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ABSTRACT

This thesis presents a treatment of the problems of electromagnetic
(EM) wave scattering from conducting, dielectric and dielectrically coated
Bodies of Revolution (BOR) with attached wires and wings with different
angles, which are the most important factors that affect the Radar Cross
Section (RCS). The solution to these problems depends on the contribution of
the BOR, wires, wings and junctions (junction is the connected region
between the wire and BOR surface) and the interactions among which are
taken into consideration. The formulation of the EM scattering is based on the
equivalence principle which treats the equivalent unknown surface current
density on the conducting BOR, and the surface electric and magnetic current
densities on the dielectric surface.

The Electric Field Integral Equation (EFIE) is used to formulate the
EM scattering from the conducting bodies, while the formulation of the EM
scattering from dielectric and dielectrically coated objects depend on the
boundary conditions for the problems produces four integral equations (IES),
which reduces to two set of IEs using PMCHWT method to formulate the
Combined Field Integral Equation CFIE, that convert to liner equations using
the Method of Moments (MoM) using the Galerkin's approach. This method

provides accurate results for regular and irregular bodies.

A source code was written using a Fortran Power Station 90
programming language to simulate the theoretical part of this thesis to
calculate the Bistatic and Monostatic RCS to the EM scattering problems

from conducting, dielectric and dielectrically coated BOR with different
constitutive parameters such as conductivity o, permittivity €, and

permeability p in case of with and without wire and/or wings and junctions.

XXI



The computed results refer to the validity of our formulation when our results
are compared with the published results.

One of the basic and important aims in our research is to study the
effect of the shape by wires in addition to the coated by Radar Absorbing
Material (RAM) on the RCS pattern. This RCS be known for regular and
simple objects, as in sphere and cylinder, before adding the effect of the wires
and find a new form of RCS pattern. The main application is to find a
developer model for this study carries known RCS, if it is an approximation
with other objects close to his form.

The proposed model in this study, which is used to realize our results
by compared the RCS with known RCS figure, is the rocket of US Navy with
four wings. The effect of the wings dimensions on the RCS was studied, also
the effect of Radar Absorbing Material (RAM) in case of its thickness and
constitutive parameters, as a RCS reduction, on the RCS was studied. The
computed results revealed the significant effect of the coated layer on the
RCS reduction with respect the conducting body, rather than the effect of
wire/wings on the RCS. The imaginary part of the permittivity and
permeability showed a clear effect on the RCS reduction and distortion, and
the important aim of this current study when the rocket body is coating and

the other parts remain as conductors.

XXii
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Chapter One
General introduction

1.1 Introduction

Radar did not come to the forefront as a useful sensor until world war
I, when tremendous strides were made in both the theory and practice of
radar technology. Before the 1950s, the scientific community in general felt
the theoretical calculation of a complex targets Radar Cross Section (RCS)
was beyond the capabilities of the known technology. By the early 1950s
approximation technique began evolving that allowed the estimation of the
RCS for such complex shapes as airplane, missiles, and satellite.
Consequently the development of radar over the past fifty years has focused
on two primary radar technologies: monostatic and bistatic.

Radar detects or tracks a target, and sometimes can identify it, only
because there is an echo signal. The intensity of echo is described explicitly
by the RCS of the objects, which frequently ought to be reduced. Control of
the echo characteristics of some targets is of vital tactical importance. There
are two important practical ways of doing so: shaping and radar absorbers.
Shaping is the selection or design of surface profiles so that little or no energy
is reflected back toward the radar, while, Radar Absorbing Material (RAM)
actually soak up radar energy, also reducing the energy reflected back to the
radar [1].

Several Electromagnetic (EM) problems like scattering, radiation, wave
guiding etc., are not analytically calculable, for the multitude of irregular
geometries found in actual devices. Computational numerical techniques can
overcome the ability to derive closed form solutions of Maxwell's equations
under various constitutive relations of media, and boundary conditions. This
makes Computational Electromagnetic (CEM), important to design, and

modeling of antenna, radar, satellite and other communication systems [2].
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Maxwell's equations tell us that EM waves are a combination of electric
( E ) and magnetic ( H ) fields which are perpendicular to each other and
perpendicular to the direction of propagation. When an EM wave is incident
on a body, such as BOR, the boundary conditions on the body require that
surface currents flow. These currents, in turn, re-radiate a scattered EM wave.
The strength of the reflected and transmitted for planar surface are given by
Fresnel coefficients, which are functions of the incident polarization and
material properties [3].

CEM typically solves the problem of computing the E and H fields
across the problem domain. Also calculating scattering from this fields. CEM
models may or may not assume symmetry, extensively make use of
symmetry, and solve for reduced dimensionality from 3 spatial dimensions to
2D even 1D by choosing the right technique for solving problem. Moreover,
CEM problems require super computer; high performance clusters, vector
processor and/or parallel computer. Typical formulations involve either time-
stepping through the equations over the whole domain for each time instant;
or through banded matrix inversion to calculate the weights of basis functions,
when modeled by Finite Element Method (FEM); or matrix products when
using transfer matrix method; or calculating integrals when using MoM; or
using Fast Fourier Transforms (FFT), and time iterations when calculating by
split-step method [2].

The ability to produce the systems that exhibit stringent operating
requirements with feasible cost efficiency is only made possible through the
application of numerical methods to develop the fundamental models used to
predict such systems. Applied numerical methods, with respect to the EM
applications[4], can be employed in such a way as to develop unique tools

that characterize segments of the complete analysis of a system.
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1.2 The scattering problem and radar cross section

EM waves, with any specified polarization, are normally diffracted or
scattered in all directions when incident on a target. These scattered waves are
broken down into two parts. The first part is made of waves that have the
same polarization as the receiving antenna. The other portion of the scattered
waves will have a different polarization to which the receiving antenna does
not respond. The two polarization are orthogonal and are referred to as the
principle polarization (pp) and orthogonal polarization (op), respectively. The
intensity of the backscattered energy that has the same polarization as the

radar's receiving antenna is used to define the target RCS.

An object exposed to an EM waves, with a given polarization,
disperses incident energy in all directions. This spatial distribution of energy
is called scattering and the object itself is often called scatterer [5].

Scattering problems can be considered as radiation problems where the
locally radiating current are generated by other currents or field. Therefore
RCS problems involved incident EM radiation generated by external source,

creating on the scatterer that re-radiated a scattered field.
Basic scattering configuration is depicted in Fig.(1-1). Assuming e/®t time
dependence and suppressing it, the incident electric and magnetic fields are

given by [6], as follow:

E! = Ele~JkikiT (1-1)
Hi = Hle~JkikeT (1-2)
A = %I}i x E! (1-3)

Where E! and H: are real and constant amplitude vector, 5 is the intrinsic

impedance of free space. The propagation vector k; is given by:

Ei = —(X Sineicosgoi + 79 Sineisimpi +Z cos@i) (1-4)
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Fig.(1-1): Basic scattering configuration

The incident electric field can also be expressed in terms of its

orthogonal components as:

El=ELfi+ELQ (1-5)
Since, for RCS calculations, the observation point is in the far field of the
scattering structure, the direction of the observation point can safely be
assumed to be equal to kg in Fig.(1-1) everywhere on the scatterer surface.
The scattered electric far field can be expressed as:

—jkst

e

ES = ES

(1-6)

r

Where EZ is complex amplitude vector. Similar to the incident field, scattered

electric field can be expressed along 8 ° and ¢ ° as:

ES=E30°+E¢p° (1-7)
Formally, RCS is a measured of the power that is returned or scattered

in a given directions normalized with respect to the power density of the



Chapter One General Introduction
o= =S

incident field. RCS is a characteristic property of the scatterer (property of the

target reflectivity). It is defined in [7] as the area required to be cut of the
incident wave front, at the position of the scatterer, so the power thereby
intercepted would, if radiated isotropically, create the same power density at

the observation point as does the scatterer itself. The expression for RCS is

[8]:

-S|2
o = lim,_o, 4mr? léi;z (1-8)
s 2 |H$|2 )
o = lim,_ 4nr i (1-9)

To make the RCS quantity be independent of the distance between the
scatterer and the observation point, the scattered power should be normalized
so that decay due to spherical spreading of the scattered wave is eliminated.
This is achieved by the multiplication factor 4rr. Equations (1-8) or (1-9) is
general definition and does not contain any information about the polarization
of the incident and scattered fields. The following definitions, which make
use of the components defined in Egs.(1-5) and (1-7), are introduced to

emphasize the polarizations.

_¢ 12
%9 = lim,_,o, 4mr? Pf;‘,"z (1-10)
|Eg
=S 2
% = lim,_, 4mr? “ffLL (1-11)
¢
25|
=S 2
c®® = lim,_, 4nr? % (1-12)
|26
—s 2
0?0 = lim,_ 4mr? % (1-13)
Eg

In the same way RCS can also be expressed in terms of the incident and

scattering magnetic fields, Eq.(1-9), by replacing the E-field terms with
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corresponding magnetic field quantities in Eqgs.(1-10) to (1-13). From these
definitions of RCS, it can be concluded that RCS is a function of:-

1-Target geometry, its material properties, and its orientation relative to radar.
2-The frequency and wavelength of the incident wave.

3-Polarization of incident and scattered wave.

4-Polarization of transmitter and receiver radar.

1.3 Radar range equation

The Radar Range Equation (RRE) provides the most useful
mathematical relationship available to engineer in assessing both the need for
and the resulting effectiveness of efforts RCS. In its complete form [7], the

radar equation accounts for:

1. Radar system parameters.

2. Target parameters.

3. Background effects (clutter, noise, interference, and jamming).

4. Propagation effects (reflection, refraction, and diffraction).

5. Propagation medium (absorption and scatter).
The RCS of radar target is the hypothetical area required to intercept the
transmitted power density at the target such that if the total intercepted power
were re-radiated isotropically, the power density actually observed at the
receiver is produced [9]. This is a complex statement that can be understood
by examining radar transmitter and receiver co-located, radar equation one

term at a time.

P = (1er3) & () Aers (1-14)

Where P. is the power received back from the target by the radar (watt), P, is

the power transmitted by the radar (watts), G, is the gain of the radar

transmitted antenna (dimensionless), ¢ is the RCS of the target (m?), r is the
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distance from the radar to the target (m), A.¢ is the effective area of the radar

receiving antenna (m?).

The term (:;f;) is present the power density (watt/m?) that the radar

transmitter produces at the target. This power density is intercepted by the

target with radar cross section o, which has units of area (m?). Thus, the

product ( )a has the dimensions of power (watts), and represents a

Pt Gt
4712

hypothetical total power intercepted by the radar target. The second term

(4nlr2) represents isotropic spreading of this intercepted power from the target

back to the radar receiver. The third term represents the amount of the
returned power, which is captured by the receiving antenna as a result of its
effective area.

The radar equation can be used to estimate radar system performance.
Therefore, a thorough knowledge of radar equation and its simplification are
vitally necessary in the area of RCS range, and since the far field conditions
are implicate in the RCS definition, so that the isolation between receiver and
transmitter can be determined by RRE.

The examination radar detection range is, (for co-located transmitter and

receiver).
1
P; Gt A% o /4
R = [2227] @19
and for non co-located
1
P; GtG,A%o /2
(ReRr)max = t(47tr)3Ls ] (1-16)

Where R, is the transmitter-to-target range, R, is the receiver-to-target range,
A is the wavelength, G, is the gain of the radar receive antenna, Fig.(1-2), and

L is the total system loss and given by [10].
Ly = LtLaterLsp (1-17)
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Where: L, is the transmitte loss, L., IS the atmospheric loss, L, is the

receiver loss, and Ly, is the processing loss.

Transmitter Receiver

< Gain G,

Effective
area Ag

Fig.(1-2): Link geometry for radar measurement.

1.4 Radar cross section technologies

The definitions of RCS give the general notation for indicating
polarization and angle as:
O.tr(gt, d)t, 97, ¢r) (1-18)
The superscripts t and r refer to transmitter and receiver polarization, typically
horizontal or vertical, and angular coordinate. From this notation of RCS
three cases of technologies can be distinguished as follow:
1- Bistatic cross section is for the case when the transmitter and receiver are
at different locations.
2- Forward cross section is the measure of scattered power in the forward
direction; that is, in the same direction as the incident field. This forward
scattered power is usually 180" out of phase with the incident field so that
when added to the incident field a shadow region is found behind the
scattering object.
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3- Monostatic or backscatter cross section is the used case of interest for

most radar system where the receiver and transmitter are collocated.

The most common of these technologies are monostatic and bistatic
cross section. In monostatic case only one of angular coordinates is needed.
Most experimental measurements are of monostatic cross section. Whereas
analytical RCS predictions are much easier to do for bistatic cross section,
with illumination source fixed and receiver position moved. Far-field
monostatic or bistatic scattering measurements can provide information on
radiated fields from a target, but supply little information on evanescent fields
such as surface waves or local cavity modes. In general the bistatic signature

will be lower than the monostatic [11].

Bistatic RCS measurements are inherently more difficult and complex
than monostatic measurements simply because the receiving antenna must be
moved for each measurement, for this reason many studies developed a
relationship between monostatic RCS and bistatic, whereby bistatic RCS can
be predicted from monostatic RCS measurements under certain condition
[12].

Polarization is one source of the additional complexity. Radar systems,
that operate on a single polarization may only need a single transmit (Ty)
channel and a single receiver (R,) channel. However, fully polarized systems
duplicate both the T, and R, channels. Figure (1-3) depicts both monostatic
and bistatic radar configurations. A monostatic system use a single location
for both transmit and receive, whereas a bistatic system locates the transmitter
and receiver at separate locations. Monostatic radars operating a single
polarization only and no cross-polarized components, just vertical and

horizontal polarized [13].
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Fig. (1-3): Monostatic and Bistatic geometry

1.5 The scattering regions

The scattering process which takes place when an EM wave encounters
a material object can be characterized in two ways [14]. The simple specular
reflection model assumes that the angle of incidence is the same as the angle
of reflection. A more general (and physical) approach is to consider the
interaction in detail, involving induced charges and currents on the object.
The incident waves induce charges and currents on the surface that re-radiate

EM fields which can emanate also into non-specular directions.

Generally, when an EM wave propagating in free space encounters,
different media characterized by p and ¢, energy is reflected, transmitted or
absorbed. Calculation of the scattered fields requires solving of the Maxwell
equations, and analytical solutions exist only for some simple surfaces like
cylinders and spheres. An introduction to the theory of EM scattering can be
found in [15].

Three characteristic scattering regions can be distinguished depending on the
ratio of wavelength to object size: Rayleigh, resonant, and optics scattering

regions. These regions and the associated scattering mechanisms are

10
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illustrated in Fig.(1-4). In the figure below, the normalized RCS of a metallic
sphere (radius = a) as a function of its circumference in wavelengths is

shown.
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Fig.(1-4): Normalized RCS of a metallic sphere (radius = a) as a function of
its circumference in wavelengths [14].

The region where the wavelength A of the incident EM wave is
considerably larger than the object size L, i.e., A>> L, is called the low-
frequency or Rayleigh scattering region [14-15]. In this case, the phase of the
incident field over the object surface can be considered to be the same at each
time instant. The dominant scattering mechanism in the Rayleigh region is
induced dipole moment scattering. The strengths of the induced dipole
moments and thus the scattered fields depend on the size and orientation of
the object with respect to the incident vector EM field. Characteristics of the
Rayleigh scattering are that the scattering cross-section is proportional to the
fourth power of the frequency, and that it does not depend on the object’s
detailed shape [14]. Rayleigh scattering problems can be solved with the
scalar analysis methods developed for electrostatics. Rayleigh scattering is of

11
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little practical interest to most applied EM problems, because usually the

objects are large measured in wavelengths.

In the resonant scattering region, where the wavelength is comparable
to the object’s dimension, i.e., L < A < 10 L, surface wave and front-face
optics-like scattering mechanisms dominate [14]. The surface wave types
present are traveling, creeping, and edge traveling waves. Surface wave
scattering is relatively independent of the objects size, and the scattering
cross-section produced is proportional to the square of frequency. Also, the
overall geometry of the object has a great effect on the observed scattered
fields in this region, since the field at any part of the object surface is a sum of
the incident field and the scattered fields from any other part of the object.
The optics-like scattering occurs in the specular direction from the objects
front-face. Calculation of the scattered fields in the resonant region requires
an exact solution of the Maxwell’s equations [14].

The optics scattering region begins when the wavelength becomes
much smaller than the objects dimensions, i.e., A < 10 L. In this region,
scattering from individual local scattering centers due to detailed object
surface geometry dominates. The observed scattered field is a complex sum of
the contributions from the individual scattering centers. The dominant
scattering mechanisms in the optics region are specular (mirror-like)
scattering, end-region scattering, edge diffraction, and multiple-bouncing.
Specular scattering is the major scattering mechanism for many radar targets
[14].

1.6 Computational Electromagnetic Methods

The scattering is one of the most important branches in CEM. Since the
RCS is a term that is companied by scattering problems, so the calculation
methods of RCS fall within the CEM. The calculation of RCS is classified

into three basic lines, they are prediction, reduction, and measurement.

12
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1.6.1 Prediction Methods

The RCS predicted can be classified into two types: analytical and
numerical. Analytical methods are available in the frequency or time domain
when the target coincides with the coordinate systems (rectangular, spherical
or cylindrical). This method is separation of variable [3][16]. The other
methods, numerical methods, are developed to solve RCS for the complex
target. These methods are typically classified as so-called "low-frequency"
and "high-frequency” methods and further sub-classified into time- or
frequency- domain methods, in accordance with the scattering regimes and

target geometry.
1.6.1.1 Low-Frequency Methods

Low Frequency Methods ( LFMs ) are so-named because they solve
Maxwell's equations with no implicit approximations and are typically limited
to problems of small electrical size due to limitations of computation time and

systems memory. These methods are:

1- Method of Moments

The Method of Moments is a technique to solve EM boundary or volume
integral equations in the frequency domain. It takes in to the account the
entire EM phenomenon and the polarization effects for excite field. Because
the EM sources are the quantities of interest, the MoM is very useful in
solving radiation and scattering problems. In this thesis, we focus on the
practical solution of boundary integral equations of scattering using this
method, see Appendix (A) for information about an explanation of this

method .

13
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2- Finite Element Method

The Finite Element Method (FEM) is a method used to solve frequency-
domain boundary valued EM problems by using a variational form. The
features of this method can be summarized in the following:

1- It is used to find solution of Partial Differential Equation (PDE) and
integral equations.

2- It can be used with two-and three dimensional canonical elements of
differing shape, allowing for highly accurate discretization of the solution.

3- It is often used in the frequency domain for computing the frequency field
distribution in complex, closed region such as cavities and wave guide.

4- 1t is unsuitable solution for radiation or scattering problems unless

combined with a boundary integral equation approach [17-18].

3- Finite Difference Time Domain Method

The Finite Difference Time-Domain (FDTD) method uses the method of
finite differences to solve Maxwell's equations in the time-domain. The
solution is typically discretized into small rectangular or curvilinear elements,
with a leap frog in time used to compute the electric and magnetic fields from
one others. FDTD excels at analysis of inhomogeneous and nonlinear media,
though its demands for system memory are high due to the discretization of
the entire solution domain, and it suffers from dispersion issues as well and
the need to artificially truncate the solution boundary. FDTD finds
applications in packaging and waveguide problems, as well as in the study of

wave propagation in complex dielectric [19-20].

14
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1.6.1.2 High-Frequency Methods
The High-Frequency Methods (HFMSs) can be classified into:

1- Geometrical Theory of Diffraction
The Geometrical Theory of Diffraction (GTD) [21] uses ray-optics to

determine EM wave propagation. This method comes as an extension of
Geometrical Optics (GO) method to account the non-zero field in the shadow
regions, and state that "the incident ray excites a fictitious cone of diffracted
rays; all subtend the same angle with respect to the edge as that subtended by

the incident ray", as shown in Fig.(1-5) .

Y

incident radiation

scattered radiation

Fig.(1-5): Diffracted ray cone from a line of discontinuity
Some features for this method are :
1- The spreading, amplitude intensity and decay in ray bundle are computed
using from Fermats principle and the radius of curvature at reflection point.
2- The observation point must be laid within the fictitious Keller cone,
otherwise yields precisely zero.
3- It attempts to account for the fields diffracted by edges, allowing for a

calculation of the fields in shadow regions.
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4- The GTD is fast but often yields poor accuracy for more complex

geometries.

2- Physical Optics Method

Physical Optics (PO) is a method for approximating high-frequency surface
currents, allowing a boundary integration to be performed to obtain the fields.
It is based on tangent plane approximation, where the integration element is
assumed to be a tangent plane to the incident field, and far field
approximation and through which the gradient of Greens function is replaced
by Greens function itself multiplied by constant factor, more of the
characteristic of this method [22]:

1- It does not account for the fields diffracted by edges or those from multiple
reflections, so supplemental corrections are usually added to it.

2- It is used extensively in high-frequency reflector antenna analysis, as well
as many radar cross section prediction codes.

3- The simplified integral equation can be evaluated exactly for a few special
structures.

4- 1t has no polarization dependency, since the polarization of the scattered
wave is precisely that of the incident wave.

5- The PO and the MoM are used to solve the same integral equation, through

the MoM calculates the surface currents directly instead of approximating.

3- Physical Theory of Diffraction

The Physical Theory of Diffraction (PTD) [23] is a means for supplementing
the PO solution by adding the effect of non uniform currents at the diffracting
edges of an object. PTD is commonly used in high-frequency radar cross

section and scattering analysis.

16
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1.6.2 Reduction Methods

The detectability of a target is measured in terms of the RCS. The RCS

IS a property of the target size, shape and the material from which it is
fabricated and is a ratio of the incident and reflected power.
Stealth technique is the main base for reduction methods of RCS. The concept
of stealth means, the alter of surface characteristics of target. This in turn
helps to reduce the effective area of the target reflecting the EM waves as
seen by the radar [9]. The stealth techniques initially employed were
frequency dependent and thus limited in their overall effectiveness. Moreover,
over the years, radar technology improved drastically with the use of high-
powered large bandwidth transmitters, thereby reducing the effectiveness of
such primitive stealth technology [9,24,25].

There are four methods for reducing the RCS [1,26]; shaping; RAM,
passive cancelation and active cancelation. The two most practical and most
often applied RCS reduction techniques are shaping and RAM [1,25]. In
current RCS designs, shaping techniques are first employed to create a
planform design with inherently low RCS in the primary threat sectors. RAM
is then used to treat areas whose shape could not be optimized or to reduced
the effects of creeping waves or traveling waves on the signature. The other
two methods, active and passive cancelation, employing elements at selected
points on the target (where reflections are maximum), reduce the overall RCS
by phase cancellation. In both techniques, the major scattering centers are first
identified and each of these are treated separately, note that they operate in the
range of narrow bandwidth methods [7]. The four methods show in briefly as

follow:

1- Shaping

Shaping is the primary method of RCS Reduction (RCSR). It is involves
modifying the external features of the target to reduce the radar returns in a

17
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specified (usually the backscatter) direction [27]. Normally reduction is
achieved only in a limited angular region and at the expense of increased RCS
in other regions. So, although shaping is very important, it redirects the
radiation through specular reflection hence increasing the probability of
detection from bistatic radars [28]. Indeed shaping requirements are often in
conflict with structural and aerodynamics requirements in designing the

complex targets.

2- Radar Absorbing Materials RAM

RAM or distributed loading technique essentially consists of covering the
scatterer with suitable materials. The RCSR in this case is achieved by both
absorption and redirection of EM energy [29]. RAM are essentially materials
characterized by large values for the imaginary part of the permittivity or
permeability. The ratio of the imaginary to real parts of these EM parameters
iIs known as tangent loss. The corresponding materials are identified as the
dielectric RAM and the magnetic RAM, respectively. The mechanism
reduction in the backscatter is thus partly due to scattering in the forward
direction through the material and significant absorption of EM waves as it

propagates through the coating [27].

