elevation angles are both set to 0°. The frequency interval in the analysis
is [2-18] GHz with increments of 1 GHz.

Monostatic RCS of F-16 vs Frequency

50
----- SBR
«SBR+PTD+EEC
af
30+ St -
T i
8 ———
h=J
= 20} p
g prE—
107
4
L
o_
-10 A L A A A A A
2 “ 6 8 10 12 14 16 18

Frequency [GH2]

Figure 95 RCS of F-16 with respect to frequency with SBR, PTD and EEC at

vertical polarization

As shown in Figure 95, diffraction effects are most dominant at frequency (0)
interval of [2-5] GHz. In other frequency ranges, since diffraction effects are weak,
SBR, PTD and EEC results are compatible with SBR results
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CHAPTER 5

MODELLING AND RCS SIMULATION OF AIRCRAFT COCKPIT

In the literature, rectangular cavity was used to represent a structure such as a cockpit
in an air vehicle and has been flush mounted in the sidewall of a finite circular
cylinder [27, 28]. In this study, fuselage of the air vehicle is modeled as finite
elliptical cylinder and a large cavity is mounted inside the finite elliptical cylinder.
Shooting and bouncing ray method is used for the cavity, and finite elliptical cylinder
effects were accounted for via the Uniform Geometrical Theory of Diffraction
(UTD) and Shooting and Bouncing Ray (SBR) method. RCS of cylindrical cockpit

and rectangular cavity have been investigated at a frequency interval of [1-12] GHz.
5.1 Radar Cross Section of a Rectangular Cavity in a Finite Cylinder
In this section, effects of scattering from cylindrical surface superposed on

rectangular cavity on RCS is investigated. In literature, cockpit of the aircraft is

modeled as a rectangular cavity inside finite cylindrical surface. [28]
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Figure 96 Cylinder with a flush mounted rectangular cavity. The cavity extends over

—2 <x< 2 —2 <y< 2, —d < z < 0. The cylinder length=L and radius=c.

Aperture integration (Al) of the waveguide modes was used for the cavity. Creeping
wave effects were accounted for via the Uniform Geometrical Theory of Diffraction
(UTD). External scattering from the cylinder was handled by curved edge GTD. This

AI/UTD technique was previously used for a cavity in a finite, flat ground plane [2].

5.1.1 Diffraction Mechanisms and Model

Three diffraction mechanisms are considered. RCS due to

(a) the cavity,

(b) creeping wave interactions of the cavity and cylinder, and
(c) exterior scattering by the cylinder edges.”

This is shown in Figs. 97 and 98. “The cavity contribution (a) is found by using
propagating waveguide modes to obtain the equivalent magnetic currents in the
aperture. Then, aperture integration is used to obtain the radiated field. Reciprocity is
applied [27] to obtain the solution for cavity excitation by a plane wave. Combining
the results gives us the RCS due to cavity effects. The interaction (b) of the cavity
and cylinder is readily incorporated by using UTD [27] The creeping waves, when

added to Al, provide an improvement beyond the & = 90° direction.
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The exterior diffractions (c) originate from the edges of the cylinder and aperture.
Interactions with the waveguide modes are not part of this process. The effect is
included via curved edgc GTD [28]. Other methods are possible. e.g. PO/PTD. Such

refinements were deemed to be not, worthwhile for this application

Figure 97 Excitation of cavity modes via topside and bottom side illumination.

Figure 98 External scattering by the cylinder, showing the possibility of two or four

diffraction points. The cylinder has a length=L, and aperture length=b.
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5.1.2 Results and Discussion

The AI/UTD were used to compute the monostatic RCS in the @ = 0 plane for a 1 by
1 m aperture in a cylinder. The cavity depth is 2 m and the frequency is 5 GHz. The

cylinder radius is 2.5 m and the length is 5 m.

Fig. 99 shows RCSyp and RCSgq using AI/UTD. The external part of the geometry
can be interpreted as a cylinder with an absorbing cavity. The total RCS represents a
cylinder with a perfectly reflecting cavity. We also note that the cylinder RCS has a
discontinuity; this is due to the appearance/disappearance of the diffraction points
Qgz and Qgy4, In Fig. 96. In the shadow, region 8 > 90°, creeping waves couple into
the cavity, reflect, and then reradiate. This effect is very weak as compared to the

cylinder’s external scattering
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Figure 99 Monostatic RCS of the finite cylinder with a rectangular cavity using
AI/UTD
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Figure 100 Monostatic RCS of the finite cylinder with a rectangular cavity using
SBR

Fig. 100 shows RCSpp and RCSye using SBR. There is a phase difference of 180°
between horizontal and vertical polarizations in angular ranges other than 6 =
[0°—20°] . Also, as 6 increases RCSgg component increase whereas RCSpy

component decreases.