3- Passive Cancellation

It is also called passive loading technique. In this method, special
configurations, such as resistive sheets are placed over the scattering centers

to modify the surface impedance in order to cancel the reflections [1].

4- Active Cancellation

In this method, active devices are employed to sense the incident radar waves

and to send out signals to cancel the echoes from these points [1].

18
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1.7 Bodies of Revolution

The search for the body suit with problems of EM scattering was in line
with the BOR to the attribute of the recipes qualify to facilitate the process of
analyzing the scattering problems. Therefore, the problem of EM scattering
by a BOR has been given a great attention due to its significance in radar
application.

A large number of structures in the field of EMs have symmetry around
an axis of rotation. Among these structures there are certain types of simple
shapes such as, sphere, finite cylinder, and cone-sphere. There are also
structures that have this rotational symmetry, on to which it is desirable to
mount certain electromagnetic device, for example, the fuselage of an aircraft
or missile. Since the periodic behavior of EM fields around this type of
structure is known, it is possible to extract this behavior analytically, and then
solve Maxwell's equations on single two dimensional (2D) plane [30] .

BOR is a three-dimensional object which is formed by rotating a
planar curve called the generating arc about the axis of symmetry. By taking
the advantage of the rotational symmetry of BOR, the Fourier series used to
convert the original three-dimensional problem illuminated by incident plane
wave into a series of two-dimensional problems, which called Fourier
components or modes. This results in a considerable saving in both the time
of computation and memory storage [31-32].

The BOR is formed by rotating a planar curve C about an axis which
chosen as Z-axis of a Cartesian coordinate system as shown in Fig.(1-6).
Region 1, exterior to the body, and region 2, interior the body, are
characterized by medium parameters (u4, &;) and (u,, €,), respectively, where
u and € are the permeability and permittivity of the region, respectively. The
coordinates system on the surface S introduced by (t ,¢), where t is the arc

length along the generating curve and ¢ is the azimuthal angle measured from
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the XY-plane. The unit vectors of the orthogonal right-handed triad

(un, ug, uy) are normal to S and tangent to the ¢ and t-coordinate lines,

respectively. For numerical purpose, the generating arc is approximated as a

sequence of linear segments as shown in Fig. (1-6) [33].
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Fig.(1-6): Geometry and approximation of generating arc ( C ) by linear
segments for BOR and the coordinate systems.

1-8 Electromagnetic integral equations and the method of moments

The radar cross sections of simple bodies can be computed exactly by a
solution of the wave equation in a coordinate system for which a constant
coordinate coincides with the surface of the body. The exact solution requires
that the electric and magnetic fields just inside and just outside the surface
satisfy certain conditions that depend on the electromagnetic properties of the
material of the body (conductor or dielectric) is made. The exact solutions of
the wave equation are, at best, guide lines for gauging other (approximate)
methods of computing scattered fields [9].
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The solution of the Integral Equations (IES) governing the distribution

of the induced fields on target surface. The most useful approach at solution is
known as the MoM, in which the IEs are reduced to a system of linear
homogeneous equations which are solved to determine parameters of interest
[34]. The attractive of the method is that the surface profile of the body is
unrestricted, allowing the computation of the scattering from truly tactical
object.

The MoM, widely used in EMs due to the work of Roger Harrington
and Miller [35,36], was originally popular for structural analysis and has since
become common in CEM analysis. After the IE has been derived, there are
four steps in implementation of the MoM, these steps are as follows [37]:

* Expansion of the unknown function using basis or expansion functions.
* Evaluation of the IE using weighting or testing functions.
* Evaluation of the moment matrices elements.

* Solving the systems of matrix equation obtaining the parameters of interest.

Maxwell's equations provide the starting point for the study of EM
problems, together with certain principles and theorems such as superposition,
reciprocity, equivalence, etc.[38].

The IE formulation of Maxwell's equations valid for very large or very
small bodies compared to a wavelength. This formulation starts with the
representation of fields as a linear superposition of the fields produced by a
point source, followed by imposition of appropriate boundary conditions,

depending on the geometry and parameters of the medium [39].
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The boundary IEs are a powerful and elegant for the formulation

analysis, and numerical solutions of a wide class of problems in EMs. By
means of boundary integral equations, it is possible to deal with radiation,
scattering, and resonance problems involving objects of homogeneous
dielectric and/or conductor media, in both two and three dimensions. The
unknowns in boundary integral equations are magnetic and electric surface
current configurations under analysis [40].

The EM integral equation were obtained by using the vector Greens theorem
in conjunction with Maxwell's equations. This equation gives the prescription
for scattered fields in terms of surface current density. The scattered E and H

fields are given by [14]:
ES = gﬁs [—jou(A X H)G + (A X E) x VG + (A- E)VG] - ds (1-19)

H®=-¢ [-jwe(@i xE)G— (AXH)X VG — (ii- H)VG] - d§ (1-20)
where  is the fixed angular frequency of the problem, p and ¢ are the
permeability and permittivity of medium, and 7 is the outward unit normal to
the surface S, and G is the Greens function.

The physical meaning of the results in Egs.(1-19) and (1-20) will be
interpreted in terms of the Greens function G and its gradient VG (Huygens
wavelets). That is, each element will be related to the field at one point on a
scattering body produced by the currents flowing on another port of the same
body. The three-dimensional Greens function is an outward scalar spherical
wave whose intensity falls as inverse to distance, given as:

e~ JkR e~ Jk[T-7]

z

G(F,7) =

(1-21)

4amR 4|77
Where k=wJue is the wave number. The term e, which is time—

dependence, is assumed and suppressed throughout the thesis.
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Primed coordinates are used for points in the source region, 7', and unprimed

coordinates for the point of observation, r. The gradient of Greens function
Is an outward vector spherical wave

e

—JkR
— R (1-22)

VG = —(1 —jkR)
where vector direction R is the radially outward from each elemental source.

Egs (1-19) and (1-20) can be re-written in a new form by meaning of the

magnetic vector potential A, and electric vector potential F, as follow [41]:

E°=—jwd —LVV-2)-2VxF (1-23)
A = —joF -2 V(V-F)+ﬁVxZ (1-24)
where

A=u J, JEHGT,7")ds (1-25)
F=e[ M@F)GT")ds (1-26)

Equations (1-23) and (1-24) are known as the Electric Field Integral Equation
(EFIE) and the Magnetic Field Integral Equation (MFIE), which are the most
popular forms, respectively. The EFIE enforces the boundary condition on the
tangential components of the electric field, while the MFIE enforces the
boundary condition on the tangential components of the magnetic field. A
linear combination of EFIE and MFIE formulations is normally used to form
the Combined Field Integral Equation (CFIE) [41].

1.9 Electromagnetic Boundary Conditions

In a uniform medium an electromagnetic plane wave travels without
blending; at an interface reflection and refraction of the incident wave occur.
Reflection and refraction at the interface between dissimilar media are

governed by boundary conditions implied by Maxwell's equations.
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Boundary conditions are the cornerstones in EMs [42,43]. Although it

is well known that for time-varying EM fields on a source free boundary,
satisfying the continuity of electric (E) and magnetic (H) fields at the
interface implies that the continuity conditions of the normal components of
the magnetic induction vector (B) and the electric displacement vector (D) are
satisfied, the converse is not true. In other words, for time-varying EM fields,
the satisfaction of the continuity conditions for the tangential £ and H fields
at dielectric interface is a necessary and sufficient requirement, while the
satisfaction of the continuity conditions for the normal B and D at that
interface is only a necessary but not sufficient requirement.

For time-independent (static) electric or magnetic fields, satisfying the
continuity conditions on tangential E does not imply the satisfaction of the
continuity of the normal component of B at the dielectric interface, and
satisfying the continuity on tangential H does not imply the satisfaction of the
continuity of the normal component of D at the interface [42,44].

At the interface between regions of different dielectric parameters as shown in
Fig.(1-7), the generalized EM boundary conditions are written as [41]:
—Ax (E, — E)) = Mj

l X (_Hz —_Hl) =J

ﬁ'(l_)z_l_)1) = Pe

fi- (B, — By) = pm

Where J; is the electric surface current density, M, is the magnetic surface

(1-27)

current density, p, and p,, are the electric and magnetic charge density,
respectively, n and f are outgoing vectors normal and tangential to the
surface of the boundary from region 2 to 1.

For the interface between a dielectric (region 2) and a Perfect Electric

Conductor (PEC, region 1), the boundary conditions become:
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Material (2) &,,M,,0,

Material (1) &, 14,0,

Fig.(1-7): Boundary between two media.

1.10 Surface Integral Equations

The MoM can be applied to complex conducting or penetrable bodies.

Generally, a Surface Integral Equation (SIE) formulated is used to describe

the physics of the scattering process for conducting, dielectric, and coated

bodies. Therefore, SIE is widely used to solve problems of EM scattering by

an interface S between two homogeneous regions of space lead to many

different formulations [45,46].

If one of the regions is PEC, it is sufficient to find the electric current
on S by solving a single IE such as the EFIE, MFIE, or CFIE [46,47]. In the
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case of dielectric media, the usual procedure is to solve a pair of coupled IEs

for the equivalent electric and magnetic current on S by linearly combined in
several forms [48,49] as shown in Fig.(1-8). For single region or multi-

regions, the three forms of SIEs can be expressed as [32, 50]:

EFIE: A x [L],(¥) — KM,(¥)] = A x E™*¢ (1-30)
MFIE: % + 7 x KJ,(F) + A x LM;—(Z” — A x Hine (1-31)
CFIE = a- EFIE +<(1 - a) - MFIE (1-32)

Where J; and M, are the electric and magnetic surface currents induced at
point 7+ , respectively. i is the normal unit vector on surface, 7 is the
impedance of the region, and k is the propagation constant. The constant « is
chosen so that the spurious solution is eliminated, with 0.2 < a < 0.5
typically representing a good choice [51].

The integro-differential operators L and K are defined as [50]:
L(E) = jk ff, F GRS = fJ, [V~ E®]V6(R)dS (1-33)

K(F) = [[, F(# xVG(R)dS (1-34)

Where F; can represent either J; or M, and R = |7 — 7| is the distance
between source and field points. Therefore, solving a scattering problem by
SIE involves two steps:

1-Solving an IE for unknown local current J or M created by an external but
known incident field E or H™<,

2- Integrating the induced currents J or M to obtain the scattered fields ES , HS
Although the EFIE has been used as a basis for the numerical solution of
scattering or antenna problems involving (large) BOR, the MFIE is more
attractive for general shaped voluminous structures [52]. For thin wires or thin
cylinders or plates, however, the MFIE is known to fail, and one is forced to

use the EFIE equation in such cases, because of the difficulty in adequately
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representation VG in the MFIE for these cases [14]. Furthermore, the EFIE

formulation, in contrast to the MFIE, is applied to open structures and allows
voltage and local conditions to be easily specified at terminals defined on the
structure [49].

Hinc
Incident
wave

Einc

)

(g1 1)

(Ell Hl)

S~

A s

M

Fig.(1-8): Homogeneous dielectric object (&, , u,) embedded in a
homogenous medium (&; , 1y). (J,M) are the equivalent currents for the
exterior region.

1.11 The concept of RAM and ideal requirements

RAM is very effective means of RCSR in the context of stealth
technology. It can be applied on the complex targets and this changes the
exterior profile of these target structures and interferes with their flight
characteristics. The complex targets [28], like aircraft, missiles, rockets, ships
and other shapes, can be represented as collections of basic geometric
elements such as flat plates, spheroid, cylinder, finite cones, cone frusta,
edges, vertices, or blended surfaces [53].

An enhancement in the absorption due to the RAM coating on a target

results in lower scattered EM fields and hence RCSR of the target. The wave
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e
analysis involves not only free space propagation and interaction at the
interface of two media, but also through bounded material medium [54].

The wave propagation through a material medium, for example Fig.(1-9), is
governed by the intrinsic physical parameters of medium, viz. its permittivity
€, permeability p and conductivity 6. The well known classes of dielectric and
magnetic RAM are essentially a manifestation of these intrinsic EM
parameters of the medium. It is also possible to explain the various properties,
such as isotropy, linearity and reciprocity of the medium in terms of the
nature of these parameters [55]. RAM may be broadly separated into
categories, resonant absorbers and broadband absorbers. These materials are
made from resistive and/or magnetic materials [29]. There are some ideal
requirements for RAM, it is possible to include briefly as follow [1,29,56]:

1- The total weight of RAM applied on the surface be as small as possible.
Two desirable properties of RAM therefore would be low density, and the
requirement that a very thin coating be sufficient for the purpose of RCSR.

2- The RAM must be chemically stable. It must be able to withstand electrical
hazards such as static charges and lighting. In other hand, RAM should be
anticorrosive in nature, i.e., it should not damage the surface of the body on
which it is applied.

3- The RAM must be of high mechanical strength (flexural, Young's modulus,
hardness etc.) and should be able to withstand structural stresses and other in-
flight conditions.

4- From the counter-stealth perspective, in order to be effective, RAM must
have ultra-wideband RCS reduction characteristics at all polarizations. Since,
the bistatic radar configuration is a powerful technique of identifying radar
evading targets, RAM must be effective for all angles of incidence, and

should be ideally reduce the scattering in all directions.
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Fig.(1-9): (a) Geometry for a dielectric coated body of revolution.
(b) Geometry for a dielectric coated ground plane.

1.12 Electromagnetic parameters of RAM

The EM parameters of medium are considered of the most important
features, that can be dealt with very seriously, where the imposing nature of
these parameters when the wave propagates through it. This rule applies to the
absorbing medium, where the absorber absorbs wave energy of the incident
wave. This often results in significant reduction in EM energy scattered in the

direction of the radar. Theses parameters can be classified into three sections:

1.12.1 Loss mechanisms

Lossy materials attenuate EM waves that pass through them. This can
be modeled with the refraction index, relative permittivity, or relative
permeability which are all complex numbers. The imaginary component
causes the loss in the material. Physically, the absorbed power is converted
into heat. In practical engineering applications where only the cumulative loss
is of interest, the different loss mechanisms are combined into one set of
normalized complex permittivity and permeability values ¢, and u,. , given as
[57]:

& =& +jé, (1-35)
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Ur = Hy +j.u;r (1-36)
In the above equations, the real parts showing the energy storage are denoted

by single primes, and the complex parts showing the loss with double primes.

If we specify the electric and magnetic loss tangents as [54]:

tand, = i—r (electric) (1-37)
tand,, = % ( magnetic) (1-38)

Equations (1-35) and (1-36) can be written in polar form as:

& = |ey|ef% (1-39)
uy = |py|eom (1-40)
The refraction index between free-space and a lossy material is

n=k/ke =+e.u, (1-41)
where k and k. = 2mtf+/u-e. are the wave numbers in a lossy material and in

free space, respectively. If Z. = 1207w (Q) is the free-space impedance, the

intrinsic impedance of a material with &, # 1 and/or u,- # 1 can be defined as

For normal incidence, the reflection coefficient of the material interface is
calculated as

R 2% _ Z/Zo—1
T Z4Ze  Z/Zo+1

(1-43)

In many practical applications, the dielectric absorbing material (with
thickness d) has a metal backing, and its normalized input impedance (for

normal incidence) can be shown to be [14]:

Zop = \E— tanh (—jk-dvE & ) (1-44)

In most cases we are only interested in the amplitude of the reflection

coefficient in decibels, i.e.,
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IR|(dB) = 20log |R] (1-45)

However, the phase angle of R is important in some narrowband RAM

applications where resonant energy cancellation is used.

1.12.2 Bianisotropic materials

Anisotropic material coating on some objects surface IS a common
method of RCSR which is a very important technology in military fields. It
can not only absorb the incident wave, but also redistribute the scattering
energy by controlling the principal axis of anisotropic material [58].

The concept of anisotropy can be further generalized to account for the
magnetic polarization, leading to the class of bianisotropic material. Since
isotropy and reciprocity are two commonly assumed characteristics of the
material medium, the incorporation of non reciprocity in these media offers
the possibility of the non reciprocal bianisotropic materials [1].

Amore convenient form incorporating non reciprocity and bianisotropic can

be written as [1]:

D= E+pe(7"—jé").H (1-46)
B=ywe(i"-j).E+i-H (1-47)

Where E is the electric field intensity, H is the magnetic field intensity, D is

the electric flux density, Bis the magnetic flux density, & is called the
chirality dyadic, whereas y is known as the nonreciprocity dyadic.

For bi-isotropic material, the tensor involved in Egs.(1-46) and (1-47) reduce
to scalars. Thus the constitutive relations for non reciprocal bi-isotropic

medium becomes [43]

D = ¢E + s (y — jEH (1-48)
B = ue(x — jOE + uH (1-49)
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1.12.3 Chiral media
A chiral body is defined when the target have a partially covered by a

thin shield, such as a thin conducting shield [59]. Chiral media exhibit
electromagnetic chirality which embraces optical activity and circular
dichroism. optical activity refers to the relation of plane of polarization of
optical waves by a medium while circular dichroism indicates a change in the
polarization elliptically of optical wave medium.

A chiral medium is a particular case of bi-isotropic medium, characterized by
linear constitutive relations which couple the electric and magnetic field by
three scalars (&,u,&) [59]. That is satisfied by setting the condition for
reciprocity, that is y = 0, in equations (1-48) and (1-49) to give the

constitutive relations of chiral media as follow:

5 == EE _j\/‘[,[ogo 617 (1'50)
B = j\[u-es EE + uH (1-51)

which involve a chirally parameter & (chairlity admittance) in addition to the

commonly conceived EM parameters € and u [60].

1.13 Historical Review

In this section, the papers and thesis that interested with the field of the
present work and the other related papers in the over mentioned field are
historically demonstrated.

1.13.1 Conducting bodies
The problem of scattering of a plane EM wave from an arbitrarily

shaped metallic BOR is solved by an IE method which is, in principle, an
exact method [61]. In this method, the incident plane EM wave is expanded in
a set of orthogonal modes TE and TM to the axis of the BOR. Each of these
incident modes will induce a current distribution on the surface of the body.
Due to the mode orthogonality, the total induced current distribution is
represented by the sum of the induced mode current distributions.
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The solution to the scattering problem was implemented by utilizing

the MoM as a numerical solution. The mathematical formulation is an
integro-differential equation, obtained from the potential integral plus
boundary conditions at the conducting body. This leads to find the current
distribution on scatterer by using a set of expansion functions, Galerkin
expansions, chosen for the solution [8]. A variety of 2-D configurations have
been analyzed by comparing the Galerkin expansions, mixed-domain, sub-
domain, and entire-domain. The mixed-domain approach combines the
geometric  flexibility inherent in sub-domain expansions with the
computational efficiencies of entire-domain formulations. So, the mixed-
domain is found to be more accurate [62].

The main limitation of MoM is the number of the basis function N.
Yahuda, L. et .al. in 1988 [63] studied the convergence of the numerical
solution, MoM, with exact solution by changing the N for perfectly
conducting bodies such as spheres and rounded cylinder.

Hurst, M. P. and Medgyesi-Mitschange, L. in 1990 [64] applied the
MoM on coupled integral equations to investigate the EM scattering from
classes of partial BOR bounded by PEC or PMC. Galerkin technique is used
with a harmonic circumferential expansion, and the numerical solutions found
that the two operators involved are simply related to the corresponding
operators in the previously treated full-BOR case, as are excitation vector.

As an alternative to CFIE, a BOR solution was formulated using the
dual-surface MFIE. Applications of dual-surface MFIE leads to eliminated the
spurious resonances from the MFIE, and although identical in the form and
comparable in complexity to the MFIE, dual-surface MFIE provides a unique

solution for the electric surface current at all frequencies [65].
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Datthanasombat, S. and Prata, A. in 1999 [66] presented a compact

implementation of a MoM solution for the IE that yields scattering from a
perfectly conducting BOR. The method is conceptually simple to derive and
implement, and avoids most of the associated integrals. Its effectiveness stems
from two basic facts: It is based on the radiation by loops of currents and
charges, and point matching is used to handle the integral equation.

Hashim A., in 2002 [67] proved that, the efficient of using the EFIE,
MFIE, and CFIE to solve EM scattering problems for conducting, lossy
dielectric and single layer coated BOR in both simple and complex shape.
This formulations solved numerically by MoM, with Galerkin's approach and
triangle function to represent the sub-domain basis function or testing
function, gives a good results comparison with that of exact or available data.

RCS technologies have focused on two primary radar configurations;
monostatic and bistatic. So, scattering problem of EM waves by arbitrary
shapes, simple or complex, using these technologies with appropriate
solution, prediction, reduction or measurement, are the relationships between
monostatic and bistatic radar are reviewed and discussed in [12, 13, 68-70].

AL-Assdi, R. A. in 2006 [71] presented an enhancement of
computational ability to solve the scattering problems, including the shape
effects, for complex CBOR. The EM scattering problem from 3-D-PEC
bodies solved by using of EFIE, where Fourier technique is subjected to
transform process, was published and the detailed computational analysis to
find the numerical solutions had been taken by the use of MoM. The author
suggested two applications, which are close to two samples exist in practical
life and specially in military side, to be analyzed for the RCS after confirming
the total length for each sample in the range of 1.5A, so the change on RCS

size and shape was found.
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Godaymi, W. A., in 2007 [33] used the equivalence principle that

introduced an unknown electric current density on the conducting surface, and
both unknowns equivalent electric and magnetic surface current densities on
the dielectric surface. These currents densities satisfy the IEs for the radiation
problems. The formulation based on CFIE coupled with the MoM, as
numerical solution, to translate them to a set of linear equations.

In 2008, Yu, W. M. and Cui, T. J., [32] suggested closed form
Modal Green's Functions(MGF) for accelerating computation of bodies
of revolution. The MGF is defined as the radiation field of a circular loop
antenna with sinusoidal current distribution. They study proposed a
closed form expressions for near-axis far-distance modal Green's
functions in order to accelerate the computation of BOR problems. They
also presented a criterion based on rigorous error analysis to guarantee
MGF's range of applications.

Cakir, C. and Sevgi, L. in 2010 [72] used the FDTD and MoM as
numerical methods to deal with realistic high frequency surface wave radar
HFSWR targets. The author finds the possibility to compare RCS of these
target, that computed by FDTD and the MoM-based NEC (Numerical
Electromagnetic Code), in both bistatic and monostatic configuration, and the
variety of illuminations over the whole HF band (3-30 MHz).

Mackenzie, A. I. et. al. in 2010 [73] developed a new MoM solution
procedure for calculating EM scattering from conductor/dielectric composite
structures. The solution is obtained using triangular patch modeling and a
recently developed pair of mutually orthogonal pulse basis functions. These
basis functions, which model equivalent J and M surface currents, allow for
the correct implementation of the EFIE and MFIE for dielectric and PEC
bodies.
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1.13.2 Conducting BOR-Wire-Junction

Many studies have been used to numerical scattering computation by
applying wire-grid model, to allow a detailed representation of a complex
structure.[74] used accuracy of this model for aircraft modeled by "wire
sticks", the aircraft shape is approximated by a grid of thin wires, leading to
mathematical representation of the aircraft in the form of an impedance
matrix equivalent to MoM and based on the EFIE.

In 1978, Newman, E. H. and Pozar, D. M. [75] used the Galerkin
solution based on the sinusoidal reaction method to solve the IE for the
current on composite wire and surface, open as well as close, structures. The
continuity of current is enforced on the wire, on the surfaces, and at the
wire/surface junctions.

A special junction basis function has been used [76-77] to determine
the radiated and scattered pattern for multiple wires by using MOM.

In [78], scattering from wires and open circular cylinders of finite
length is obtained using entire domain Galerkin expansions. The case of a
straight wire, viewed as a thin cylinder, is examined in this context. The
salient features of this study are (a) use of the EFIE as a starting point,(b)
solving of this equation by Galerkin method, and (c) representation of axial
variation of the current on the scatterer by an entire domain (Fourier series)
expansion.

Perez-Leal, R. and Catedra, M. F. in 1988 [79] determined the input
impedance of a thin wire attached on-axis to conducting BOR and fed at the
attachment points. The study of the wire antenna is carried by using IEs of
both reduced and exact kernel, where the analysis of BOR, MoM, takes the
symmetry of revolution that allows the expansion of the current in Fourier

series.
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Qiu, Z. and Butler, C. M. in 1997 [80] studied an accurate and

computationally efficient method to determine the currents on a wire and on

an open BOR, circular hollow BOR, with the wire partially contained within
the BOR shell, a technique for modeling a wire antenna in the presence and
attached to the BOR. Full account is taken of the coupling between the wire
and BOR, including the effects of wire-to-BOR and BOR-to-wire coupling

for all Fourier modes.

Tekin, I. and Newman, E. H. in 1998 [81] presented a MoM solution to
the problem of a wire attached to an arbitrary faceted surface by developing a
special attachment basis function, which enforce continuity of current at the
wire/plate junction. This new attachment mode contains a nonplanar disk,
which conforms to the faceted surface, it is applicable near or at the edge and

corners of the faceted.

The determination of the input characteristics of a wire mounted on a
circumferentially invariant conducting body is great interest and the coupling
between thin-wire antennas and general BOR have been studied by numerous
researchers. Because the junction between the wire and conducting body
presents computational difficulty, [82] improved an efficient method, that
obviates these difficulties, when the wire attached to a planar surface of the
BOR. The original problem is divided into two equivalent problems or
models formulated by solving IEs, hard to take advantage of circumferentially
invariant of BOR.

Taboda, J. M. et al. in 2000 [83] presented a comparison of different
testing procedures, reduce the total number of unknowns, for sub-domain
MoM formulations for arbitrarily shaped bodies, including attached wires.

Ozturk, A. K. in 2002 [6] developed the PO and PTD, high-frequency
methods, to calculate the RCS of perfectly conducting targets with arbitrary
shape including edges or linear parasitic.
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Young, J., and Butler, C. M. 2005 [84] presented a technique to

efficiently solve for the currents on appendage attached to a planar surface of
conducting body. A coupling of IEs are needed to compute the current on a
thin wire antenna attached to planar surface of an axisymmetric, for that
appendage may be embedded in homogeneous, dielectric material.

Cao, X. and Gao, J. in 2008 [85] presented a method based on suitable
changes of coordinates and domain to extract singular point of the self-
impedance element calculation at junction region, and accurate impedance
can be obtained in accordance with introducing an attachment mode to ensure
the continuity of current density at the junction region between wire antenna

and cylindrical surface.

1.13.3 Dielectric bodies

The problem of EM scattering from a homogeneous material BOR is
formulated in terms of equivalent electric and magnetic currents over the
surface which defines the body[48]. Application of the boundary conditions
leads to four simultaneous surface integral equations to be satisfied by the two
unknown equivalent currents, electric and magnetic. Linear combinations of
these four equations is reduced to a coupled pair of two equations. The latter
two equations were solved via the MoM. One choice of combination
constants gives the formulation which has been applied to material cylinders,
and to material BOR. This choice is called the PMCHWT formulation (a
solution proposed by Poggio, Muller, Chang, Harrington, Wu, and Tasi) [86-
88].

Fowler, B. W. and Sung, C. C. in 1979 [89] obtained the cross sections
for an EM waves scattered from dielectric bodies of irregular shape. The
boundary conditions are reduced to a set of linear algebraic equations whose

variables are the expansion coefficients of the electric and magnetic field.
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In 1986, Korada, U. et al. [49] developed an extension of the MoM

technique for analyzing EM scattering by arbitrary shaped 3-dimensional
homogeneous lossy dielectric objects, based on CFIE. The surfaces of the
arbitrary geometrical shapes are modeled using surface triangular patches,

similar to the case of arbitrary shaped conducting objects.

Gong, Z. and Glisson, A. W. in 1990 [90] presented a numerical
procedure for the solution of EM scattering problems involving
inhomogeneous dielectric cylinders of arbitrary cross section. The
formulation has been implemented for both TM and TE cases via hybrid
integral equation/partial differential equation approach. It is modeled by PDE
for electric field in the interior region, and SIE for the equivalent electric and
magnetic surface currents in the exterior region, which founded by MoM.

The problem of EM scattering by a homogeneous dielectric object is
usually formulated as a pair of coupled IEs involving two unknown currents
on the surface of the object. The problem is formulated as a single SIE in
terms of an equivalent electric current defined at the body surface, solve by
the MoM using Galerkin test procedure, and numerical results for dielectric
sphere demonstrated the validity of the method [47,91,92].

Kucharski, A. in 2000 [93] used an efficient method of calculating the
EM fields scattered from and penetrating into inhomogeneous dielectric BOR.
The electric flux density is chosen as the unknown quantity, which, together
with the special construction of basis and testing functions, enables
considerable reduction of the number of unknowns. The testing procedure
used for the MoM solution is typical mode-by-mode solution scheme of
Galerkin, and the solution remains within the convenient mixed potential
EFIE scheme.

Composite structures of metallic and homogeneous dielectric materials

have many important applications. [94] applied the SEI method for the EM
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analysis of general metallic and dielectric structures of arbitrary shape based
on the EFIE-CFIE-PMCHWT integral equation formulation with Galerkin's

type discretization. The task is divided into three steps: 1) present and discrete
the EFIE and MFIE in each homogeneous dielectric sub-domain separately.
2) enforce the boundary conditions on the metallic surfaces, the electric
interfaces and at the junctions. 3) enforce the wanted integral equation
formulation.

Kucharski, A. in 2005 [95] applied methods for computation of EM
scattering by partially inhomogeneous dielectric bodies. The formulations are
based on hybrid volume/surface integral equations (VIE/SIE), where volume-
equivalent current are used to model the inhomogeneous parts of the body
while surface currents are responsible for satisfying the boundary conditions
at the body surface.

Yla-Oijala, P. and Taskinen, M. in 2008 [51] studied a solution of
CFIE for EM scattering by an arbitrary shaped dielectric object. A novel
CFIE formulation in which the EFIE and MFIE are combined in usual outside
the object is derived. Inside the object CFIE is composed by changing the
roles of EFIE and MFIE. Furthermore, empirical formulas are derived for the
optimum number of basis functions [96]. These empirical formulas are used
in the choice of the number of basis function for dielectric or composed body.

Necmi, S. T. in 2008 [97] proposed a new and computational effective
method, based on Taylor series expansion of fields with unknown
coefficients, related to EM scattering from arbitrary shaped dielectric object.
From boundary condition, series equations are obtained, solved by using
orthogonality properties of Fourier expansion functions. Transform method
and MoM are compared, the differences are just in computational time.

Rui, X. et al. in 2010 [98] developed a fast inhomogeneous plane wave

algorithm to solve the EM scattering problem for homogeneous dielectric
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BOR, by using the Wely identity and designing a proper integration path to

express the Green's functions. Compared with the traditional MoM, both the
memory and CPU time requirements are reduced for large-scale
homogeneous dielectric BOR.

In 2011, Resende, U. C. et al. [50] analyzed the EM scattering from
dielectric and composite BOR by the Electric-Magnetic Field Integral
Equation (EMFIE) and the Magnetic-Electric Field Integral Equation
(MEFIE), which are simpler than classical CFIE, with standard MoM.
Dielectric and composite analysis and results are compared with these of
well-established Muller and PMCHWT.,

1.13.4 Dielectric BOR-Wire

Junker, G. P. et. al., in 1993 [99] presented formulation for parasitic
wire radiators in the presence of dielectric bodies of revolution (DBOR/Wire).
This work is in essence an extension of techniques for the MoM solution of
wire radiators in the presence of conducting BOR. The formulation is general
in that the wire radiators may be interior or exterior to the dielectric bodies of
revolution DBOR. The utility of the MoM has been used to given accurately
predicted to the input impedance of DBOR/Wire radiators, and more

accurately for electrically thin wire [100].

1.13.5 Coated bodies

The different cases used with formulation of imperfectly conducting
BOR are: impedance boundary condition IBC, resistive sheet boundary
condition RBC, and magnetically conducting sheet boundary conducting
MBC. The results of such different cases are compared with each other's, and

they are compared finally with the Mie solution for impedance coated spheres
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and MoM for EFIE, MFIE, and CFIE formulation of impedance coated bodies
[39].

Kishk, A. A. and Shafai, L. in 1986 [101] solved the EM scattering
from coated conducting BOR by different formulations, seven different
formulations, to find surface currents. The performance of different
formulations to solve the coated conducting problems was found to be
satisfactory when the coating permittivities was small but not equal to unity.

Huddleston, P. L. et al. in 1986 [102] generalized the CFIE formulation
for EM scattering from perfectly conducting BOR with single layer dielectric
coating. This formulation provides unique solutions at all frequencies. They
used the MoM to solve the resulting system of IE, solutions in terms of two
integral operators for BOR.

Rao, S. M. and Wilkes, D. L. in 1991 [103] used IE; formulated by
equivalent electric and magnetic surface currents, solved by MoM, to
determining the EM field scattered by arbitrary shaped, 3D conducting
objects coated with lossy dielectric material of arbitrary thickness.

Putnam, J. M. and Medgyesi-Mitschang, L. N. in 1991 [104] derived a
combined integral equation CFIE formulation for two-and-three dimensional
bodies with discrete inhomogeneous regions, this formulation solved using a
MoM with Galerkin's procedure. The penetrable regions are nonuniform in
thickness, multilayered, and can be lossy dielectric and ferromagnetic
materials, characterized by complex permittivity and permeability. Whereas
[105] make a special choice for the number of basis functions between the
regions of dielectrically coated bodies.

Researchers studied the polarization scattering (vertical and horizontal
polarization) properties of various radar targets with size in the resonance
region and of complex composition, partially coated with a lossy dielectric

materials as well as partially coated with a lossy magnetic materials. To take
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advantage of rotationally symmetric geometries of BOR, they formulate
problem in terms of the equivalent currents, on the surface of scatterer,
leading to surface IEs which are solved using the MoM and getting the
backscattering polarization matrix [106-109].

Kishk, A. A. and Gorden, R. K. in1994 [110] used the coating of the
conducting objects with thin layers of magnetic materials to reduce the
backscattering from axisymmetric objects. They used the concept of the
Impedance Boundary Condition (IBC) to predict the coating material
permeability and thickness.

In 2002, Yang, H. et al. [111] predicted the RCS of large complex
targets coated with uniaxial anisotropic RAM, simple and effective method
used for that. According to the equivalence principle, high frequency
approximation and boundary conditions, for the case of thin coating, the IEs
for scattered fields can be simplified and this for is similar to the PO integral
formula. But for the conducting body coating by thin-layer material, plenty of
discretize the geometry in the traditional FEM. The hybrid shell vector
element with the boundary integral method is used to expedite the solution of
thin coating problems [112].

More accurate solutions for 3D conducting objects with arbitrary
shaped coated with dielectric materials, compared with other available
solutions obtained using commercial software are presented by [113].

He, S., Nie, Z., and Hu, J. in 2009 [114] presented an alternative
method to the IBC to simulate the scattering from the dielectric-coated
metallic structures by combining the thin dielectric sheet approximation
altogether with the explicit PEC boundary condition. This method removes
the need to solve the field in dielectric layer in a manner like IBC. Both the

EFIE, MFIE, and CFIE are convert to a matrix equation by Galerkin's method
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and solved with Multilevel Fast Multipole Algorithm (MLFMA\) to obtain the
far- fields scattered from coated objects.

Yuyuan, A., Zhu, J., and Chen, R. in 2010 [115] are developed the
MoMs for BOR to analyze EM scattering from conducting BOR coated with
chiral material. The PMCHWT integral equation is formulated using the
surface equivalence principle, the boundary condition, to split a chiral media
into two equivalent homogeneous media. Thy axisymmetric property of the
BOR expanded all currents, fields, and scalar Greens function in Fourier
series, and selected suitable basis functions reduced a 3D problem to 2D one.

Raju, A.U. and Balakrishnan, J. in 2012 [26] they introduced a novel
method of partial coating to reduce the RCS of a complex shaped PEC
aircraft, of electrically large size. The modified physical optics method is used
to compute RCS. It is shown that, with an appropriate choice of the partial
coating level, the RCS can be reduced to the same level as that of a fully

coated air craft, over a wide frequency range.
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1.14 Aim of thesis

The main concern of the work described in this thesis is to present a
theoretical analysis to the problems of EM scattering in both bistatic and
monostatic configuration. The problem further complicated were not confined
to the body (BOR) alone, which gives the form a regular. The problem her,
added attached wire with junction region between wire and the BOR surface.

One of the basic and important aims is to study the effect of the shape
by wires in addition to the coated by Radar Absorbing Material (RAM) on the
RCS pattern. This RCS be known for regular and simple objects, as in sphere
and cylinder, before adding the effect of the wires and find a new form of
RCS. The new application is to find a developer model for this study carries
known RCS, if it is an approximation with other objects close to his form.

The computation time consumed in solving the IE of the (BOR-wire-
junction) depends primarily on the evaluation of what are called the modal
Greens functions and evaluated using an adaptive numerical integration
method. Finally, in this study the system consist of a BOR with attached
wires, in the presence of junction region, analyzed by using of MoM as

numerical solution for different shapes and materials to calculate the RCS.

1.15 Organization of the thesis

Work described in this thesis was based on providing a theoretical
analysis to the problems of EM scattering from BOR with attached wires in
both radar configurations, bistatic and monostatic. These problems include the
perfect conductor, dielectric, and coated BOR with attached wire and junction
region, combined together to form a composite body (BOR-wire-junction).
The formulations of the problem are different from one to another according

to the material object.

This thesis is composed of five chapters and five appendices:
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In chapter One, the same concept with a historical background that is

related to the subject of the thesis such as methods of solution, problem
formulation, radar cross section and radar cross section reduction, and other
related concept in radar problems is introduced.

Chapter Two contains the formula analysis to the scattering problem
of EM waves from conducting BOR, CBOR-wire-junction, by using EFIE
and rigorous solution by MoM with Galerkin's approach. Numerical results
for RCS to the CBOR and composite body are presented. The validity of
formulation is proved and compared with the available data. The effect of
wires and junctions on the RCS pattern of CBOR, and the shape effect of the
proposed model are studied.

In chapter Three, the composite body consists of dielectric BOR
(DBOR)-wire-junction. The EFIE-PMCHWT formulations via the MoM
steps and Galerkin's approach are used to get the RCS. The EFIE was applied
in wire-junction regions with surface electric current, while PMCHWT
applied in the DBOR region with coupled pair of electric and magnetic
surface currents. Numerical results are presented to validate these
formulations. Furthermore, in this chapter an investigation involves the effect
of changing body material such as lossy dielectric, dielectric constant, also the
effect of wire-junction and they differ from the second chapter.

Dielectrically Coated BORs (DCBOR) are considered with wire and
junction to formulate. We used the EFIE-PMCHWT formulations via MoM to

confirm the suitability and effectiveness of these formulas. The reduced of

the computational offers is the first task of chapter Four, and the study of the
effect of layer thickness and RAM on the RCSR was the second. Also,
numerical results are presented to validate these formulations in comparison

with data of chapter two.
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Chapter Five consists of general conclusions and presents some

suggestions for future work.

The general procedure for MoM and the numerical solution of EFIE
and calculating the impedance, admittance and measurement submatrices
elements equations are presented in Appendices A, B, C, D and E,

respectively.
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Chapter Two

Scattering from conducting BOR with attached wires

2.1 Introduction

There are some solutions available for the problem of EM wave
scattered by perfectly conducting objects. These solutions are complicated in
calculations and for limited general shapes like elliptical, cylindrical and
spherical objects. A new system occurs for conducting objects arises from the
coupling between a wire and general CBOR. This coupling is a new path in
the process of being mathematical analysis adds further complexity in the
calculations because of the overlap between the regions of the body and
wires. The flexibility inherent in thin wire. In the case of the wire, thin shall
mean that the wire radius, is small enough in terms of wavelengths in the
medium in which it resides so that the only component of current induced on
the wire is that which is axially directed and circumferentially invariant. This
definition is the same as that given by the well developed thin wire
theory[35]. In early time accomplished for conducting BOR-wire system by
introducing the junction region in the point that the wire is attached to the
CBOR [76 ,85].

The most useful numerical evaluation is the use of the IEs formulation
in the above cases. The IE is the representation of the field vector for both
interior and exterior of the body, also the wire and junction.

In this chapter, the formulation builds on the BOR-wire-junction
analysis where the voltage vector for the matrix analysis is due to an incident
plane wave. The method described here is based on the EFIE, which is exact
in its formulation. The IE is solved using the MoM scattering analysis for
bodies possessing rotational symmetry i.e., BOR, with attached wires, by

expanding the unknowns surface current distribution in series of suitable basis
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function. Then the IE can be reduced to a set of simultaneous linear equations,

whose solution gives the required surface current distribution.

2.2 Formulation of the problem of CBOR-wire-junction

The general model of CBOR-wire-junction as shown in Fig.(2-1). The
formulation begins with EFIE, by imposing the usual boundary conditions on
the perfectly conducting surface require that the total electric field vanish on
the surface and just the tangential component is required, that is lead to:
E®)| +E(®lian = 0 (2-1)
where E'y,, and ES., are the tangential components of the incident and
scattered electric fields on the body surface, respectively, so
E'®],,, = —E*(7)]
2)

tan an = JORST, T(M)GRAS ===V [, [V-] (r)]c®ds  (2-

in which R=r — r’ is the vector distance between the source point , to the

observation point  , and given by [85]

R=|R|= \/1‘2 + 12 — 2rfcos (¢ — @) (2-3)
and,
GR) =" (2-4)

is the free-space Greens function. j (') is the surface electric current density
on the conducting surface, presented by the form of;

J(F)=To(r)+J* (M) + 7 (7) (25)
Where s, J%, and j/ represent the electric current density on the BOR
surface, wire, and junction region .

The generalized EFIE expressed in terms of integro-differential operators L(*)

on the BOR, wire, and junction is given by:
E(F) =1(7 () +1 (7" (M) +1(7 (M) (2-6a)
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The operator L, refers to BOR surface S and written as

L) = o [f, J56ds - <=0, [f, @, J%) ds}

(2-6h)

tan
Where V is the surface gradient on the BOR, w is the radian frequency, u and
€ are the permeability and permittivity of the medium, respectively.

Analogously for the wire part we have

= . = -1 . d ajvw .
L,J") =jouf, J¥Gdh ~ e Do am Gdh (2-6¢)

Where L,,(J%) is the one-dimensional operator on the total wire current in the
thin wire approximation and i, is a unit vector along the wire.

The operator in the junction region L;(-) is L,,(J*) when the domain of
integration is restricted to the attachment segment Sg; L;(+) is L (J5) when the
surface integration is confined to the disk part of the junction region Sy as
shown in Fig.(2-2).

To solve Egs.(2-6) for the unknown J on the entire surface, explicit
expressions must be obtained for all operators via the MoM with Galerkin's
technique to expand the currents specific to each region. In this method the
regions are sub-divided; specifically, the BOR is divided into annular
segments, the wire into connected straight-wire segments, and the junction

region into an attachment and disk part [76].
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Fig.(2-1): CBOR coordinate system with attached wire and junction.
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Fig.(2-2): Attachment region at the wire/BOR surface.
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2.2.1 Expansion of the unknown currents

In the present formulation, appropriate sets of basis functions for the
unknown surface electric current densities on the three regions the BOR, wire,

and junction can be represented by:

e Modal expansion functions on the BOR.
e Piecewise continuous functions on the wire.

e Continuity-preserving expansion function for the vicinity of the junction.

Therefore each geometric part of the composite body has its own class of

current expansion functions.

1- BOR basis functions

Considering the rotational symmetry geometry characteristic of the BOR, the
equivalent current is a vector quantity and can be expressed as superposition
of two orthogonal vectors at any points on the surface. The obvious choice for
the current vectors is surface tangential vector ., which rotationally about the
angle ¢, and the azimuthal vector #i. Therefore the surface current density of
the BOR on the iy annular segment is expanded in terms of a modal
expansion in ¢ and overlapping triangle functions in t-direction as shown in

Fig.(2.3a), and can be expressed by using the notation of [8] as follow:-

= ~ T ~ T Ne—1 = A

F=aJt+ ] = U TH LIRD (5 (2-7a)
Where

i = 0 =0 e (2-7b)
]‘fl? = i, @ pJnd (2-7¢)

Where 4, and i are the unit vectors along t- and ¢ -direction, and p is the

radius of BOR, T(t-t;) is the triangle base function about the iy segment, the
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subscript n denote the Fourier mode number along ¢ direction, L3¢ and Ifl‘f
are the unknown current coefficients of corresponding annulus.

2- Wire basis functions

The wire—basis functions are overlapping triangle functions on the ¢;, segment
with a vector direction coinciding with the wire as shown in Fig.(2.3b). The
filamentary wire current distribution J" is expanded with piecewise triangular

basis function as in [116], and can be expressed as

J¥ =0y 1 Ty() = Byt ay 1 Ty(h) G (2-8)
Where, @i} is the unit vector of the £y, segment a long wire, T,(h) represents
a triangular function, and I;” is the unknown wire current coefficient of
corresponding segment. For a wire segment nearest the attachment point, one
— half of a wire triangle function overlaps the half-triangle basis term on the
attachment segment. This representation yields a piecewise continuous
current from the junction to the wire.

3- Junction basis functions

The basis functions for surface or wire currents, must be chosen to simulate
the physical realizable currents. A junction basis functions was introduced to
represent the currents in the vicinity of the body — wire — junction which
enable a radiation analysis for BOR with attached radiating and parasitic
elements. A special attachment made is introduced wherever wire is
connected with BOR surface, as shown in Fig.(2-2), at this attachment point
(junction) the current has the following features.

e The surface current is radially inward toward the wire base, varying as 1/r

(singular point).

e The wire current at the base is non—zero and equal to the junction current.
e The surface current flowing into the junction must equal the wire current

out of the junction.
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According to these points, no discontinuity occurs at any conductive joint

part.

For a point p in the junction region, the basis function of which is defined as

follow:

Figy = {Ja + PE S (2-9)
d , DE Sd

Where

i _ o~ Ta(h) .

I, = g o (2-9a)

Jo= "t — (n) (2-9b)

Where J7 is the total current density on junction, as shown in Fig.(2-3c).
While ]_C{ is the current density on the wire segment nearest the junction

region, i.e., wire attachment segment S, ]_é Is the current density over the
BOR surface near the junction regions (disk region) Sy, @i, and T, (h) are an
outward—directed unit vector and half-triangle function on the attachment
segment, respectively; .. is a unit vector on the (annular) disk surface away
from the wire, r is the radial distance on the disk, b is the outer disk radius, a
is the wire radius, and 1! is the unknown junction current coefficient. A

similar formulation for the junction currents is given in [75] and [76].

The (Z%Z) factor truncates the 1/r behavior of ]_é at r=b beyond the

BOR basis functions provide an adequate representation. Thus 1/r behavior is
prevented from extending over the entire BOR surface. The basis functions
meet the Kirchhoff current continuity requirement: namely, the surface disk

current equals the wire current at the wire base, i.e., r=a, h=0.
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Fig.(2-3): Triangular basis functions (a) over the BOR generatrix.(b) on Iy,

segment of attachment wire. (c) junction region representation.
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2.2.2 Method of solution

The MoM is used here as a numerical technique whose solutions
satisfying the boundary conditions only at discrete points [35]. The procedure
of numerical solutions, in coupling with Galerkin's approach, begin with
reducing the Egs.(2-6) to the set of linear equation in matrix form.