111



112



CHAPTER 6

CONCLUSIONS

6.1 Summary of the Thesis

In the scope of this study, a MATLAB code has been developed in order to calculate
radar cross section of compex shapes using shooting and bouncing rays method.

Shooting and bouncing rays method is a ray tracing method based on geometric
optics (GO) and phyical optics (PO) methods. Ray paths are calculated by geometric
optics, whereas the interaction of surface currents and electric field is handled by

physical optics. Aperture integration (Al) method is also adopted.

Wave frequency, number of rays shot into the target, polarization of the wave, target
geometry and aspect angle are the major input parameters of the code. Based on

these parameters, the code predicts the RCS of a complex shape.

SBR code can handle reflaction effects which mainly occur due to specular surface
returns. Diffraction, on the other hand, occurs whenever an incident ray comes
accross an edge or a corner. Edge and corner diffraction mechanisms are mainly
handled by diffraction theories such Physical Theory of Diffraction, Geometric
Theory of Diffraction (GTD)) and Uniform Theory of Diffraction (UTD). Equivalent
Edge Currents (EEC’s), recently developed by Michaeli, is another method that can
handle diffraction effects. EEC method is used in the scope of this study. Therefore,
it can be concluded that, the code developed is a hybrid of SBR and EEC.

In order to validate the code, RCS of some primitive shapes such as flat square,

cylinder, and corner reflector is calculated and compared with the values pulished in
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the literature. Complex shapes, on the other hand, are decomposed into planar
triangles and saved as STL formats. The code performs ray-traingle intersection test
and based on the results of intersection tests, calculates the contribution of each
triangle. Finally, RCS of the whole target is calculated by summing up the
contribution of each ray. This is performed in the aperture integration phase.
Complex shapes that are analyzed in the scope of the study are F-16, F-117 and

eurofighter aircrafts.

Since SBR is a ray tracing based approach, a fast ray-triangle intersection test
algorithm shall be utilized to enhance SBR method. Badouel, Moller-Trumbore and
Plucker methods have also been implemented for ray-triangle intersection test in
various problems involving targets consisting of large number of triangular plates.
As a result of the study, it is concluded that Plucker test method yields lower

computation times than other two intersection test methods.

Results obtained by PO, SBR and SBR+EEC methods for complex and primitive
shapes have been compared and differences have been examined. While the above
mentioned codes provide perfect matches at regions where specular surface returns
are dominant, significant deviations between the results arise at regions where

diffraction effets are dominant.

In the scope of this study, contribution of a rectangular shaped cockpit inside a
circulor shaped aircraft fuselage to the RCS of the aircraft has been analyzed using
the methods in the literature.

Finally, all the analysis conducted under this study have been performed based on
‘Perfectly Electric Conducting (PEC)’ material assumption. Therefore the planar
reflection coefficient is assmued to be 1. Effect of radar absorbing materials is not

taken into consideration.

6.2 Discussion and Future Work

Electromagnetic analysis methods based on ray tracing or physical optics approaches

such as SBR are approximate techniques. While external excitations can be modeled

by these techniques, internal excitations cannot be handled. On the other hand,

approximate techniques can provide fast results with relatively low computation
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effort. Full wave solution techniques, also called current based techniques such as
Method of Moments (MoM), Multi Level Fast Multipole Method (MLFMM) and
Finite Element Method (FEM) do not include any approximations but require higher
computation power and provide more accurate results compared to the above

mentioned simpler approximate techniques.

In order to obtain faster and more accurate results, approximate and full wave
techniques can be combined resulting in a hybrid method. This approach can also

provide a solution of the diffraction problem.

Use of radar absorbent materials in the future fighter aircrafts is inevitable. Therefore
any RCS code should be compatible of solving problems that include dielectric
materials. This can be achieved through the development of dielectric material
attenutaion models and modifying planar reflection coefficients used in electric field

integrals.
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