The Galerkin's expansions fall into category of sub domain. Sub
domain basis functions are defined over a domain of an integral operator L(*)
such that they are vanishing over part of this domain. Examples of such bases
include plus, triangle, and piecewise sinusoidal functions.

Traditionally, sub-domain expansions have been favored because of
their flexibility, easier evaluation of the multiple integrals arising in the MoM
technique, and the ability of handle localized surface features in scattering
problems [62].

According to the MoM procedure, the unknown surface currents on the
different surface of the body one expressed in a finite modal expansion [33].
On the BOR as in Fig.(2-4), the variation ¢ is known as a continues
sinusoidal distribution with e/"®, and the t' variation is an unknown function

which can be expanded as a linear combination of Ns. The electric current J*,

exists on the conduction surface S, can be re-written as follow:

JEE) = @ SIS () (2-10 a)
JSEED) = A XY £t (2-10b)
Where f,(¢/) = ¢ =D (2-11)

p’
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Fig.(2-4 ) Coordinates system of BOR.
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As discussed in the body, the triangle and rooftop basis functions are used on
the wire and junction, respectively. The BOR and wire both use four weighted

impulses as a representation for the triangle function, whereas the junction

uses only two weighted impulse in the attachment segment part. For explicit

evaluation of the currents, one must choose f;(t") as triangle function. A
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minor deviation from the literature is to be expanded p'f;(t"). Thus the BOR

triangle function is given in [100] as:
pfi(t) = 3:1 Tp+4i—4(t,)6(t’ - t,p+2i—2) (2-123)
where T is the triangle function

1—|t'],It'| <1

0 1> 1 (2-12b)

T(¢") = {
and &§(t) is the unit impulse function (Dirac delta function) and its
coefficients T is defined as shown in Fig.(2-5a).

Similarly, the derivative of f;(t") is approximated by four impulse as:-

d z ! ! ! !/ !

— [P i) = T3=i T praica (&) 8(¢' — t'pi2ia) (2-13a)

where T' is the derivative of triangle function

1 ,-1<t'<0
Tt =4-1, 0<t'<1 (2-13b)
0o , [t > 1

and are shown in figure (2-5b). So, the triangle function for the wire and its

derivative as shown in the Fig.(2-5), can be written as:

fo(h') = Ypo1 Topai-ay(h') (R = h' pizi-) (2-14a)
== fo(0) = Tpos Topraicay () 8(h' = I pagio2) (2-14b)
In contrast, for the junction region in attachment part

fo(h) = i1 Tage2i-2y(R) 6(h = h'pyai2) (2-15a)
== fo(0) = 221 Tagpazi-z (h) S(H' = ' pizizs) (2-15b)
Where f,(h') = T,(h") or T,(h") (2-16)

For computations, the generating curve of conducting BOR surfaces is
approximated by choosing a succession of points t; (i=17,2,.....,Ns) on the
generating curve and then connecting these points by straight—line segments,
where N is the total number of points, t; is called a data point as shown in Fig.

(2-4). The number of data point on the wire segment is N,. The last data
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points is the attachment segment of the junction region N,. The scattered is

thus modeled by adding the three region data points [75]. Then,
N=Ns+N,+N,.

»
»

T, T,

» £, h

i i+l

£, h

v

(b)

Fig.(2-5): (a) Triangle function (solid), four pulse approximation (dashed),
impulse approximation (arrows) (b) Derivative of the triangle function

(solid), four pulse representation (dashed), impulse approximation (arrows).

59



Chapter Two Scattering From Conduc.....
e Nae

It is useful to focus on the other side of the solution which is complemented to

the process of inner product, which is to choose the weighting (testing)
function. The choice of weighting functions W is important in that the
elements of this functions must be linearly independent, so that the resulting
equations will be linearly independent. Furthermore, it will generally be
advantageous to choose weighting functions that minimize the computations
required to evaluate the inner products, because of this, similar types of
functions are often used for both weighting and expansion functions (i.e.
W=J", where * denotes a complex conjugate), which is known as Galerkin's

approach [41].The testing functions for conducting BOR are defined by:-
W(t, ) = Wit ¢) + WP(t, ¢)

= S, ST (Wik (6, @) + Wit (£, ) (2-17a)
Wyt = 0, fi(t)e I m? (2-17b)
WP = a, f,(t)e ™o (2-17c)

The expansion J,,; and testing W, ; functions, as defined in the last equations
are orthogonal over the period 0 to 2x in ¢, for (n#£m). This means that the
inner products of these functions vanish for m # n. This fact allowed each
mode to be treated separately [8].

For the wire and junction elements, whose basis functions are real, that is
mean (W=J), we find

W= (2-18)

‘\,‘l

i = Wi (2-19)

2.2.2.1 Coordinate system of BOR — Wire — Junction

The property of an axisymmetric for BOR can be shown in Fig.(2-4).
Because of the rotationally symmetric, the coordinates can be represented
contently in terms of p , ¢ and z in a cylindrical systems with the origin on the
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axis of the body. t and ¢ are forms an orthogonal curvilinear coordinate

system on the surface of the BOR where i@, and i, are orthogonal unit
vectors in the t and ¢ directions, respectively. The outward normal to the
surface is defined as:

fl, = iy X 1, (2-20)
Source and field quantities are denoted as primed and unprimed, respectively.
On the body surface, we define a field point by its coordinates (t, ¢, z) or (p,
¢, z) and for source point by (t',¢',z") or (p'¢',2"). Their respective unit tangent
vector are (i, y) and (i, @g,). The angle between the Z-axis and 4, is
denoted as v at (t, ¢) point and between the Z-axis and i, as v ' at (t', ¢)
point. These unit vectors can be determined in cylindrical coordinates as
follow [8]:

iy = U,sinv + @, cosv (2-21a)
iy = 1y (2-21b)
iy, = 1, sinv' cos(¢p — @") + 1y sinv'sin(¢p — ¢p’) + 1, sinv’  (2-21c)
iy, = — 1, sin(¢p —@") + Uy cos(p — ¢") (2-21d)
Where 1, @iy, and @i, represent the unit vectors in cylindrical system. If the
positional vectors of points (t, ¢) and (t', ¢") are 7 and 7', respectively, then the

relative positional vector R have the form:

Rl= [F=71=[(p =)+ (2= 2+ 4pp'sin? (S5L)2 (222)

For the wire case, as mentioned in the beginning of this chapter. It is
one dimension but direction is determined by its location on the body (BOR).
It may be the direction of the axis of rotation, of the BOR, then to be a trend
toward the z-axis, or change its location on the rotation curve, without being

part of it, and thus be either x-axis as depicted in Fig.(2-1) or y-axis direction.

The positioned vector R between the field and source point on the wire

segments can be written in Cartesian coordinates as:
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R|=[(x—x)2+ (y—y)2+ (z—2')?]"2 (2-23)

With the possibility to conversion the coordinate system from Cartesian to
coincide with body coordinates , especially in the calculations of interaction
matrices.

For the junction region as shown in Fig.(2-2), we are dealing with the
first part (attachment segment S,) as in the wire case. In the second part (disk
region Sy) the detailed forms for the junction region by using the coordinate
system approximated as flat disk of radius b. the radius b being much smaller
than the local BOR curvature at the junction attachment point. The plane of

the disk also determined with the wire direction, it may be located in yz-plane

when the wire in x-axis direction see Fig.(2-2), and the positioned vector R

can be written as follow:

IR| = [r?+7"% = 2rr' cos(¢p — ¢")]"/? (2-24)

2.2.3 Evaluation of matrix element

The expansion of the currents on the BOR surface, the wire segments,
and the junction given in Egs.(2-7) to (2-9) are substituted in Eqg.(2-6). Now,
following the MoM, the total current on the body is expressed as

superposition of all the basis functions [117]

J = In ST+ BERE) + e T+ 210 T (2-25)
Where n, i, £ and j take on all possible values. The inner product of integral
operators L(¢), see appendix (B), in Eq. (2-6) are formed with testing

functions W(= J*) via the Galerkin’s approach, where the a asterisk denotes
the conjugate operation. The testing operation is used to reduce the EFIE to a

set of system of linear equations that can be written in matrix form as:

[Z][1] = [V] (2-26a)
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(W, LU = [(W, E™€)] (2-26D)

The current vector | contains the unknown coefficients in the Eq. (2-25).

Equations (2-26) are actually an infinite set of equations but can be reduced to
a finite set by choosing a maximum value for n based on some convergence
criteria. Since any given current must be tested with all weighting functions,
nine distinct types of impedance elements results 2%, 2", Z!! represent the self
-terms, and Z*, 2", 79 | 7%, 7", 7" are represented the interaction terms. The
superscripts s, w, and j refer to BOR surface, wire and junction, respectively.

The matrix Eq. (2-26a) can be rewritten as:

(2] [z*v] [z]][[°] [V°]
[Z*s] [z*v] [2*1)||"]] = | V"] (2-27)
(2751 [Z%] [Z771)L[V] [V/]

In which the right column vectors above represents, a generalized voltage
vectors, where [V5], [V*] and [V/] are the excitation voltage matrix of the
BOR, the wire, and the junction region, respectively. In the left side of
equation(2-27), the Z elements are the familiar impedance defining the EM
interactions between various parts of BOR are represented by [Z*] impedance
matrix. Similarly, the BOR—wire, the BOR-junction, the wire — wire, the wire
— junction and the junction—junction impedance matrices are denoted by
[Z5%], [Z57], [Z¥™], [Z"7], and [Z77], respectively. While [I5], [I*] and [I/]
are the unknown coefficients of the electric current density on the BOR, wire

and junction surfaces, respectively.

2.2.3.1 Evaluation of Z-sub matrices elements

The impedance blocks relating to the surfaces actually consist of
several sub matrices, one for each mode number n. According to [76] the
impedance matrix takes on the following block structure:-
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(73 ZZy
Zss zsv  zy
7 = Z% zsw ZiJN (2-28)
Zy° Z9° Iy gww  gwj
| z° 7l 7, v 70|

Where N is the magnitude of highest mode number (i.e., n=0, +1,....., £N).
Specific analytical expressions for the various sub matrices in Eq.(2-28) can
be obtained by evaluating the inner products having the form:

e

jkR
— (2-29)

4T

Z=<W,L()>={[, ds[f, d$.jnk [W.J—— . W)(V.])]
Where all superscripts and subscripts on W and J are omitted for simplicity
and S and S' refers to surfaces containing the field and source points,
respectively; wu = kn and we = k/n.

The detailing of the derivations for these sub-matrices are built here on two

cases, which is junction — independent , and dependent.
2.2.3.1.1 Junction — Independent impedance elements

1-The BOR — BOR matrix elements Z*°

This matrix represents the first element in Eq. (2-28), its partitioned into four

parts corresponding to the t and ¢ directed current components. Since both
basis and testing functions have components in t and ¢ direction, each element

matrix in Z;5, can be written as

Zysﬁsﬁt Zsst¢
A mn ] (2-30)
= e o
The (i, j)w element of these sub-matrices is obtained from
Zyb = < Wi, Ls () > (2-31)

Where a, p are combination of t and ¢, and m and n are mode numbers;

W %and ]Tf are the iy, testing and ji, current basis functions, respectively, on
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the BOR surface. Importantly, matrix elements for mode numbers m # n are

identically zero because of the orthogonality of testing function and operator

therefore the inner product for Eq. (2-31) with applying of Eq. (2-29) yields to

Zssa[.fl erla’L (] B) > = ff ds ff ds'.jnk [Wnsia']_rslf o

mn,ij

= (Ve Wi (Ve IS (2-32)

4TTR

Where R is the positioned vector and given by Eq.(2- 22). To calculate the
four parts in Eq.(2-30), we must make some calculation in Eq. (2-32) by using
the Egs. (2-7) and (2-17) to get:

Wi 5))" = A~ @,. 1)

W J5)" = fiE)F@)em @40 (1, 1) (2-33)
(W Js)" = e~ (0, 0,)

(W575)" = FiEf @)@ (0,0.0,)

From definition of V, the divergence of the two vectors W, (r")and ]f ;(r)in

the second term of the right side in Eq. (2-32) can be found as follow:
Ve Wi() = [So- (') + = 5= (i) | Wik () (2-34)
Vo Ty () = |55 (i) + = ()| T, () (2-35)
By applying Eqgs. (2-34) and (2-35) in Eq.(2-32), we get
(Vs WD (V. T)]™ = £, f (el @=9"
o n . /
(@ T = 2 Ef e @)
(@ (T T)I™ = LA(Ef (D@4 (2-36)
— — — - n2 . /
(@ DT IIP = 5 fEf @ e
The complete form of the Eq. (2-32), is shown in appendix (C) and yields to
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R
(Zi5)ij = —jkn Xpo1 Xg=1lTpT, {sin v, sinv, % + cos v, cos v, Gn} —
CnK2TpT"g]
(2-37a

t : Gn+1—Gn- ,

(Z ¢)u l Yp=12g=1[TpTy sinv, == +K2"pq T,T',G,]  2-37b)
. Grg1—Gn )

(ij)t)ij =knYp-1Xe=1[T,Ty sinv, e L_ Kznpp T,T' Gy (2-37¢)

(ol Gpy1+Gn— n?> G
(Zn")ij = —jkn Xp=1 Lg=a T Ty [ 7= — 5 p,,pq] (2-37d)

2-The BOR — wire interaction matrix Zs%

The interaction matrix of body and wire, Z;", is also partitioned into t and ¢

component, therefore each element matrix in Z3* has the form

o [
Z5W = [erlw'qb ] (2-38)
With the (i, 0)¢, element, these submatrices are defined as:
Zpi =< Wit L, (Jp) > (2-39)

Where a=t or ¢ and W,5* is the iy, BOR testing function and J} is the £y, wire
current basis function. This basis and testing functions can be expanded as in
Eq.(2-29) to have the form:

238 = [, ds f, dhjln[ W3 J¥ — & (7 0 (0T e

nl{’

(2-40)
The dot product between basis function of wire in Eq.(2-8),(2-16) and testing
function of BOR in Eq.(2-17) could have done to give

Wit 7 = fi(©fe(Re " (1. ay) (2-41a)
Wy = fi©) fe(h)e ™ (g 1)) (2-41b)
And the divergence of the two vectors W, (7) and J;’ (r) by using Eqgs. (2-34)

and (2-35), where the wire has one dimension, written as:
v.jy =f',(h) (2-42a)
VW = f'(t)e” ng (2-42b)
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VWS = % f,(t)e in¢ (2-42¢)

For BOR [33]

[, ds=[dt [;"pde (2-43)
Substitute the last Egs. (2-41), (2-42) and (2-43) into (2-40) this yields to
(Z37%),, = Jy dt [;" pdep f,dh.jkn OS5 -

e (2-44a)
f ;@Of (h)]e e 4R
(29). = Iy de 2" pdgs [, dh.jin [fi(©fo) (@ 02) +
(2-44b)

L f Of (W] e

For explicit solution to BOR and wire we must choose the f;(t) and f,(h), the
t and h expansion functions by using Egs. (2-11) and (2-16) in Eq. (2-44) to
get:

(Z2"),, = 520 dt [} pdo [,dh [T(OT (W)@ 0}) -

. 2-45
LT @1 ()] (2:459)
(zz?) =22 f dt [" pd¢ [, dh [T(t)T(h)(a¢.a;V)+
e A reng) (2-45D)
LT (]| —F—

where T and T' is the triangle function and its derivative, respectively and is
given in Egs.(2-12),(2-13) and (2-14) for the BOR and wire for(t) and (h)
integration, the T function is approximated by four pulses (p) for field point

(BOR) and have a values of function and its derivative are and

el T

3 3
8’8’

Q|+

11 1 1 . . .
15T 5 T and (qg) for source point (wire) and have values of function and

its derivative are %, ,%, and 1,1,-1,-1. Hence, the general relation for

NI

3
4

Z5S%can be written as
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TN
(Ziw't)iﬁfﬁz“: Sty ST ABIT,(OT( () (8. 0F)
oI (kRpq+n) (2-46a)
t2 ST',(OT (W] —F—
sw,p ]kn 4 21 ~ AW
(227),, =7 Tp=1Za=1 )y doIT,(OT, (W)(Uy.T7)
—j(kRpgq+ne) (2'46b)
q(h)]—

Rpq

Where R, ,is the position vector between BOR and wire, and take the form

2 _ 2 271/2
Ry, = [(pp cosp —x,) + (ppsing —vy,) + (2, — Z,) ] (2-47)
And the dot product between unit vectors (fi..%i;") and (iy.1,") depends on
the direction of wire where i, and i, are known, and the dot product

processes are shown in table (2-1) for all possibilities of wire direction.

3-The wire — BOR Interaction matrix Z"°

The submatrices Z)}Scan be obtained from elements of Z;%submatrices.
According to the definition of basis and testing functions on the wire and on
the BOR we have

Zpyl =< Wy, L(Jn3) > (2-48)
Where a=t or ¢, this equation could devolve into:

(Zn"er = (ZZ3%)ip OF

Z" e = —(Zn" e (2-49)

4-The wire-wire matrix elements 2"

According to definition of basis and testing functions on the wire itself, the (¢,
k) wire-wire interaction matrix elements are defined as,

Zpy =< wy, L, Jy) > (2-50)
Where W, is the ky, wire testing function and J}'is the £, wire current basis
function, and L,, (J}) is one dimensional operator on the wire current density.

Expand Eq.(2-50) by using Eq. (2-29) to give :
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Z4 = f, dhf, ' jln [(W2.J¥) 5 (V. W0) (VT
The basis and testing functions are defined in Egs. (2-8),(2-16) and (2-18), the
using of these equations are related to
W T = f(h)f(h) @y ay)

V. = . (h) (2-52)
V.Y = fe(h)
Now , applying Eq.(2-52) in Eq.(2-51) we get the general form of interaction

(2-51)

matrix between wire-wire, as follow:

Z = f, dnf, di’jlay [fhf() @Y. 8 — 5 ' (OF ()]
(2-53)
Where @i} and &) are unit vectors along ¢, and ky, segments on the wire. For
(h) and (h") integrations, the T and T' functions are approximated by four
pulses in source and field point by useful application of Eq. (2-16), the Eq. (2-

53) becomes:

—J kqu

Zp' = jkn L Y1 Zaa [T (T (M) (8. 0) = T'p(WT’ g (h)] 2

pq
(2-54)
Where R, is the position vector between the source and field point on the

wire segments, and have the general form:

Rpq =1Ir—r'| = [(xp - xq)z + (yp - yq)z + (Zp - Zq)z]l/2 (2-55)

2.2.3.1.2 Junction — dependent impedance elements

1-The junction — junction matrix elements 7"

The junction element Z! is considered first. Referring to Eq. (2-9), the
junction basis function consists of a disk term and wire attachment term. The

planar annular disk patch Sy is assumed to approximate the BOR surface at
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the junction point (Fig. (2-2)). This assumption is satisfactory when the disk

radius b is much less than the BOR radius of curvature (p) at the attachment
point, mean that »<<p, and the disk diameter is small compared to a
wavelength. The self — impedance element at the wire / surface junction

region Z¥ is described as follow:
720 =< W], L;,(J)) > +< W], L;(J}) > +< W/, L;(J2) > +< W], L;,(]},) >(2-59)
This equation can be re-written in more details

20 = [0 an' [} dhjkn (W] .Jo = = (0" WV D] e +

f do’ f dr’ f d(pf dr.jkn [W’ J - = (\7’ WJ)(V ]d)] —
fo dh fa dr f_nd(p.]kn [Wd].]a ——(V’.WJ)
[dn [P dr [T de.jkn [Waf.]‘gl' L(v.w))(@. ]d)]

For simplicity and shorten the steps we will use here and in the rest of

(2-60)

e ]kR

submatrices in junction — dependent, the concept of triangle functions in the

definition of the basis and testing functions directly. From Egs. (2-9)and (2-

19) we get

Wolo = 7 NTa() @ 80) \

WJ;.Jd pre (b—r )(b =)@ 1)

W).Jh = ——Ta(h )“’ 2 (-2, ( (&01
W).J, = 42ra()(“’>( ) )

and

VW = ——T'4(h) )

V.Jh=——T"a(h)

V’.W(]l _ 2;’ (bia) > (2-62)
v. Tli - 2111‘ (bia) ),

Where V.J} =~ (1)7) (2-63)
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By substituted Egs.(2-61) and (2-62) in Eq. (2-60), the general equation for

junction region with vanishing conditions of currents at r=a and r=b, lead to:

. jkn RO ,., RO / A~
Z0 =20 (204’ [ dh [To(h)Ta(h) (. ) — 5 T

jkn [ dg’ fb dr' [T de fb dr [(b —r)(b-r)@14,) - k_12

16n3(b a)Z

e—JkR

R

2(b a) fho dhf dr f d(p [T (h)(r - b)(ua ) LT,a(h)] e—JKR 4

B0 [dn ] dr [T do |[T.(0)(r — b) (- 0) — T

8m?(b—a)

(2-64)
It can be seen the impedance Z// of the junction region is composed of four
terms, the self-impedance between wire antennas the mutual — impedance
between the wire and disk, and the self impedance between disks. The second

term in Eq. (2-64) is the self — impedance element between disks, which is

expressed as Z{,{D, there is a singularity in Z;), when r'— r

o
Zl]’;’_—lwr?{(bn a)2f do f drf dgof dr
, o (2-65)
(=) b - @n0,) - 5| =

Where .14, = cos(p — ¢') and R the position vector is given by (2-24),
good idea has been suggested by [85] to deal with solution of singularity.

In Eq. (2-65) , Let:

a=¢@—¢', da=do'

B=¢+¢', dg=dy

According to the integral domain of Eq. (2-65), convert the integral domain ¢

and ¢’ to o and f, and suppose
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T b1 1] e JkR
2(r,r) = [T de' [" de [(b =) (b 1) cos(p — ¢") — 5| = W
=2 J, da [, dBf(a)
2n+a 2n—a \

= [ f@da 77 B+ [ fla)da [°) F dB

= 87” fonf(a)da - foznf(a)ada + 4m fonf(a)da - foznf(a)ada

= 8m fonf(a)da -2 foznf(a)ada )
(2-66)

Where

1 e—ij

fla) = [(b —1r')Y(b—r)cosa ——=

k2] R

(2-67)

Suppose a=21 — §

cosa = cos 6 , It can be obtain

[T f@ada = [" f(8)(2n — 8)ds = 2n [" f(8)ds — [ f(6)dé

(2-68)
So,
fomf(a)ada = nfoznf(a)da =27 fonf(oc)da (2-69)
Using Eq. (2-69) in (2-66) to get
Z(r,r") = 4n [ f(a)da (2-70)
So, the self-impedance term between disks
Jji _ Jjkn b 1 (b ’
Zov = Temomay 4T J,ar' [ dr Z(r,r") 271
b ! b !
= [ dr'[ dr [(b —rb-71).9; —k—lzhl]
Where
-jk
g1 = %fon ‘ ; - cosa da (2-72a)
1 me JkR
hy =— fO —da (2-72b)
and

R =[R2 — 2r7’ cos a]*/? where Ry = Vr'2+ 12 (r,7")€[a, b]
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Using Watson's formula [31] deduced that

—j —j w (KZrr")YMhZ,_ i (KRy)
e JkR = g=JjkRo 4 0 n!(KRO)ml‘l % cos™a (2-73)

Where h2,_, is the spherical Henkel function of the second kind of order
m — 1. Substituting Eq.(2-73) in Eq. (2-72) and making use of a recursion
relation of spherical Henkel function, then:

e Jk Krr'

G"(r,r') = b — jk Xim=1Amhin (KRo) (- ) (2-74)
1 form=20
Where, 8,0 = 2-75
o1¢, Ono {0 otherwise (2-75)
and, Al = #foﬂ cos™a cos(na) da (2-76)
The spherical Henkel function h2,(KR,) can be expanded as [118]:

2 _ :m+1 e_ijO m (m+{’)' 1 _
hin (KRo) = j™ kR Li=o 21(m—#)! (j2KRo)* (2-77)
Form (2-77) and (2-74), we get:
6™, = o (80 + Tines S B L (2-78)

o gm—4
Where B , = A7, 29 ] (2-79)

M o m=0)! (2)
For disk n=1 [85], then

kD™ (m+o) jmt 1
kRy)™*t £i(m—£)! (2)! mm! (2-80)

e_ijO
Rp

671, r) = T (14 By ) S
foﬂ cos™a cos ada]

Therefore, Eq. (2-72) by using Eq. (2-80) becomes

_e‘ijO 1 (@ 0 , m (m+?)!
91 = {5 Jy cosada + Ty ()" [Bip s -8
2—#(]-K)m—£R5(m+4’)]f0” cos™a cosa da}
e JkRo _(m+o)t . —¢ p—(m+¥)
T IR

(2-82)
fo cos ada}

So, the singularity in integral Eq. (2-64) can be extracted, and
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27 =152 32 [T, (WT, () — 5T (W, (h')] hy +
o ,
oz [ dr' [ dr [(b =1 (b = 1). g1 =5 ha] + (2-84)
jkn 2 Tp(h )
am(b—a) “9=1 f dr hy
2-The BOR — junction matrix elements Z°
The BOR-junction impedance elements are given by
ZE =< W3E, Li(2) > +< Wi, 1;(J]) > (2-85)
and can take the form:
5]0( 21 1 ’
= [\ dt 7" pd J,° dh.jkn W52 J ;(v Wi (V)|
b . ,
fON dt [ pdp [* dop [} dr.jkn WS .Jh — = (V. W30 (V.]5) S
(2-86)

Where a=t or ¢, is the mode number, and W,:* is the testing function
associated with the iy, BOR annulus. First simplification of the Eqg. (2-86) is
hold by the process of dot product and divergence of basis and testing
functions for BOR and junction, which is given in Egs. (2-17) and (2-9), as

follow:
Wit Jo = s=T(OT, (e (8. 25) )
Wy Jo = —=TOT(he " (1. 1L,)

2-87a)
St 1 r—b -jn¢ (
Wit Jh = P aT(t)e (4. 1,)

¢ 1 r-b _ PN
WS Jb = 2Wb_aT(t)e J”d’(u(p.ur) )
V.WSt = T’('t)e‘j"‘l’ )
VWP = —ﬂT(t)e-me

, (2-87D)
V. ]a - _T a( )
1 1

VJi= i )
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In order to get the same value of current for attachment part of junction in

each annulus of the body, a new formula of T,(h) can be introduced as

follow:

ho—h

T, = and T’y ==-To(h) =— (2-88)

0 0

Thus, the general form of Eq. (286) is taken by substituting of Egs. (2-87) and
(2-88) to give:

(Z7), = ZESae [ do [, dRIT,(©) (ho = WY@ 80) = 5 T7p ()]

—J(kR 1+n<P)
- e [de [T de [ dr (2-89a)

e ) (kRpg2+n¢)

qul 871'2 (b a)

1,6 ¢ = D)@ 2) - 5T/, (0)]

Rpq2

(B7), = e B 740 " 000 = D ) + £ T O

Rpq1 8n2(b -a)

1, ¢ - b)(ag2,) - k—lzT’p(t)]

Zp 1f d¢f d‘l)f dr
o~ i(kRpgz+nh)
Rpq2
(2-89b)
Where R, is the position vector between attachment part and BOR, R, is
the positions vetor between disk and BOR, which can be determined by using
Eq. (2-24).

3-The junction — BOR interaction matrix Z'*

The junction — BOR matrix elements can be obtained from the submatricies of

BOR — junction element as follow

ZS =< W, L) > +< W, LG5 > (2-92)
5" = 229, (2-93)

Where a=t or ¢ with respect to BOR.
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4-The wire — junction matrix Z"

The wire — junction matrix elements Z}f’j are defined from the interaction of
testing function of wire I} and the two parts of basis function region, J; and
Ji , as follow

z) =<y, L;(L) > + < Wy, L;(J}) (2-94)
Where Ji and J is the basis function in attachment segment and disk region

of junction, respectively. From the application of Eq. (2-29) the Eq. ( 2-94 )

have the form:

o—JkR

] 1 (hO . =5 i 1 ! —
2y = [,dn’ J;° dh.jkn Wy Ji - 5 (0. W)(VJL)] S + 255
_ — — . —JjkR
fydn' [} dr [* de . jkn (WP Jo — = (7. W2)(V.])|2

Implies the testing function of wire from Egs. (2-16), (2-18) and the basis

4TTR

function from Egs. (2-9) and (2-16) to reduce the first and second term of Eq.
(2-95) to the following forms:

WY Jo = o= f' (W) fa(h) (@Y. 1)

e A (2-96a)
W, Ja = 5—— fe(R)(@y". )

and,

V.Y = f’{,(h’)l

V.t = f (B (2-96b)
Vi= )

Note that the divergence for J/ = J! is expressed in terms of the coordinate
system of planar disk and implies that in the disk region, the radial component
of current J” is much greater than the a azimuthal component J¢.

By applying the Egs. (2-96) with the advantage of triangle function formula,
in Eq. (2-95), the general formula of wire — junction interaction matrix

becomes:
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= [,an’ [, dh.jkn |T,(K)To(h) (@Y. 00) — ST ()T’

f,db [ dr 7 de.jln [To(R) G — b) (@Y. ) — 5 T'o(h ')]

Zn(b a) 't 4TR

(2-97)
Where the boundary condition at r=b and r=a imposed that neglected the %

and % factors. Using the same concept defined previously for the reduction of

the integral on (h) and (h') by triangle function T and its derivative T' pluses,
the new form of Eq. (2-97) can be written as:

e JkRpq

z) =Ly 52 [T,(M)T,(R) (@ 00) — 5 T'p (BT g ()]

Rpq

k / W~ 1 10y o1 nq e JKRDG
oy St Jy dr [T d [Ty (W) = D)@Y. ) = 5 T ()]
(2-98)

5- The junction — wire matrix 2"

The junction — wire elements is equal to the transpose of wire-junction matrix
elements, as follow:

7% = transpose Z"/ (2-99)

2.2.4 Evaluation of driving vector and far field components

The procedure of measurement matrix or linear measurement by J.R.
Mautz and R.F. Harrington [8] is utilized to evaluate the driving and the far
scattered fields for CBOR. Furthermore; components of the field at a point,
voltage along given conductor and current crossing a given surface are linear

measurements [59].

Note that the excitation matrix is resulting from induced current on body
surface and measurement matrix is result from far scatted fields produced

induced currents.
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So, any linear measurement of the field from a current J on a body S can be

expressed as a linear functional of J, that is

(V) =< J,E"¢ > (2-100)
According to the reciprocity theorem one can find radiation field E™at
distance r from origin due to current Jon S

Er, = =22 e~k [ F7 J(r") (2-101)
Where 1, is the unit vector specifying the polarization of the incident wave.
Er = qg,efkm (2-102)
Eqg. (2-102) is arbitrary plane wave of superposition of two orthogonal

components, E, and E,, and its unit vectors are

1 = cos 6, cos¢, X + cos b, singp, §—sinb, 2 (2-103a)
ﬁ‘f = —sin¢,X + cos¢, ¥ (2-103b)

and k = k.k, is the wave number unit vector in the direction of propagation
7; 1S the vector pointing from origin.

From MoM solution, the current is given by a superposition J = ¥ I;/;, and
Eq. (2-100) is reduced to be

Measurement=[R ][ | ] (2-104)
Where [ | ] is the matrix in (2-26) which has the form

[1I=[YIIV] (2-105a)
Where [Y]=1/[Z] is the inverse of the total [ Z ], and [R] is the measurement
row matrix

[RI=[< Ji, E; >] . u=6or ¢ polarization (2-105b)
By using Egs. (2-101) and (2-102), we get

Ela, = — Lok [R][1] (2-106)
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So, for scattering problem (BOR — wire — junction) in the system matrix (2-

27) the entire column voltage vector is full. Each element corresponds to the
excitation caused by the electric field of the incident wave at each port is
written as:

[V]=<W,El >] =[< ] El >] (2-107)
Where W is the appropriate testing function corresponding to the BOR the
wire, or the junction and J* is the complex conjugate of the corresponding
basis function. Therefore, the generalized voltage vector in (2-107) can be

obtained from (2-105b) for BOR, wire, and junction as follow:

2.2.4.1 BOR

For BOR, the expansion for J can be separated into t— and ¢- directed

components, according to Eq. (2-105b) for 6-polarized (2, =a¢) in Eq. (2-
102), lead to:

(R&®); = < J&,Ey > (2-108a)
and for ¢-polarized , 2, = a?

(Ry?) = <J&,E} > (2-108b)
Where o=t or ¢

From the required dot product of unit vectors 1, @iy, iy , and 1, Which is

given in Egs. (2-12) and (2-103) , as in appendix (D) one can get

k.7 = ky[psin®, cos ¢ + zcos 6, ] (2-109)
And from this result the electric field in Eq. (2-102) can be written as

Eg — ﬁ@ e—jko[p sin 6, cos ¢+z cos 0] (2-110&)
E(?}; — ﬁge—jko[p sin 0, cos ¢+z cos 6] (2-110b)

By axisymmetric of BOR Egs. (2-110) are given the form:

79



Chapter Two Scattering From Conduc.....

e Nae
(R = [[, Ini-Egds .......... 6-polarized (2-111)
(R%?),; = I, JniEgds ... ¢-polarized (2-112)

Egs. (2-111) and (2-112) give four probabilities of R which can be written as

in appendix (D), as follow:

(RE®); = Yg=1Cq [sinvg cos O, (Jns1 (x) — Jnoq (X) + 2j cos vy sin 6, J,, ()] )

(RY"); = Tty jCq c08 6y (Jrar () = Jnoa (1))

(R;(p)i = 3:1 —jCq siny, (]n+1(x) _]n—l(x))

REPY) i = 2t o1 Cq Unsr () = Jnoa (1)) J
(2-113)

Where, J,(x) = Jo(kp,sin@,) and C, = njn+1qujkzqcost9r _

In general , RY and R®®are even in n , while R*and R%?are odd in n.
compare Eqg. (2-7) and Eq.(2-17) the excitation matrix [V,] differ from the
measurement matrix [R,] by the sign of n. for plane wave excitation with

axially incident plane wave only n=x1 mode are excited, and:
;= RE) (2-114)
Where af represents t9, ¢0, te, or ¢p¢.

2.2.4.2- Wire

The contribution to R* from the wire is given by

RW¥ =< J}V El > (2-115)
Where u=0 or ¢ is the polarization, thus

E" = Ej + E} (2-116)
by using Eqg. (2-116) in Eq. (2-115) to get

RWO =<V, E} > (2-117a)
RW® =< ]y, E} > (2-117b)
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Ey and Ej are defined in Eq. (2-110) and J}’ in Eq. (2-8), by substituting

these equations in (2-117), obtaining:
RWO = [,dh [" dg [T,(R)el*cos® ejzcosor] (Y - aif) (2-118)

R¥9 = [,dh [I"dp [Ty(h)e/e0s® eizeos0r] (ay - @ (2-119)

Egs. (2-118) and (2-119) are the general formula in two components of
polarization for wire matrix element, and the vectors dot product in last

equations can be obtained when wire direction is determined (iiy") and g, i

is given in Eq. (2-10). The voltage element [VW] = [R"], because of the real

value of basis function.

2.2.4.3 Junction

The contribution to R* from the junction region is given by:

RI* =< JI Bl >+ <J) El > (2-120)
And with two orthogonal components of polarization Eq. (2-120) becomes:
RI® = < JT B} >+ <] Ef > (2-121a)
RI® = < JI,EL>+<]),Ey> (2-121b)
In more details by using Eq. (2-110) and (2-7) , Egs. (2-121) yields:

Rj'e _ thO dh fOZn d¢ [Ta(h)ejxcoscpejzcoser](ﬁa ) ﬁe) +

/ j 2-122a
Zn(;—a) f‘f dr fOZTF de [(7‘ - b)ejxcos¢> elzcos OT] (@, - ﬁe) ( )

RI® = th dh f27T do [T, (h)eJxcos¢ gizcosbr](g . 47 +
g I8 - 53) (2-122b)

27'[(;—a) ff dr fOZn do [(r — b)eJxcosé gjzcos er] (ar . ﬁgb)

For the junction voltage element [Vf], which basis function is real,

V] = [»1]
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So, the unknown coefficients in Eq. (2-105a) are given in compact from

[n]

o[ .
Vﬂ - [;Zt ;%] [qu] + [y + [Y/][v/] (2-123)
I] n n n

Finally, the far scattered field components, E, and E are given in the form

0
_]WH- —]kr[st—l Rte R(l) NW—].
41Ty i=1 th) R¢¢ RW¢
ni
Na—l R’
s | R 1] (2-122)

Where r is the distance from origin to the point of observation of E®.
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Table (2-1): The dot product representations of composite body (4, take the same procedure of ;).

Disk || unit vector u,, u,, u, Wire dot product representations Junction dot product representations
plane |  representations
-4 | xx U, Uy | cos (¢ — @)
~ R - ) - Uy | xsinv cos U, - U | sinv sing cosg + cosv sing
v7 Ur = ycosg tZsing U Uy | —xsing U, Uy | cosp cosg
U, = Xx e —
ﬁl=fx U, - u, 0 U, - U 0
U, - Uy | xcosB,.cosp, U, Uy | cospcosb,sing, — sinb,sing
U, - i) | —xsing, U, -ty | cospcoso,
WU | zZ U, Uy | cos (¢ — @)
~ R o i, - U, | zcosv U, - Uy | sinv cos¢ cosp + sinv singsing
N gr i ;;OS(/) tysing -ty | O U, " Uy | —sing cosg + sinpcosp
a — ~ ~ ~ A~
UG =7z -4, |0 a,.-1; |0
U, - Uy | —zsinb, U, Uy | cospcos,.cosp, + cosh,sing,sing
-4y | 0 i, - Uy | —cospsing, + sinpsing,
-0 | yy iy - Uy | cos (@ — ¢)
. . . i, - U; | ysinv sing i, - U; | sinv cos¢ sing + cosv cose
X7 gr i ;\;lmp +zcosg U Uy | ycosp i, " iy | sing sing
a — A~ A~ ~ ~
=75y -4, |0 -4 |0
U, - Uy | xcosB,sing, U, Uy | sinpcosb,.cosp, — sinb,.cosp
i - Uy | ycoso, i, - Uy | —singsing,
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2.2.5 The radar cross section evaluation
In general the superposition of the two orthogonal components of
incident wave, E}; and E},, and the far — zone scattered wave , Ej and Eg ,are

related by the scattering matrix [41], according to:

e—Jkr 590 SQd)
[ ] T 5¢9 5¢¢[ ] (2-125)

The elements of scattering matrix can be expressed as a summation over the

modal components as:

SPa =y sk4 (2-126)
Where pg denotes 60, 0¢, ¢6, po.

The RCS is defined in the standard way for large r as:

o = 4nR? Bl (2-127)
—

Substituting (2-125) in (2-127), to get

oP9 = 477|SP9|? (2-128)
The scattered field is given by
. I®
ET u = % e—jkr[RS RV RJ'] ]W] (2-129)
I’
Hence,
tt
S| Ry we |
gpq — TIwk n Y¢t y"’q” V¢q (2-130)
41

[[RWP] [YWa] [VWq]] [[RJP [y]q] [V]q ]}

Therefore, the RCS normalized to wave length is given by substituting (2-
130) in (2-128), and has the form:
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oP4 n%k*
12 16m3

, , 42

1> (REPIP 4+ REPIST) 4+ RWPIWa 4 RiP[IA|™ | (2-131)
where the received and incident polarization are p=6 and ¢=6 or ¢,
respectively.

For example o%?denote that the RCS measured in the #-polarized receiver
with ¢=0 plane , while a®?represent the plane of ¢ =90 and RCS measured
by ¢ -polarized receiver. For the axially incident plane only n=+1 modes are
excited, therefore the RCS components in the horizontal polarization (HP) are
given by [8]:

590 = 167 |S99|” cos? ¢, (2-132)

and the vertical polarization (VP)
2
o = 167 |5;”9 | sin? ¢, (2-132)

And the scattered field components may be written as

e Jkr

E; =2 ( )5199 cos ¢, (2-133)

T

e—jkr
T

Ej = 2j( )59 sin ¢, (2-134)
Note that in the bistatic case, RCS represented in both terms of illumination
and scattering angles, i.e., aP9(0,, ¢, 0;,¢;) and all polarization cases,
99, 6% 6%% and o®® are satisfying. For monostatic case, the angles of
illumination and scattering are the same, i.e., 6, = 8; and ¢, = ¢; [14], hence
only two component of polarization, c?%and o%?, are computed [11]. In the
same comparison, bistatic RCS computations require R to be computed twice,
while for monostatic case, R needs to be computed only once [77] where R is

the measurement matrix.
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2.3 Computed Results

There are proven RCS prediction methods that can accurately
approximate bistatic RCS as well as monostatic RCS for certain shapes. The
exact analytical solutions are distinct and important for most researchers in
scattering problems of EM waves from PEC, and is known for a specific
number of regular shapes. In this research, the boundary conditions with the
MoM were used to develop the numerical method of effective and simple to
address these problems, where the accuracy of the solutions used in this
method is very suitable for the PEC and corresponding BOR [ 3][119].

In this section, scattering data for several configurations were
calculated. The results were compared with the results that are currently
available in the literature. These results were found to be relied mainly on the
validity and accuracy of EFIE formulation for scattering problem, and this
advantage proved by the good results for PEC [67].

The computational technique of solving the EFIE by the MoM for the
class of problems described as wires attached to a BOR, (Fig.(2-1), is shown
here in scattering problems. This method was presented to determine the
effect of surface electric currents J generated on the surface of the body with
neglected influence of the magnetic surface currents M. Each part of the
composite body; the BOR, the wires, and the junctions region has its own
unique class of current expansion function [76], as in Egs.(2-7) to (2-9).

The preceding sections of this chapter deal with the processes account
of both surface current and RCS of the composite body (irregular shape). To
confirm the credibility of these formulations, they have been applied to a set
of regular geometric shapes (BORs) beneficiaries of the processing speed of
digital computers in the implementation of a set of software, where the
application domain and the comparison with a group of researchers who
touched these shapes being available.
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After obtaining the results, which confirm the findings, the first deal

with the important application, the composite body, where the RCS was
obtained and compared with measurement results from [77]. Among these
results , the case of the sphere with one or two wires, as well as a flat-faced
cylinder with the same number of wires, while the case of cylinder with
rounded ends was taken with wire-loop fins. Comparison of these results with
the measurements and with good convergence leads to the proposed model of
applications. This model was one of the military applications in the
possession of the U.S.Air Force representative in one of its rockets.

Compared RCS of the rocket with the forms close to him in the study
was by changing the body shape, and specifically changing the dimensions of

the wings of the rocket while the body of the rocket was unchanged.

2.3.1 Examples

Computer programs have been written to calculate the square matrices
and measurements vectors needed to calculate the far scattered fields and then
RCS. To demonstrate the validity of the formulation, where the length of wire
approach to 0.0000001A, the numerical results are presented for some
represented examples of CBORs by solving the EFIE with MoM technique as
outlined. There are four cases of perfect conducting bodies are considered: (1)
sphere, (2) cone-sphere, (3) cylinder rod with rounded ends, and (4) flat-faced
cylinder, whose axis of symmetry coincides with the Z-axis illuminated by
axially incident plane wave (i.e., 0;= 180°).

To examine the results as a function of angle for both bistatic and
monostatic RCS alternately, the bistatic scattering from a perfectly conducting
spheres of radius a=0.1A, 0.2, and 1.0A, will be presented first and calculated
for #6-polarized by using Eq.(2-131) without including wires or junction. The
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distance and frequency are scaled, so, the segments on the generated curve

are unified. The result of the computer program perfectly agrees with the
MoM [59] and with the exact solution of Mie series results [63] as shown for
three different radii in Fig.(2-6).

The bistatic (¢” and ") and monostatic or backscatter (¢” and ¢%)
cross section, for conducting cone-sphere of cone angle a=20° with sphere of
radius ka=1.21 and kb=7.28 as shown in Fig.(2-7 ), are computed and
compared with other analytical results of Harrington and Mautz [11]. The
results are depicted in Fig.(2-8) and (2-9), and the agreement between the
two cases with other results are excellent.

The calculated cross section ¢ for cylinder with rounded ends of total
length L = 2.61 and radius of the rod ka=2.16, as the configuration of fig. (2-
10), are compared with the experimental data of [77]. Figure (2-11) shows the

% and vertical polarization o*® for monostatic

horizontal polarization o
scattering from cylinder, respectively. A good agreement was found between
measured data and the calculated from MoM are achieved.

To illustrate the bistatic and monostatic scattering cross section for the
last example, consider the flat-faced cylinder of length [, = 64 and radius a=
1.2675)\ in the bistatic case, and the other cylinder has the dimensions of
[, = 1.981 and a=0.343A for the backscattering case. The resultant data,
depicted in Fig.(2- 12), are excellent in agreement with the exact solutions of
[65]. Also, according to Fig.(2-13), it can be shown that the results obtained
from MoM are more accurate than (PO+PTD) [6] in comparison with
experimental data of [77]. Experimental results are normalized to 6,=0.0052,
and the measurement frequency is 2.6 GHz. Thus, the output of the computer

program is also normalized to the same value.
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Fig.(2-6 ): Bistatic RCS for conducting sphere with axially incident plane
wave and various radius of:(a) a=0.1 A (b) a=0.2 A (c) a=1.0 A
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Fig.(2-8): Computed bistatic RCS for conducting cone sphere(a=20°,
ka=1.21 and kb=7.28), (a) 86-polarized. (b) ¢H-polarized.
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Fig.(2-9 ): Computed Monostatic RCS for conducting cone sphere (a=20°,
ka=1.21 and kb=7.28), (a) 66-polarized. (b) #¢4-polarized.
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Fig.(2-11): Backscattering cross section of a perfect cylinder with

hemisphere endcaps. (a) 06-polarized. (b) ¢¢-polarized.
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of a= 0.3434 and 1. = 1.984, in comparison with (a) Experimental (b)
Experimental and combining (PO+PTD).
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2.3.2 Applications

2.3.2.1 Determining the outer radius of disk in junction region

The mathematical analysis using the junction region coordinate system,
approximated as flat disk of the outer radius b, the inner radius of the disk
corresponds to the wire radius a as shown in Fig.(2-2). This approximation is
based on the disk radius b being much smaller than the local body curvature at
the junction attachment point. The outer radius b is usually chosen to be
between 0.1A to 0.25A, which has an effect on the impedance characteristic,
especially on the impedance value of the resonance frequency point, 2.6 GHz,
[85]. By using Eq.(2-84), the admittance versus b is calculated in the
resonance frequency, as shown in Fig.(2-14). It can be seen that the
admittance converges when the outer radius b is greater than 0.1A. So the

appropriate value of b=0.107\ was used in the computed results.

2.3.2.2 The utility applications

In this section the results shown here exhibited some of the applications
depend on the utility of the BOR-Wire-Junction scattering algorithm. The
computed results are compared with measured monostatic RCS obtained by
[77] and normalized to the cross sections of a sphere, ¢,=0.00525m?, which
was computed using the Mie series solution for a perfect conducting sphere.
To test the validity of the analysis method on the composite body, the main
goal is devoted to the results of the cross section RCS by using Eq.(2-131).
The first results are computed for the conducting sphere of radius a=0.444)\
(ka=2.79), with one attached wire of length (,, = 0.4441), Fig.(2-15), and
with two attached wires of the same length (1,,; = [,,», = 0.4444 , Fig.(2-16).
It can be seen that the computation results obtained using the MoM is in a
good agreement with the measured, and the RCS of a sphere does not change
for a body of radial symmetry alone. The addition of wires produces a result
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that has twofold symmetry in the case of one wire, and has fourfold in the

case of two wires. Note that when the incident polarization is normal, no
effect at incident angles of 0° and 180° and the RCS is that of sphere alone.
For backside incident 0>90° of single wire, where the wire is partially
shielded by sphere, the results show nulls that are less deep than on the front
illuminated side.

The scattering cross section from the flat-faced cylinder of radius
a=0.344) and length [, = 1.981 with attached wires of length [, = 0.8804,
configuration depicted in Fig.(2-17), is also computed for horizontal
polarization and comparison with experimental data as second application.
The results are presented in Fig.(2-18) with one attached wire and Fig. (2-19)
with two attached wires. The effect of thin wires and junction to the total
backscattered RCS is noticeable. It is noted the scattering pattern for the
cylinder remains the same for 0>140°. Because, the region where 0>140° (see
Fig.(2-17a)) is shadowed by the cylinder itself, whereas at broadside, 6=0°
and 180°, the incident polarization is normal to the wire such that the resulting
cross section is that of the cylinder alone. The cylinder RCS without
attachments, in Fig.(2-13), has fourfold symmetry, where for one attached
wire at the cylinder center with twofold symmetry. The addition of two
attached wires opposite each other at the cylinder center, produces a result
with fourfold symmetry.

In general for all applications, the addition of attached wires
significantly alters the constant cross section of the BOR. Figure (2-20) shows
the effect of wires, which have the same length, located at the center of
cylinder with hemisphere ends (total length L = 2.6A, hemisphere radius
ka=2.16, and kl,, = 5.18) for the cases of bistatic and monostatic RCS.

The important part of the applications is to determine the efficacy of the

composite body scattering to more complicated and practical geometries. The
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calculations of RCS for missile configuration with wings modeled as wire-

loops, shown in Fig.(2-21) with dimensions are ly,=l++13 |, lo=l4+1s+lg
l,=1=l4=lg , I,=Is, and v,=v,=Vv;=V,, was obtained and compared with other
measurements. The graph between the distance of point from the Z-axis, p,,
and distance of the point on the Z-axis, Z,, is considered one of the most
Important tests that can be made on the form to give an accurate description of
the missile, as shown in Fig.(2-22), where a=p or g and knowledge
previously. This modeling approach is an extension of the stick representation
used by [74], but the only difference here is that the body represented by a
BOR. The body was a cylinder with hemisphere endcaps of diameter
d/A=0.688 (ka=2.16) and total length L = 2.64 , the wire-loop wing of length
ly; =1,, =0.8261 and [, = 0.76l;with slant angle of wings v;=45°
(i=1,...,4). The computed and measured results are in a good agreement for
horizontal polarization of wire-loops representing the wing and shown in
Fig.(2-23), whereas the wings do not contribute to the RCS for vertical
polarization because the wings are normal to the incident electric vector, as
confirmed by Fig.(2-24)

2.3.2.3 The accuracy of numerical method

To demonstrate the accuracy of the numerical method (MoM), the
results were compared to the case of the cylinder with one wire, shown in
Fig.(2-17a), and with the results calculated by the (PO+PTD) as shown in the
Fig.(2-25). Note through the great convergence and obviously with the
practical consequences for the results calculated by MoM with respect to
other methods (PO+PTD) calculated by [6].
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Fig.(2-14): Input admittance of the junction point versus disk radius b.

100

@ Experimental [77]
present work, sphere-1wire-1junction

0.1 . . . . .
0O 30 60 90 120 150 180 )
0 (deg.) —HPin (dB)
(a) (b)

Fig.(2-15): (a) Backscattering RCS in HP from PEC sphere (a=0.444/.) with
one attached wire (1, = 0.4442). (b)HP present work with radar graph
representation.
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Fig.(2-16): (a) Backscattering RCS in HP from PEC sphere (a=0.4444) with
two attached wires (1,,; = L, = 0.4447). (b)HP present work with radar
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Fig.(2-17): Flat-faced cylinder configuration ( a=0.344/, . = 1.981 and

l,1 =l,, =0.88041: (a) one attached wire (b) two attached wires.
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Fig.(2-20): Computed RCS in HP for cylinder with hemisphere ( ka=2.16,

L = 2.6Aand kl,, = 5.18) : (a) Bistatic case (b) Monostatic case.

Fig.(2-21): Geometric shape for missile configuration with wings model,

(l=lh+lHls , Lo=latls+lg , 11=15=1=lg , 1,=I5 and vi=v,=Vv3=Vy).
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Fig.(2- 22): The precise shape of missile with two wings of slant angle 45°.

(ka:2.16, L =261, |W1: |W2:0.826/1, |2:O76 |1 and V1:450)
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Fig.(2-23):(a)Monostatic RCS in HP from cylinder with hemisphere endcaps
and wire-loop wings (ka=2.16, L = 2.64, ;= 1,,=0.8264, 1,=0.76 |, and
v1=45%). (b)HP present work with radar graph representation.
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Fig.(2-25): Backscattering RCS, ¢”, of the structure shown in figure (2-17a)
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2.3.3 The Proposed Model

The study of complex irregular shapes are difficult to handle, because
of the difficulty to get RCS account. The military targets is considered the
most important of these forms. The difficulty of obtaining RCS for military
targets invited us to resort to RCS of known shapes that approached the target,
as adopted for a specific length of these forms.

Previous studies [67][71] that dealt extensively with the subject of the
complex conducting bodies, represented by the CBOR, taking into account
the change in the parts of the body and its impact on the RCS, being a regular
body during the rotation process.

In the current study within this chapter, we used a complex composite
body, the BOR, wires, and junction, further complicated to the problem by the
presence status of no regularity to this body. It should be noted that we have
avoided the study of the influence of conducting BOR parts, and we focused
on the other side, represented by the wings, being one of the shape features
that help to change in the RCS as a new and important aspect in dealing with
complex objects.

We have adopted in the proposed model, a rocket that is used by US air
force, which carries four wings like engineering scheme in Fig.(2- 26). From
this scheme, we find that the rocket body without wings (BOR) consisting of
three cylinders and three conical parts, in addition to the spherical front end of
the rocket. All these parts have a total length fixed 2.61, where it can be
compared to the results that we get with the results in previous studies of the
same length bodies approach. Basic dimensions of the rocket shown in Fig.(2-

26) and adopted here are as follows:
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I, - the radius of the rocket front end
L.i- the length of cone on z-axis, i=1, 2, 3.
Li- the length of cylinder on z-axis, i=1, 2, 3.

r,i- the cylinder high from z-axis, i=1, 2, 3.

hl == h5 . .
h, = he} the large wings high
h3 = h7 . .
h, = hs} the small wings high

lbi=L+L+13=1,; =1,+ 135+ ly = the total wires length on the large
wings.

Lo =l +1s+1lg =1y, =l + 111 + 1, = the total wires length on the
small wings.

v; = the wings slant angle ( i=1,.....,8), where the slant angles of the lower
wings is similar to those of upper wings but with opposite sign.

For the BOR we have the following structural formula:
R=2.6A=9.2*a+27.5*L

Where, a=0.118\

And the BOR parts have the Measurements insert in table (2-2).

Table (2-2): Dimensions of BOR parts in term of reference ratio a, and L.

Dimensions | ro a1 rao la3 L,; L,» L3 Lot Lo Los

value 2.7*a | 2.7%a | 1.8*a | 1.0*a | 22.4*L | 4.3*L | 0.8*L | 4.1*a | 0.6*a | 1.8*a

These measurements give a perfect shape for a rocket BOR by choosing the
value of a and L as a reference ratio. As for choosing the ideal measurements

of the wings will come later.

In order to conduct a comprehensive study, we will be testing the following:

103



Chapter Two Scattering From Conduc.....
e Nae

2.3.3.1 The comparison with known RCS

To generalize the formulation for a proposed model, there are some
comparisons with known RCS for the BOR and missile, that have been used
to test the convergence with this model, and to verify the formulation
suggested in the previous section. To compare with the BOR, the body
dimensions are selected to make the BOR of rocket looks like the cylinder
with hemisphere of Fig.(2-11). It is shown in Fig.(2-27) that our formulation
on this conducting rocket without wings (BOR), approximated to cylinder,
was correct by comparing the result with that in Fig.(2-11) with the
appearance of some variation of the HP and VP and this difference in the
curves is due to the flat end of the rocket. While Fig.(2-28) shows the RCS
result for the rocket BOR without approximations and without wings in
comparison with cylinder of Fig.(2-11) and it indicates the effect of changing
the shape of the rocket on the RCS in both HP and VP-polarization.

As comparison with composite body, that was represented by a missile with
two identical slant wings of Fig.(2-23), the RCS for the rocket approximate to
this body depicted in Fig.(2-29a) and from through it a convergence in HP
except some difference which also comes from the flat end of the rocket bodly.
But this difference appears in more details in Fig.(2-29b) when we used the
real BOR of the rocket, where its BOR parts are more effected on the RCS
result, and one concludes that the body shape can be predicated for the

number of oscillation of the current distribution on the conducting BOR.

2.3.3.2 The ideal wings dimensions

One of the most important measures of the composite body are those
that determine the ideal dimensions of the wings to get the right shape and
then scattering cross section area. This procedure is possible to be achieved to
build relationships linking the dimensions of the wings with the dimensions of
the body, as in the following table:
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Table (2-3): Dimensions of wings in term of large parts of BOR.

Case Large wing Dimensions Small wing Dimensions

In term of large I4.*ro 0.78%r, 3.815% r, |1.555*r0 0.35* 1, 1.444* r, I

radius

1.034*L,; |10.2*L, [0.986*L,; §l0.402*L,, | 0.0935*L,; | 0.373*L,,

cylinder

Intermof large Jl4.* r, 0.2*L,; 3.815* r, 1.555* r, | 0.0935*L,; | 1.444* v,
radius and

cylinder

This was coupled with the relationships determine the height and length of
wings depending on the slant angles, as follows:

h, = l;sinv; and hg = h,
h, = l3sinv, and hg = h,
h; = lysinvs and h; = h,
hy, = lgsinv, and hg = hy

According to the definition of the BOR the planar curve that generates the
body must be satisfied during the scanning process, the relationship between
p. and z, is shown in Fig.(2-30), which give the same real shape to the rocket,
where the wings inclined at angles of the values: v; = v3 = 70° and v, =
v, = 75°. As a result, Fig.(2-31) shows the ideal case which illustrates the
RCS in HP-polarization of the rocket, calculated using Eq.(2-131), in which
three possibilities are found without wings and two wings and finally four
wings in monostatic case. The bistatic case has characterized in the rocket
with four wings as in Fig(2-32). Results proved that the effect of the reflection
waves is due to the wings and clear in the last two cases and also the number

of oscillation of the current distribution on all parts of composite body.

2.3.3.3 The effect of wings parameters

There are many parameters of wings, like length, width, high, and the
slant angles, that will be studied to make sense about the contribution of the
composite body to the RCS. To understand the effect of these parameters, as

shown in Fig.(2-26), on the RCS calculated, its classified into many test cases
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and arrangement in table (2-4). All studied cases have been taken to

monostatic RCS in HP and comparison with ideal case of Fig.(2-31), while
the wings do not contribute to the RCS for VP because the wings are normal
to the incident electric vector, as confirmed by figure (2-33). The scheme

inside the Figs. (2-34) to (2-39) represent the precise shape of rocket.

The first test: the effect of small wing lengths [, and [, are studied for

length equal to half length of large wings, i.e., I, = % and [y = %3 whereas

other parameters remained in the same value of ideal case. Fig.(2-34a) shows
the RCS result of increasing the length of small wings. The increasing of
small wings length gave decreasing in the reflected and effected waves on the
angles between 0° to 90° in front of large wings and increasing to waves
interference after the large wings.

The second test: the effect of large wing lengths [; and [; are studied by

taking h; and h, values to make increasing in large wings parameters [, and
l5, where h; increased by % and h, by % , When other parameters stayed in

ideal values. The Fig.(2-34b) illustrates the result of the RCS for increasing in
large wings length. The effects of large wings length is strong in contrast with
small wings, where the increasing to the waves interference appears in front
of large wings and simple effect of small wings. It may come from size of
large wings with respect to small wings, and then small current on small
wings.

The third test: the effect of large wing widths are dealt with constant values

of large wings angles, v;,=85° and v,=90° and changing the [, and I values
with suggested increasing equal to [5/2 for I, and [,,/2 for lg. Fig.(2-35)
shows the RCS component in the HP (¢=0°), where we find the contributions
to the RCS are coming from the interference of waves in large and small
wings together, and the increasing in width of large wings give a chance for

incident waves to induced large current on the small wings.
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The fourth test: the effect of large wing locations are included the changing

in the location of large wings by using multi values of angles v, and v,. As a
result a new modification, the large width for wings have considerable effect
for those parameters are shown in Fig.(2-36), where we find high effect in
some peaks of the RCS. The extending in width gave new location and then
arising different amount of generated current in calculating result of RCS.

The fifth test: the effect of angle v, is made an approximate shapes for other

known complex body, like aircraft, in order to arrive to useful treatment with
these shapes, beneficiaries from the rocket application in future. This can be
satisfied by changing the value of angle v, (v, taken the same value and
opposite sign of v,) for large wings with controlling on the I; and [, values.
The effect of v, and v¢ on RCS result was illustrated in Fig.(2-37), especially
at value of v,=115° the large wings are completely approached with small
wings. It has a new incident wave which generates a new induced current on
total surface.

The sixth test: (the effect of angles v, and v,) studied the effect of changing

large wings angles together. This was implemented for two probabilities of
angles value, as shown in Fig.(2-38), where the effect has appeared with clear
form in the region in front of the large wings by increasing the RCS value.
This may come from changing the shape of large wings to be similar to the
shape of flat wings.

The seventh test: (the effect of flat wings) is special case for all wings when

the angles vy, vy, v3, V4, take the same value equal to 90, which means that the
wings are transformed exactly to be a flat shape. the RCS result for this case
Is depicted in Fig.(2-39) , where we find oscillation in the side peaks of RCS
shape, toward increasing in front of large wings and decreasing toward the

small wings.
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Fig.(2-26 ): Geometric scheme to parts of the proposed model.
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Fig.(2-27): Monostatic RCS for the body (BOR) of Fig.(2-26) compared with
that of Fig.(2-11).
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Fig.(2-28): Monostatic RCS for the body (BOR) of Fig.(2-26) compared with
that of Fig.(2-11).
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Fig.(2-29): Monostatic RCS in HP for the body of Fig.(2-26)with two wings
compared with that of Fig.(2-23). (a) rocket BOR approximate cylinder. (b)
rocket BOR has a real shape of Fig.(2-26).
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Fig.(2-31): Monostatic RCS in HP-polarization for three possibilities of

model with ideal dimensions.
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Fig.(2-32): (a)Bistatic RCS in HP for the four wings case with ideal
dimensions of Fig.(2-26). (b)HP of model with radar graph representation.
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Fig.(2-33): Monostatic RCS for proposed model in three-dimensional form.
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Fig.(2-34): Computed backscatter cross section in HP for body of Fig.(2-26)

with respect to: (a) small wings length. (b) large wings length.
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Fig.(2-35): Computed backscatter cross section in HP for body of Fig.(2-26)
with respect to large wings width.
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Fig.(2-36): Computed backscatter cross section in HP for body of Fig.(2-26)
with respect to large wings location from through of put: (a) vi=45°, v,=90°.

(b) 1m=65°, v,=115°. (c) w=70° v,=115".
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Fig.(2-37): Computed backscatter cross section in HP for body of Fig.(2-26)
with respect to v, (v¢ =- v, ) angles in large wings location from through of
put: (a) v,=70°. (b) v,=90°. (c) v,=100°. (d) v,=115°.
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Fig.(2-38): Computed backscatter cross section in HP for body of Fig.(2-26)
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Fig.(2-39): Computed backscatter cross section in HP for body of Fig.(2-26)

with respect to same values of all angles, vi=90°.
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Table (2-4): The wings parameters in the study cases.

Scattering From Conduc.....

case || Large Large Wings Dimensions Small Small Wings Dimensions
wings wings
angles angles
vi| WV, I/ /A I3/ h /A ha/A | Nut [ va | val /A s/ le/2 h 4/A he/h | N2
ideal jf 70 | 75 | 1.2743 | 0.2485 | 1.2154 | 1.1976 | 1.1772 23 170 | 75| 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
1 70 | 75 | 1.2743 | 0.2485 | 1.2154 | 1.1976 | 1.1772 23 |70 | 75| 0.6372 | 0.1115 | 0.6053 | 0.4931 | 0.2347 | 11
2 70 | 75 | 1.5221 | 0.2485 | 1.4558 | 1.4304 | 1.4100 27 |70 | 75] 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
3 85| 90 | 1.2020 | 0.3042 | 1.1772 | 1.1976 | 1.1772 23 |70 | 75] 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
70 | 115 1.2743 | 0.2485 | 1.3011 | 1.1976 | 1.1772 23 |70 | 75] 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
4 65 | 1151 1.3236 | 0.2485 | 1.3011 | 1.1976 | 1.1772 24 |70 | 75 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
451 90 | 1.6937 | 0.2485 | 1.1772 | 1.1976 | 1.1772 26 |70 | 75] 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
70 | 70 | 1.2743 | 0.2485 | 1.2526 | 1.1976 | 1.1772 23 170 | 75| 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
70 | 90 | 1.2743 | 0.2485 | 1.1772 | 1.1976 | 1.1772 23 |70 | 75] 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
5 70 | 100 | 1.2743 | 0.2485 | 1.1198 | 1.1976 | 1.1772 23 |70 | 75 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
70 | 115 1.2743 | 0.2485 | 1.3011 | 1.1976 | 1.1772 23 170 | 75| 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
6 80| 85 | 1.2158 | 0.2485 | 1.1815 | 1.1976 | 1.1772 23 |70 | 75 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
85| 90 | 1.2020 | 0.2485 | 1.1772 | 1.1976 | 1.1772 23 170 | 75| 0.4954 | 0.1115 | 0.4600 | 0.4656 | 0.4456 9
7 90 | 90 | 1.1976 | 0.2485 | 1.1772 | 1.1976 | 1.1772 23 190 | 90| 0.4656 | 0.1115 | 0.4456 | 0.4656 | 0.4456 9
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Chapter Three

Scattering from dielectric BOR with attached wires

3.1 Introduction

Electromagnetic scattering from conducting, dielectric and composite
bodies is an important and challenging problem in the field of computational
electromagnetic. Furthermore, composite structures of metallic and
homogeneous dielectric materials have many important applications e.g., in
the radar technology, antenna design and microwave engineering. Analytical
solutions are available for only very limited geometries. For bodies having an
arbitrary shape, one has to resort to some approximate numerical technique.
A variety of approaches have been developed to study this problem, which
includes the MoM, the FEM, and the FDTD method. When the bodies are
homogeneous, MoM is preferred because the problem can be formulated in
terms of surface integrals over the conducting and dielectric surfaces [103]. In
special for BORs the problem is formulated in terms of integrals over
generatrixes [48] [96]. For perfectly conducting BOR the problem has been
exhaustively studied and the most accurate formulations are EFIE and CFIE
(that is a linear combination of EFIE and MFIE) for opened and closed
conducting bodies, respectively [46]. For dielectric BOR, many combinations
of EFIE and MFIE have been investigated [48] [101].

EFIE-PMCHWT is the usual formulation for general composite structures
[94] and [103]. In this formulation EFIE is applied on metallic surfaces and
the Poggio-Miller- Chang-Harrington-Wu-Tsai (PMCHWT) formulation [48]
is applied on the dielectric interfaces, but it is not sufficient for removing the
interior resonances if the structure includes closed metallic surfaces. In that
case, in addition, on those surfaces the CFIE must be applied [46].

Such solutions (or combinations of them) can be used in the analysis of
scattering by composite body (DBOR -wire-junction) as they are shown in
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Fig. (3-1). However, the problem of DBOR-wire was formulated in a system
of wire radiators coupled to DBOR [99], based on MoM and deals with this

problem in the same way of conducting bodies [76].

A wire surface S,

Junction surface S;

DBOR surface Sy

(E1, Hy) (&1, 1)

Fig.(3-1): Homogeneous dielectric object (&, , u,) embedded in a
homogenous medium (g, , ;) with electric attached wire. J and M are the
equivalent surface currents for the exterior region.

3.2 Formulation of the boundary value problem

In this section, wires attached to DBORs are considered. The geometry
of Fig.(3-2a) is typical of the EM boundary value problem of a structure
consist of DBOR-wire-junction. The DBOR is represented as the cross
section of a surface revolution, Sg.. Moreover, the DBOR is composed of a
homogeneous material with constituent parameters €; and u,, where €4 and
U are the permittivity and permeability of the material, respectively. On the
other hand , the region exterior to the DBOR is composed of a homogeneous
medium of constituent parameters €, and u,. The thin conductor wire can be
represented as one dimensional structure, in like manner with well developed

thin wire theory [35], and represented by S,4 and S,. where the subscripts
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"wd" and "we" refer to wire elements interior and exterior to the DBOR,

respectively. Likewise, attachment region at the wire/DBOR surface (junction
region) represented by Sj; and S;c where the subscripts "jd" and "je" refer to
junction elements interior and exterior to the DBOR, respectively. The
electric and magnetic field vectors are represented by the symbols E and H
with superscripts "dt" and "et" refer to the total field interior and exterior to
the DBOR, respectively. The field vectors E and H with superscript "d" and
"e" refer to the fields which arise from the equivalent currents which reside on
the surfaces in the interior and exterior problems. The superscript "i"" refers to
the known field. The equivalent electric and magnetic surface currents which
arise from application of the field equivalence principle are represented by the
symbols J and M, respectively.

The original problem of Fig.(3-2a) can be divided into two problems:
one of the interior region, and the other for the exterior region. For this
purpose, the equivalence principle [38] is used and the two equivalent
problems are illustrated in Figs.(3-2b) and (3-2c). The field components in
each region of Fig.(3-2a) can be constructed readily from the equivalent

currents. The boundary conditions to be satisfied are:

AxE® =0 (3-1a)
AxH® =0 (3-1b)
AixE® =0 (3-1c)
Ax =0 (3-1d)

and the surface equivalent currents are:

Jwe =AxH® , 0N Sye (3-2a)
Jwa =Ax H* . 0on Sy (3-2b)
Jie=AxH® , 0N Sy (3-2¢)
Ja=AxH’ , 0N Sy (3-2d)
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Jge=AxH® ,on Sye (3-2€)
M, =-AxE" , 0N Sge (3-2f)

Egs.(3-1) form a set of four equations in the two unknowns J and M. The
method of solution is applied only when the number of equations is equal to
the number of unknowns. In accordance with Miller [36] and PMCHWT [48]
the four equations are reduced to two equations by defining the form of linear
combination as follow:

—fAx (E® + aE%) = A x E* (3-3)
—fi x (H® + BH?) = A x H' (3-4)
Where a and g are linear combination and given by [48]

a=—€q/€ (3-5)
B = —Ula/le (3-6)
By enforcing the boundary conditions that the tangential component of the
electric field must vanish at the conductor surface, and that the tangential
components of both electric and magnetic fields must be continuous across
the dielectric surface, a system of integro-differential equations is obtained
from which the unknowns Jyg, Jwe , Jja » Jje » Jae @and Mg Can be determined.

This system of equations can be written in operator form [100] as the

following:
Etgm (‘]_de + jWd + J]d ’ I\Wde) = Et?n ’ on SWd and de (3-7a)
Eon(Jae+Jue + 30, My ) =—E5 , on Syeand Sj (3-7b)

En (Jge + Jue +J 0. M) + ES (Jge + Iy +J 0. My ) =El —E,  ,0nSge  (3-7¢)
Hen Qe+ Je 73 e M) + Ha (g + 3yg + 3,0, My ) =H —HS  ,0nSe  (3-7d)
The above system of equations consists of the EFIE on the conductor
surfaces, and both the EFIE and the MFIE on the DBOR surface. This

formulation is referred to as the EFIE-PMCHWT [101].
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(b)

(©)
Fig.(3-2): (a) The original problem, (b) The interior and

(c) The exterior problem.
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3.3 The potential integrals

The fields E(J,M)and H(J,M) of Egs.(3-7), which represent the
integro-differential operators, are defined in terms of magnetic and electric
vector and scalar potential functions represented by A,F,®,and ¥,

respectively. These field vectors are given by [92], as follow

E(T, M) = —jo A%(T) - VO (T) — v x E2 (W) (3-8)

a

)= —j B2 (M) =V (M) +—vx A(3) (3-9)

a

<|

H2(J,

Where the potential functions are defined by [91] as:

A*(F) =[] () G*(r, ) ds' (3-10)

Fe()=z,[[M()G*(F.7) ds’ (3-11)
af= _i = af= = i

*n=7 jsjpe(r)e (F, ") ds (3-12)

vt (1) == [[ )G (F, 1) (3-13)

And S is a surface that includes all surfaces ,DBOR, wire, and junction, that
contributes to the field in region (a). The superscript (a) represents (e) or (d).
The surface charge density p. and p,, are related to the current sources

through the equation of continuity

Vi I(F) =—jop, () (3-14)
Vi -M(F) =~ jap, (F) (3-15)
The function G*(7,i’) is the scalar free space Greens function and is a

function of randf’, the position vectors of field and source coordinates,

respectively.
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3.4 PMCHWT integral equation for DBOR object.

Surface IE methods are popular in solving EM scattering containing
homogeneous dielectric materials. The scattering of EM waves from a
homogeneous object having permittivity e, and permeability p, in a
homogeneous background medium (eq, i;), as shown in Fig.(3-1), can be

solved by PMCHWT integral equations [51], as follow:
A X EM = x [Ly(]) +Ly(J)] — A X [Ky (M) + K, (M)] (3-17)

Y
X

A" = x [Ky () + Ko (D] + X [ L (M) + 5 Lo (M)] - (3-18)
Where J and M are the incident electric and magnetic current densities,
ni = +/1i/€ is the wave impedance for region i (i=1,2), E¢ and H™ are
the incident electric and magnetic field, respectively. The operators L; and K;

are defined as [39]:

1
w?pi€;

Li(X) = jou, [, |XG; + VV.XG;|ds (3-19a)

KL(X) = fs X X VGl ds (3'19b)

Where S is the surface of the scatterer, and G; is the scalar Green's function of

background medium (i=1) or dielectric region (i=2) expressed as:

o—Jkilr—7]

Gi(r,7) =

(3-20)

41|r—7|

Wlth ki = W €

3.5 Moment Method Solution

The surface integral Eqs.(3-7) are solved by MoM. The described
problem can be solved in an efficient manner by a judicious choice of basis
and testing functions. First, consider the DBOR of Fig.(3-1). Due to the axial
symmetry, two components of electric and magnetic current can be

identified: one directed along the generating arc (4i;), and the other in the
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circumferential direction (ii4). In order to solve PMCHWT IEs (3-17) and

(3-18), the unknown surface current densities are first expanded in terms of
Fourier modes [88]

st ) =J(t, ) +]%(t. $)
= S5 _W[JEO) + T @©)]em? (3-21a)
My(t, §) = n, (M*(t, ) + M?(t, ¢))
=, T ME(O) + M (£) e (3-21b)
Where 5, is the wave impedance for interior or exterior regions.

These components can be further expanded on the generating arc in terms of

sub-domain basis functions f; as

JEt) =0, Tne ﬁ(t)}

3-22
TP =y X 1% () (8229
ME(E) = 1, $0 T kS, fi(0)

3-22b
MP(t) = fig Y14 1k¢fl<t)} (8:220)

Where the fi(t) = ;Ti(t) and T; is the triangular function, introduced in
Eq.(2-12). The testing function is

WE =1, f;(t)e ™ | a=t or ¢ (3-23)
For wire and junction, the basis and testing functions are introduced in the
chapter two by Eqgs.(2-8), (2-9), (2-18), and (2-19).

The unknown current coefficients ( 5;, 1%, k%;, k%, 1", ') can be determine
via the MoM by forming the inner product via the Galerkin technique. So,
the PMCHWT IEs for DBOR (3-17) and (3-18) can be written [98] as:

(Py+ P)U] — (@1 + Q)[M] = b™ (3-24)
(@ + QU] = (3P + 5P ) [M] = b™ (3-25)
(PD)mn = {fmr Li(fn)) (3-26)
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(Q)mn = {fm Ki(f)) (3-27)
brE = {fin, E™€) (3-28)
bt = (fo, H™) (3-29)

Where f, is the basis function and f, is the testing function. The testing
functions are orthogonal to operators L(J) and K(M) when m#n. So, all
impedance elements are zero except for those m=n, and each mode can be

treated separately. For each mode, we have to solve the following matrix

equation

ZEE ZEH I VE

[ HE ZH” " ]= [ "H] (3-30)
Zn® Zn"1[M, Va

In order to balance the impedance elements [98], the matrix equation can be
written as

ZEE ZEH

[ 7 HE HH [ H (3-31)
mZnt niZj T)1M N1 Vn

Now the composite body (DBOR/wire/junction) have a system of equations
by substituting Egs.(3-21), (2-8), and (2-9) , from chapter tow, into Eqgs.(3-7)
and using the linearity of the operators, yield:

a— Ny -1 . . o
5| Seesl0h Sire 020 Siresiobn, Shogclom,) -2l
j=1 j=1

n=-co| j=1

on Sygand S;4 (3-32a)

Ng -1

z{z< T0)+ SHEL(TL 00 S1FEL (710)m. K EL 0., >} £ (3°)

n=-oo| j=1

,on Syeand S (3-32Db)
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o [Ng-1 o N1 o
n;o ; ! " {Etgn (J :j ’O)+ Etzn ('J :j ’O)}+ j=1 {I 'Wd Etcain (‘]\;j/ 1O)+
Na-1

1B (T2,0)l+ Y {1 MES (39,0} 1 ¥EL, (32,0)f+ , 0N Sge (3-32¢)

j=1

Ky 1n4ES (0. M)+ 7,E (M, )}| = ES (3¢)-E& (3°)

N1

Z Z Lo {ﬁt‘;n (j:j,o)+ Hen (J_r(?j’o)}Jr Z{l " He (‘J_vta ’0)+

n=-ow| j=1 j=1

e (3200 SRS (3¢0) 1 FR (70.0))+ onSe  (3-32d)
j=1

Ndil —_— — J— R —_ — —_ p—

ZKnj {77d Htgn(o’ M nj)+nthzn (0’ Mnj)} = Htlz?n (‘J ‘ )_ Htl:n (‘J e)

j=1

An advantage of the Galerkin's procedure is the resulting symmetry in the
inner products when the coordinates of the testing and basis functions are

interchanged.

Therefore, the Egs.(3-32) have a system of new equations which may be

expressed in matrix form as follow:
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where n, =

_([de,de]n + nr[de,de]n)

([Yeeael,, + [Ydeael )
Ne|Za,ael
[Z%edel,
N[ Zfa gel

[Z]e de]

([Yge,de]n + [chlle,de]n)

( [Zdede] +

[Zde de] )

[Y\(Aj/d,de]n

[ we, de]

[Yidael,

[ je, de]

VHa/€a , andoa=tor ¢

Ne[Zdewal
[Yéewal,
[Zwawdl
[0]
|Z53 wwal

[0]
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[ZGewel,

[Yge,we] n

[0]

[Zwe we]

[0]

[Z]e we]

MNr [de,jd]n

[Yge,jd]n

[ZWasal

Scattering From Dielec......

[Z(eie,je]n_

[Yge,je]n

[0]

[0]  [Z8eje]

[Z]d]d

[0]

[0]

[Z]e ]e]

%107 [ IVEels T
[k In [Vieln
[de] [de]
[Iwe] [Vwe]
] V]

T ] [V

................ (3-33)
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3.5.1 Evaluation of Z-submatrices elements

The interaction matrices between DBOR-wire (Z°"),wire-DBOR (Z"),
DBOR-junction (Z9), junction-DBOR (Z¥), wire-wire (Z*"), wire-junction
("), junction-wire (Z!"), and junction-junction (ZV), are in fact similarly to
those of conductor part in chapter two, except the equations of those sub-
matrices can be re-written in terms of the symbols (e) or (d) which denoted
by subscript (a) related to the equivalence regions . Specifically, for the
factors €4, u, ,n, and k,, where the model Greens function (MGF) may be
changed. Furthermore, all matrices are classified in the same way of
conductor part, by junction-independent and dependent impedance elements,

respectively.

3.5.1.1 Junction-independent impedance elements

To avoid repetition in matrix equations, Z*, 2", and Z", because it
described the same Eqs.(2-46), (2-49), and (2-54) in chapter two. We use the
same formulas with the exception of these equations represent the region (e)
or (d) as described in the beginning of the section (3.5.1). While the body-

body matrix elements summarizes as follow:

The impedance matrix elements of DBOR between source element (i) and
field element (j) are found from electric field produced from electric current

density J

ap VE N o EalT
(ze)e = (We, E*(3%4.0)) (3-34a)
or from magnetic field produced from magnetic current density M, as:

ap YMH Y V22N W] N
(zar f" = (W, H (o, Mﬁ)} (3-34b)
Egs.(3-34) can be expressed in terms of the vector and scalar potential from
Eqgs.(3-8) and (3-9), respectively, to get
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(Z2)F =W (- joR*(35)-ve*(32)) (3-352)
)" = (W (- joF= (M2 )-v 2 (M7)) (3-35b)

where o and g are either t- or ¢- direction. The superscripts (a) denotes the

either (e) or (d). The relationship between impedance matrices is

(ze )™ ,71 (2 ) (3-36)

a

Where 1, =i,/ ¢,

The inner product of the electric field with the weighting function W.¢,

(Eq.(3-35a)), is shown in Appendix (C) and yields to :-

(zo )" = —jKaUaii[Tqu finv, sinv,G, +cosv, cosv,G, |- I(<312 Tqu} (3-37a)
(ze)" =—Kan324:§4: T,T,sinv,Gy+—0—T ’Tqu} (3-37h)
p=1g=1| KP4
(zzx);_E _ Ka%ii T, T,sinv,G; + KZ” T,T,G } (3-37¢)
p=1g=1| alp
@8 =K, S 3T,T, {GZ —2”—61} (3-37d)
p=l g=1 Ka pFq
Gy, G, and Gz are defined in Egs.(B-25) as:-
K e—jKaR
G, :j = cos(ng) d¢ (3-38a)
0]
T eij R
G, =I = cos(ng)cos ¢d ¢ (3-38b)
0
T e—jK R
G, =I = sin(ng)sin ¢d ¢ (3-38¢)
0
_ 2 4 sing(2 3-38
R_\/[TJ + 40, sin [Ej ( )
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The Gaussian quadrature technique is used to calculate these integrals.

Eq.(3-38d), represents approximation for R when t=t' . p,, pq, v, and v, are the
p and v evaluated in t, and t; , respectively, where t, and t; are given in

Eq.(C-20b).

3.5.1.2 Junction-dependent impedance elements

In same manner of independent part, the matrices Z, z%, 7, 7", and
Z was described in Egs.(2-84), (2-89), (2-93), (2-98), and (2-99) , based on

the same concepts above.

3.5.2 Evaluation of Y-submatrices elements

3.5.2.1 DBOR-DBOR admittance elements

The admittance matrix elements of DBOR between source element (i)
and field element (j) is found from magnetic field produced from electric

current density J, as follow:

ap PH Ao gafT
(Ymnﬂ ),- = <Wmi , H (Jrﬁ ,0)> (3-39a)
or from electric field produced from magnetic current density M, as follow:

(Ve '™ = (We E*(0.M%)) (3-39b)

mn

Egs.(3-39) can be expressed in terms of the vector potential from Eqgs.(3-8)

and (3-9), respectively, to get

(v n = <v7m“[ﬂiv < A2(37 j> (3-40a)

a

(v = = <vv , (_ L vxEa (s )J> (3-40D)

ga
The relationship between these admittance matrices is proved here as :-

(v ' = (v )" (3-41)
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The inner product of the magnetic field with the weighting function W,

(Eq.(3-40a)), is shown in Appendix ( E ) and yields to :-

(v )i. = jZZT Gy |p, cosv, sinv, +sinv, fsinv (2, -2,)-p, cosv, || (3-42a)

p=l g=1
wWH .
(Yn¢)ij =3 31,7, [, cosv,G, + fsinv, (2, —2,) - p, cosv, |G (3-42b)
p=1 g=1
# JH 4 3 .
(Yn )ij =22 TT [,Op Cosv,G, — {sm Ve(Zp =24) + o COSV, }GS] (3-42c)
p=1l g=1
(@) = i30T, T, (2, —2,) Ge (3-42d)
p=1 q=1
Where,
G, = jcos(n¢)(1%fa|:\)) e Rdg (3-43a)
0
G, jcos(n¢ cos ¢w “KRd g (3-43b)
G, jsm(n¢)sm ¢w KR g (3-43c)

Again, the Gaussian quadrature technique is used to calculate these integrals.

3.5.2.2 DBOR-Wire admittance elements

The mutual admittance between the DBOR-wire, Y*, is found from:

(Yol = (W, H*(3,0)) = [Wii - H*(3,0) ds (3-44)

Where the testing function W _:* is defined in Eq.(3- 23) and the basis function
J» is defined in Eq.(2-8). The magnetic field can be written, according to

Appendix ( E), as follow:

H2(3",0)= _[G F,7)(Rx 3"(F)) ds (3-45a)
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Where G2 and R is given by

GA(r, r'):-[1+ jKaRj G*(r,r") (3-45b)

R=%(x—x)+9(y-y)+2(z—2') (3-45c¢)
Therefore, by using Egs.(3-23), (2-8), and (3-45) in Eq.(3-44), integral

expressions for the matrix elements can be written as:

(v ) =—jdtjd¢jth(t)T (h) 0, - (4" x R)1+ KR g itring
S (3-46a)
— 33 oy T, 0T, (00, xR R e e
p=lg=1 o
(v oo :%J.dtj.d;éj.th(t)T (h)a, - ()" x R)1+ JKaR -itrang
Fo o (3-46b)

:%ZA:ZA:Td¢[T T, (h) 4, - (4" R)1+ KR i R+n¢)}

p=1 g=1

Where a,and a, is the surface unit vectors of DBOR and given by

U, = Xsin@cos ¢+ ysindsin g+ 2 cos

U, =—Xsing+ ycos¢

T(t) 1is the ith surface triangle function ,given in Eq.(2-12), qgvis unit vector

along the Ith segment of wire, and given to any expectation direction as in

table (2-1), T,(h)denotes a triangle function as in Eq.(2-18), while R is given
by
R=\/(,0p cos¢—xq)2 +(,op sin¢—yq)2 +(zp —zq)2

However, to get expression for one direction of wire, it should be recalled the

Coordinates in Table (2-1).
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3.5.2.3 DBOR-Junction admittance elements

The mutual admittance between the DBOR-junction, Y9, is found from:

(v, )" = (Woie He (3] 0)> + (Wi, Fe(34.0))

= [Wse-H=(3).0 ds+jwsa-_ (34,0)ds (3-47)

Where the testing function w** is defined in Eq.(3- 23) and the basis
functions 3 and 3} is defined in Eq.(2-9). The magnetic field can be written,

according to Appendix ( E ), as follow:

H2(3),0)= jG r,r)(RxJi(r)) ds

H°(34,0)= [ (r.r) (Rx34(r) ds (3-480)

Where G2 and R defined in Egs.(3-45).

Integral expressions for the matrix elements can be found by using Egs.(3-
23), (2-9), and (3-48) in Eq.(3-47) to be obtained:

(v )™ :—jdtjd¢jdh (h, =) T®T, (h) G, - (4, x R)1+ KaR it

(3-49a)
T 1+ Jk R _jkRring
e a)jdtjd(,zsjd(pjdr[T(t)(r b) 4, - (4, xR)|=—32—"e
(v, )" =—jdtjd¢fdh (h, M) T®T, ()4, - (@, x R)1+ KaR it
(3-49D)

2z 27

JdtId¢Id¢Idr[T(t)(r STR) =3 SUPTE

" an (b
Where q,is an outward-directed unit vector on the attachment segment of

junction region, @, is an unit vector on the disk surface a way from wire. For

more details we can use the information in table (2-1) for complete solutions

to any expectation direction in the Egs.(3-49).
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3.5.3 Deriving the excitation matrix

Measurement vectors are used to obtain the far field of the equivalent
surface currents J and M radiating in medium outside surface S. Furthermore,
to evaluate the excitation matrix. This far field is scattered by structure of
DBOR-wire-junction. For plane wave excitation, and through the reciprocity
theorem [88] one may find the radiation field ES at a distance r from the

origin is due to the surface currents J and M on S as,

ES-af:ﬂ(i(r)-Ef—M(r)-Hf)ds (3-50)

S

Where (" is a unit vector specifying the polarization , a;or uj, of the wave, E"

and H'is the electric and magnetic field is due to d", respectively, and given

by:

B oK e gr gt (3-51a)
drrr

H =——d e n(k xa)e " (3-51b)
Ay

where r, is the distance between measurement point and the origin in the
vicinity of S. Also, k; is the propagation vector of the plane wave, k is the
propagation constant and # is the intrinsic impedance of the medium outside
S.

In addition, it is assumed that the incident EM field E‘and H' is either a 0-
polarized field defined by [48] as:

E'=kpule T

_ . 3-52a
lekljy e—Jkt-r ( )

or a ¢-polarized defined by
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E' =knpa, e
_ g (3-52b)
H' =ku,e "

where k; is the propagation vector and, as shown in Fig.(3-3), a; and g, are

unit vectors in the 0, -and y-direction, respectively.

6

TN X r
~ o J\\\V Ug
Uy

X

Fig.(3-3): Plane wave scattering by a DBOR.

For DBOR, substituting Eq.(3-21) in (3-50) with nth mode only, one obtains

ES-am = (= 2yeikr [R][1] (3-53)

4Tntr

Where [ | ] is the unknown coefficients

(1] = [ug), (19, e, k2] (3-54
and,

[R] = | [R3, [RE] 1, [#2]] (3-55)
with,

136



Chapter Three Scattering From Dielec......

e Nae
(RY); =(E",J1p)
¢ .= (FET _(Ib_
(R, = (E".]%) 556

(RR)i = (H", My;)
(R = (H", My
The radiated field consists of the two orthogonal components E, and E4 with

its unit vectors g , a; as

U, = XCos 6, cos¢, + ycoso,sing, —2sin6,

U’ =-Rsing, + ycosg, (3-57)
For 6-polarized plane wave , 0" = g’ , one obtains
(R)i = (Eg, Jpi)
(RY®); = (E, %)
te or gt (3-58)
(R )i = (Hg, My;)
(RE?); = (H, M%)
And for the ¢-polarized plan wave , (" = 4, to obtain
(R?)i = (Ej, i)
b\ _ (or TP
(Rn )i - <E(?l'>']ni) (3-59)

(R)i = —(Hp, My;)
(Rfe)i = _(Hgfﬂr(fi)
The details of these inner products can be found elsewhere [46] and Appendix
(D). The driving vector [ V ] differs from the measurement vector [ R ] by the
sign of n in comparing between Eq.(3-21) and (3-22), therefore
(V39), = (R%),

(V%) = ~(=%),

Where pq represents t0, ¢0, tg, or ¢¢.

(3-60)

In other hand side, the contribution to R" from the wire in both #-and ¢-

polarized can be written in the form:
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Where J}¥ is defined by equation (2-8). Moreover, the driving vector is equal
to measurement vector because the basic functions and the weight functions
are real, and then

VW =RY (3-62)
Similarly, the contribution to R from the junction are
RI® = (BT Ty + (EL, T

Ridb — ((EZ,]]% +<(E(j;,]]%>) (3-63)
Where ]_C{ and ]_é are defined by equation (2-9). Also, for the same reason in

the wire part, we have

V/=RJ (3-64)

3.5.4 The radar cross section evaluation

The scattering cross section ¢™* is defined by
|Efl”

oPd = 4qr? L
B |

(3-65)

Where p is either 0 or ¢ and q is either 6 or ¢, E' and E® is the incident and
scattered field. For large r the relation between scattering matrix of Eq.(2-
125) and (3-65) can be written as:

oPd = 47|SP4|2 (3-66)

Where

5o = 2% (1R RE (= 8]] - [1a 7+ [[RPI] + [[RP) ]}
(3-67)

So, the RCS normalized to wavelength is given by substituting (3-67) in (3-
66), to obtain:
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oPd n2k*
Az 161T3

Z(Rtpltq +REPIPY + RPK + REPKPY) + RWPIWA

+ RiP1id

(3-68)
The last relation may be written for horizontal polarization (HP), ¢, = 0, as
follow [8]:

%9 = 16n|599|20052¢r (3-69)
And for vertical polarization (VP), ¢, = 90:

o?? = 167T|S¢9|25in2¢r (3-70)

3.6 Computed results

The equations of the previous sections have been solved numerically on
a digital computer to investigate the dependence of scattering cross section of
DBOR and the composed body ( DBOR-wire-junction) on the size, shape,
and dielectric constant of the scattering object. This comes with the advantage
of accuracy in the solution of SIE formulation. Recent studies have shown
that SIE formulations may have very different accuracy [51][94].
particular, the choice of a formulation is important if the surface is irregular or
material contrast is changed [120]. Next the solution of EFIE-PMCHWT
formulations for EM scattering by composite body with irregular shape using

the MoM with Galerkin's test procedure has been presented.
3.6.1 Validity of evaluation

To demonstrate the validity of the formulation, numerical results are
presented for a homogeneous DBOR illuminated by a plane wave, for which
the PMCHWT is known.
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The first example is a lossy dielectric sphere, whose radius are set to be

ka=1,and the values of dielectric constant are ¢=1.44 and ¢=4. The bistatic
RCS computed by the PMCHWT integral equation methods, are shown in
Figs.(3-4) and (3-5), respectively. It can be seen from figures that the HP and
VP results are in agreement with [88]. Moreover, the matrix elements
integrals are computed numerically by using 20 point Gaussian quadrature.

The second example considered is a plane wave scattering from finite
dielectric cylinder of radius a=0.25A and high 2a, with &=4. Figure (3-6)
shows the computed bistatic RCS for homogeneous dielectric cylinder based
on the equivalent surface electric and magnetic currents. The RCS results are
shown as a function of 0 in the horizontal plane ¢* and vertical plane o*. It
can be seen that the results of the solution is in good convergence with the
PMCHWT results in [48]. In addition, the numerical integrals used in
computing the matrix elements by using 48 point Gaussian quadrature.

A closed cylindrical rod with rounded ends of radius a=0.2 A and length
l. = 1.1A is next examined by SIE. It is chosen as another test to illustrate the
validity of formulation and MoM to complex bodies, as depicted in Fig.(3-7).
Figure (3-7) shows that the solution accuracy of PMCHWT results in the two
polarizations (HP and VP) in agreement with that of EFIE with g=1.
However, the agreement represented by the coincided with conductor part of
[61].
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Fig.(3-4): Bistatic RCS of dielectric sphere (e,=1.44 and radius a=0.1594).
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Fig.(3-5): Bistatic RCS of dielectric sphere (e,=4 and radius a=0.159),).
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Fig.(3-7): Bistatic RCS for the dielectric cylindrical rod with rounded ends

(radius a=0.2 4, length l. = 1.11 and & = 1)in comparison with conducting

case.
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3.6.2 Applications

In this section, some numerical results are presented to generalize the
EFIE-PMCHWT on a selected applications consist of DBOR-wire-junction.
Furthermore, the method of numerical solution for a particular scattering
problem consists of choosing a value for g, and the number of attached wires.
The first results are computed for the a dielectric sphere with =4 and radius
such that ka=2.79, with one attached wire of length [,, = 0.444A. Figure(3-8)
shows the backscattered RCS in horizontal polarization by applying Eq.(3-68)
in the case of dielectric sphere with single wire. In comparing the results with
the conductor case, the addition of wire produces a result that has less than
number of lobe and no lobe symmetry. This result may be explained by the
fact that the effect of single wire and dielectric constant appears for backside
incident 0>90°, where the wire is partially shielded by sphere. Moreover, the
null is less deep than on the front illuminated side with sharp decreased in
RCS between 0=30° to 6=150° as a common effect of wire and dielectric

constant.
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Fig.(3-8): (a) Backscattered RCS in HP of EFIE-PMCHWT formulation for a
homogeneous dielectric sphere with one attached wire (radius a=0.4444,
e=4 and 1,=0.4444), (b) radar graph representation.

To explain the effect of two attached wires, another important
application is applied by taking a dielectric flat-faced cylinder with ¢=4 and
radius a=0.344) and length [, = 1.98), where anyone of the two wires has a
length of [,, = 0.880A. A similar phenomenon has been observed previously
in the case of conducting bodies with two attached wires, but the result here
shows that the effect of g, and thin wires on total RCS is noticeable. It can be
seen that the results show the same effect for the two wires, located at
cylinder center, on the RCS, whereas the common effect with &, is changed
the total backscattered RCS between angles 0=10° to 6=170° from that in the

conductor case as shown in Fig.(3-9).
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Fig.(3-9): (a) Backscattered RCS in HP of EFIE-PMCHWT formulation for
finite homogeneous dielectric cylinder with two attached wires (radius
a=0.3444 , e,=4 ,1.=1.984 and 1,=0.8804), (b) radar graph representation.

-20

It is interesting to note that in the last two applications the effect of
single value for dielectric constant were appearing in total RCS. Another
important application finding were that for several possible value of &,. it is
represented by a missile consisting of a dielectric cylindrical rod with rounded
ends of radius a=0.32) and total length [. = 2.6A, and & = 2,4, and 6, with
wire-loop wings of length [, = 0.826A. Figure(3-10) shows the monostatic
cross section for the horizontal polarization for different values of e;.
However, this result has not previously been described, in addition to the last
applications. It should be noted that the effect of changing €, will be disparate

among these values as shown in Fig.(3-10).
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Fig.(3-10): Backscattered RCS in HP of EFIE-PMCHWT formulation for
homogeneous dielectric cylindrical rod with rounded ends of different values
of & , With two wire-loop wings (radius a=0.321, 1.=2.6J, and 1,=0.8264).

The most interesting finding was the effect of high loosy dielectric

material on total radar cross section, where complex permittivity of the
dielectric & written in the form &€ = ¢,.¢, —j% , & IS relative permittivity of

the dielectric, o represents the conductivity of dielectric, w is the angular
frequency, and the propagation constant is k = k, (e, /€,)*/? . This test was
applied on the last application ( missile ) with the same values of &, . Fig.(3-
11) and (3-12) show the monostatic cross section for the horizontal
polarization for different values of ¢ and two probabilities of o, where the

increasing in ¢ was accompanied by a decrease in the value of RCS.
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Fig.(3-11): Monostatic RCS for HP of EFIE-PMCHWT formulation for high
lossy dielectric cylindrical rod with rounded ends of different values of &, ,
with two wire-loop wings with o = 103mho/m , radius a=0.32A, 1.=2.64,

and 1,,=0.8264.
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Fig.(3-12): Monostatic RCS for HP of EFIE-PMCHWT formulation for high
lossy dielectric cylindrical rod with rounded ends of different values of e,
with two wire-loop wings with o = 10Ymho/m , radius a=0.32A, 1.=2.64,
and 1,,=0.8264.
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Chapter Four

Scattering from dielectrically coated BOR with attached wires

4.1 Introduction

The problem of EM scattering from conducting objects coated by the
dielectrics has been studied extensively and many publications are available
for this problem. These studies have been motivated not solely by academic
interest but by many engineering applications as well. The coated
considerations interest are of practical importance, for example, in radar
camouflage, where the coating might be used to minimize or maximize the
scattering, and in scattering measurement, where the coating can reduce the
influence of the supports on the test object [105]. However, most of earlier
techniques have been utilized to solve 2D structures and three-dimensional
BOR [101][104].

Recently, the study of the EM scattering from conducting objects
coated with thin electric or magnetic materials has been the subject of intense
investigation. Proper selection of the coating material can be used to reduce
significantly RCS of the coated objects [110]. It is known that the RCS of a
conducting body can be reduced if itis coated with absorbing materials
especially with anisotropic RAM [111]. Moreover, coated by thin-layer
material has received much attention because these composite dielectric and
conductor structures are used in many applications, such as the evaluation of
echo from stealth aircraft [112].

Various numerical techniqgues MoM, FDTD, and FEM and
formulations of SIEs have been used to treat the problem of conducting
objects coated with electric and/or magnetic materials. The general SIE
formulations are valid for arbitrary coating thicknesses and these formulations

have been used to treat conducting objects with thin or thick coatings. These
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formulations require careful calculation of the matrix elements when the
coating thickness approaches zero [110]. Also the use of these formulations
requires a large matrix size. The integral equation used in [103] for the
analysis of arbitrarily shaped 3D coated structure is the combination of the
EFIE and the PMCHWT formulation. Kishk and Shafai [101] developed five
different formulations, including a CFIE formulation in which the electric and
magnetic fields have been used, for multi BORs. In general, imposition of the
tangential boundary condition on both the electric and magnetic fields on the
coating and on the conducting surface ensures a well-posed formulation. The
PMCHWT approach addresses the coating, while the CFIE formulation in
[46] is a satisfactory remedy at the conductor.

In this study a new and complicated structure was used. The composite
dielectric and conductor structures with attached thin electric wires are
presented here, where the junction region located between the wires and
DBOR surface as shown in Fig.(4-1). By observing the shape regions, we find
that the EFIE-PMCHWT formulations are possible to apply between DBOR
and wires. correspondingly, the CFIE-PMCHWT formulations are possible to

apply between the composite dielectric and conductor structures.
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Fig.(4-1): Composite problem with attached thin electric wire, homogeneous
dielectric object (g4, uy) embedded in a homogenous medium (&, , u,)
enclosing a conductor. j,. and M, are the equivalent currents for the interior
and exterior region.

4.2 Formulation of the boundary value problem

In this section, we present formulations by using SIEs to analyze the
dielectrically coated BOR (DCBOR) with attached thin electric wire and
junction at the wire/DBOR surface. For the purpose of presentation, we
assume that the conducting body enclosed by a homogeneous dielectric
material. The DCBOR are represented as the cross section of a surface of
revolution, Sg and Sy, respectively. The regions on the exterior and interior
of the dielectric body, enclosing a conductor, are characterized by constitutive
parameters (g, Me) and (gq4, M), respectively. The thin electric wire can be
represented by one dimensional structure, on compliance with the well-known
thin wire theory [35], and the wire elements are characterized by Sy and Sye
with respect to the interior and exterior to the DBOR. The same concept

applies to the junction region, which is represented by S;4 and S;.. The
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complex structure (DCBOR-wire-junction) is illuminated by an incident plane
wave, of which the electric and magnetic fields are denoted by E' and H'. The
equivalent electric and magnetic surface currents ,which arise from
application of the field equivalence principle [38 ] on the exterior and interior
region of Fig.(4-2a), are represented by the symbols J and M, respectively.
From this principle two equivalent problems, interior and exterior, are
illustrated in Figs.(4-2b) and (4-2c), respectively. The field components in
each region can therefore be found readily from these equivalent currents,
these equivalent currents are still unknown and can be determined by
enforcing the boundary conditions for the field vectors in Fig.(4-2a). The

boundary conditions to be satisfied are:-

AxE®* =0 (4-1a)
AxH® =0 (4-1b)
AxE"=0 (4-1c)
AxH"=0 (4-1d)

The electric and magnetic field vectors are represented by the symbols E and
H with superscripts "dt" and "et" refer to the total field interior and exterior to
the DCBOR, respectively.

The surface equivalent currents are:

Jwe =AxH® , 0N Sye (4-2a)
Jua =fixH* , 0N Sug (4-2b)
Je=AxH" ,0n Sje (4-2c)
Jig=AxH’ ,on Sjg (4-2d)
Jo =AxH® , 0N Sgg (4-2¢)

Jee =AxH® , 0N Sge (4-2f)
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M,, =-AxE* 0N Sge (4-29)

By enforcing the continuity of the tangential components of the total electric

and magnetic fields on S¢q , Sge, Swe » Swa » Sje , and Sjq regions, from which

the unknown jwd,jwe,\]jd,jje,jcd,jde and Mde can be determined. A

system of integro-differential equations can be obtained and written in
operator form as [100][101]:

Ean (Jae +Jog +Jua +J 0. Mg,) = Eiiy , 0N Sy,qand Sy (4-3a)
En (Jge + e +J 0. M) =—E, , on Syeand Sje (4-3b)
Ed (Jy+Jy,M,)=E2 , 0N S¢y (4-3c)
En (Jae + Jue +J e M) + By (g + Jog + Jug +J i, M) =Ej —Ejs, , 0N Sge
(4-3d)
Hen (Jae + Jue + Jjos Mge) + Hiy (Jge + I + Jug + J 10, M) = Hig —Hg, , 0N Sge
(4-3e)

The subscript (tan) denotes the tangential components of the fields on the
surface in equation. £+(3,M) and H?*(J,M) are the electric and magnetic

fields due to the equivalent electric and magnetic currents J and M radiating
in the homogeneous medium characterized by u, and &, everywhere. The

superscripts (a) represents (e) or (d).
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zero field

Fig.(4-2): (a) The original problem, (b) The interior problem and

(c) The exterior problem.

As mentioned the CFIE-PMCHWT formulations can be applied between the
composite dielectric and conductor structures, and EFIE-PMCHWT
formulations can be applied between DBOR and wires. These formulas are
possible to explain briefly by place of application. The combined of E- and H-
field formulations suffer from the resonance problem, similar to the
formulations for the conducting bodies [46]. To overcome the problem in the
composite dielectric and conductor structures, a linear combination of the E-

and H-field formulations may be obtained to give [101]:

. _ _ d _ _ _ _
i X Hd(]cd +]deere) - (;_dEtflan(]cd +]de'Mde) =0 just outside Scy (4'4)
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¢ 9o + Jaor Mae) = 5 Bt Ua + Jaer Mae) = 0 ustousice S, (4-5)
% B gor Ma) = = Efan Uaer Mae) = . X HE (7, M%) = = Bty (7, 11°9)

just inside Sge  (4-6)
Kishk and Shafai [101] proved that the results , EFIE-PMCHWT and
combined field formulations for coated conductors, are very closed in
comparison with exact analytical solutions (Mie series). So, in the present
work, for coated conductors, we define "EFIE-PMCHWT" the formulation
that utilizes an E-field on the conductor and a PMCHWT on the dielectric
consistent with DBOR-wires. This was confirmed by the Eq.(4-3), where
a=f=1in Egs.(3-3) and (3-4).

The scattering of EM waves from coated conductors object having
permeability e€; and permeability u; with a homogeneous background
medium (e,, 1) as shown in Fig.(4-1), can be expressed in terms of integro-
differential operator according to PMCHWT formulation [102], the boundary
condition on Sy imply:

Etigrcz = [Lii — KMy — Ly, + KoMy ian (4-7)
AUz = [y + 5 LMy = Kol = 2= Lo | (4-8)

tan
Where J; and M; are the incident electric and magnetic current densities for

region i (i=1,2), also the wave impedance n; = +/u;/€; , E™ and H™¢ are the
incident electric and magnetic field, respectively.

The integro-differential operators L; and K; are defined as [68]:

LX) = jou [, |[XE) + =0V X)) Gu(17 - 7'1)ds (4-9)
KX = [, X(F) X VG (|7 —7'])d$ (4-10)
where €;_€-€;, , Wj—pollsy, and 1; = no(g)l/z ; € and po are the permittivity
and permeability of free space, respectively; and the subscript r denotes the
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relative constitutive quantity. The Green's function for an unbounded medium

is denoted by G;, with the constitutive parameters €; and y; .

4.3 Moment Method Solution

Consider the general geometry of a scatterer made of coated conductors
with attached wire as illustrated in Fig.(4-1). In the numerical approach the
scattering problem is formulated in terms of the equivalent currents on the
surface of the scatterer, leading to a set of integral equations which are solved
using the MoM. The Galerkin procedure is carried out to test boundary
integral equations and reduce the functional form of the equations to a
partitioned matrix equation.

The DCBOR with attached wires have a system of unknown currents, which
defined with basis function in Egs.(3-12), (2-8), and (2-9), all these unknowns

are Possible to give Eq.(4-3) the following forms:

o | Ng—1 N -1 N, -1

D {z 1,EL(32,0)+ Y I6ES (36.0)+ Y IMES (3¢8,0)+

=l = = = on Sygand Sjy (4-11a)
Na-1 W= (T4 Ng-1 — _ _ =id (T

z I j Etan (‘J j ’O)+ 77d Z Knj Etan (0’ M nj) - Etan (‘] )

=t =t

w [Nt Nyl
> {z 1,E2 (35.0)+ 21 EL (3:.0)

n=-wo| j=1

N,-1 o _ Ny-1 _ . . _
+ 31 FEE (32,0)47, Y K,ES (0.M, )} =E"(3°)
=

=1

on Syeand S (4-11b)

Ng—1

o Ng—1 _ Ne-1 _ . . L
3| Sen 0500 Srie 5.0 S Eu07,)| - £20°)

N=—o0o j=1 j=1

on Sy (411c)
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e o
3| S 35,00+ B2, 35,0+ 1,82 55 0)-
Ng{u wES (39 O)+|WeEtan(J;,O)}+§l{l BES (79,0} 1 FES, (7°,0)} 0N See (4-11d)
5K B 0.9, B 0.7, - E207)- 5 0)
| St s 05 0b e (05,00 S 1 05.0)
© SR 02.0) 1, (3.0 S 07 01 1AL 070 on s 116
3K 0, 5, 0, ) |- 0%) - ()

The dot product between EqQ.(4-11) and the weighting functions, Galerkin
approach, in Egs.(2- 18), (2-19), and (3-23), and this gives a system of linear
equation has the form:

[11[Z]=[V] (4-12)

and in more details it can be written in matrix form as follow:
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C YC
[284cal, aael, "elYel, [0] o [ o
7] ([Z8edel +n:[Z3eqe] ) (Vaeael, + [Ydeqel,) M [Z8ewal [ZSowe] M [Zesal, [Z8ese]
n [chile cd] ([Yge’de]n t [Yge’de]n) (_[de'de]n + Tl_lr [de’de]n) [Yge,wd]n [Yge,we]n [Yc(lie,id]n [Yge.]'e]n
] M [Zwaael, [¥haael, P I (R - )
[0] [Zhveae], Y ee] 0] [Zhewel  [0]  [Zhesel
[O] Ny [Z]%,de]n [Yj((j:l,de] [ZJ%,Wd [O] [Zj%,jd [0]
o) [Z5uel, ¥ ] N U C
where n, = \/1a/€4 , andoa=tor ¢
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To avoid repetition, all solutions of Z-and Y-submatricies in the matrix
equation (4-13) and also driving vector (R) are the same that suggested in

chapter two in case of CBOR, and chapter three in case of DBOR.

4.4 The radar cross section evaluation

The problem of scattering in radars include plane waves falling on the
scatterer, as well as measurements of scattered field in far field region. The
assembly in the RCS pattern is depending on:

1- The incident and scattered fields, E¢, ES¢® or H™¢, H5¢4,

2- The contribution of electric current J and magnetic current M with respect
to BOR, and also wire and junction regions, to find the excitation matrices.
3- The finding of the unknown current coefficients of DCBOR, where DBOR
coefficients intervention in the equation account for the final RCS.

4- The finding of the unknown current coefficients of wire and junction
regions, which have only electric current J .

5- The final relation of RCS is the sum of all regions with their currents and
measurement matrices ..R

In general, the scattered wave in far-zone is the result of two orthogonal
components, E, and Eg. After finding the unknown current coefficients for
all regions of composed structures (coated conductor) with attached wire in
the present of junction region between the wire and DBOR, the RCS in both
8- and ¢-polarized scattered fields can be computed according to [102][76]

by:
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Where f = 6 or ¢

4.5 Computed results

In the domain of EMs, studies of EM scattering problems are of
common interest. DCBOR with attached electrical wires is chosen here as
the scatterer to be discussed, because it is a most representative model for
applications used in this chapter . Moreover, a series of computer programs
will be advantageous to the study of influence of different dielectric coatings
to RCS. Our work comprise establishing appropriate IEs, solving the
equations for surface currents using MoMs, compiling computer programs
which are effective for DCBOR of arbitrary cross-sectional shapes with
attached wires can be conveniently used for different coating materials, and

presenting some examples to show the validity and versatility of the method.
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4.5.1 Validity of the formulation

The validity of the computational procedure was first verified. The
numerical solution using the present method is compared with the exact
solution for the coated sphere, where the analytic solutions are possible for a
few geometries and can only be generated easily for spheres, using Mei series
[102]. Figure (4-3) shows the bistatic RCS in 66-and ¢¢-polarized of coated
conducting sphere for radius a; = 0.394 A, a, = 0.311A, where the excitation is
due to a plane wave incident from the direction of 6 = 180°. It was shown
from this figure that the agreement between both solutions, CFIE and EFIE-
PMCHW, is very good with exact solution [102] for a coating thickness equal
to 0.083\ and & = 2. Another test for the validity of numerical solution was
found for new value of dielectric constant, &, =4, also in 00-and ¢¢-polarized
are computed. Figure (4-4) shows the bistatic RCS of coated conducting
sphere for radius a; = 0.477 A, a, = 0.119X, and dielectric layer thickness

t=0.358 1. Where we find agreement with exact result [68] is very clear.
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Fig.(4-3): computed bistatic cross section for conducting sphere (a,=0.3114)

coated with homogeneous dielectric (a; = 0.394 J, and &, =2.): comparison of
the generalized CFIE, EFIC-PMCHWT, and Mie solutions.
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Fig.(4-4): computed bistatic cross section for conducting sphere (a, = 0.1194)

coated with homogeneous dielectric (a; = 0.477 4, and &, =4.): comparison of
the generalized EFIC-PMCHWT, and Mie solutions.
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4.5.2 Applications

To illustrate the properties and behavior of the present generalized
EFIE-PMCHWT formulations, next some results for perfectly conducting
scatterers coated with a single homogeneous layer of dielectric material with
attached wires are presented. Three applications are considered: (a) coated
sphere with one attached wire, (b) coated flat-faced cylinder with two
attached wires, and (c) coated rocket with four electric wings ( partially
coated for irregular object), the coated just for BOR. Because of the results
has no previously been described, all applications depend on the comparisons
of the results of conductor BOR with attached wires found in chapter two to
demonstrate the effected of coated technique on the total RCS pattern. Note,
the junction dimensions are that of chapter two.

The first application, conducting sphere of radius a=0.444A, enclosed
by a single layer of dielectric material with thickness t=0.083\ and &=4.
coated sphere attached with electric wire of length 1,=0.444X. The HP
backscattered cross sections for this complex structure are depicted in Fig.(4-
5), Where we find that the decline in RCS can be very clear in comparison
with the case of the conductor body. Furthermore, the effect of wire stays at
angles 8 > 90° and the number of folds are in decreased.

To identify the second application, Fig.(4-6) shows the HP monostatic
RCS of a conducting flat-faced cylinder coated with dielectric material of
thickness t=0.083X\ and =4, where the cylinder radius a=0.344\ and length
Ic=1.98\. coated cylinder attached with two electric wires located at the
center of cylinder and have equal length I,,= 1,,,=0.880A. It is clear in Fig.(4-
6) that the decline in RCS will be at the ends of the pattern, and in main lobe,
and equal effect for both wires at the pattern sides of total RCS .
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Fig.(4-5): (a) Monostatic RCS in HP (¢=0°) for coated sphere with single
attached electric wire: comparison with result of conductor case, a;= 0.4444,
a,=0.3617, 1,=0.4444, &=4. (b) radar graph representation .
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Fig.(4-6): (a) Monostatic RCS in HP (¢=0°) for coated cylinder with two
attached electric wire: comparison with result of conductor case, a;= 0.3444,
a,=0.261J, 1,=0.8804, &=4. (b) radar graph representation for coated
cylinder and two wires.
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Third application involves the, complex irregular shapes structure with
complex geometry, previously described in the chapter two as a proposed
model of the conducting BOR with attached wires. In this chapter, DCBOR
(rocket) with four electric wings is used with same ideal dimensions in
chapter two, where the engineering scheme depicted in Fig.(4- 7). According
to the definition of the BOR the planar curve that generates the body must be
satisfied during the scanning process, the relationship between p, and z, as
shown in Fig.(4-8), which gave the same real shape to the rocket with single
dielectric layer of thickness (t). Third application includes several effects for
coated parameters on total RCS, which means loss mechanisms of RAM

parameters, and can be incorporated as follows:

4.5.2.1 The effect of dielectric constant

The HP monostatic cross section of the geometry in Fig.(4-7) is
considered for the effect of dielectric constant. Figure (4-9) shows the effect
of the dielectric constant, with single layer of constant thickness (t=0.0831),
on the RCS pattern. It can be shown that the effect of this parameter (&) is
very clear on RCS pattern when the dielectric constant varied, comparing with
that of the conducting rocket of Fig.(2-25).

4.5.2.2 The effect of dielectric layer thickness

The thickness of dielectric layer is taken as an effective variable
parameters for reducing RCS pattern of Fig.(4-7). Figure(4-10) illustrates
monostatic RCS results as a function of different layer thickness and constant
g. It was shown from this figure that the dielectric layer thickness (t) can be
verifying to get results for decreasing in most parts and increasing in some

parts, 8 > 90°, of RCS in comparison with conducting case.
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Fig.(4-7 ): Geometric scheme to parts of the DC-BOR (rocket) with four conducting wings as proposed model.
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Fig.(4-10): Monostatic RCS in HP (¢=0°) of Fig.(4-7) of dielectric constant
e=4, as a function of layer thickness (t), in comparison with the result of

conductor case.

4.5.2.3 The effect of lossy dielectric materials

As it is noted in chapter one there are many ways for reducing the RCS,
such that the RAM. One of the most important parameters of RAM is the
mechanism loss for electric absorbing material and magnetic absorbing
material. To examine the scattering from the structure of Fig.(4-7) by using
lossy dielectric materials, Figs.(4-11) shows the effect of lossy dielectric
material, with single layer of constant thickness (t=0.0832), on the total RCS ,
in comparison with conductor body in Fig.(2-25). It can be shown that the
effect of imaginary component ,causes the loss in the material , and the effect
of real component with varied values, is very clear by reducing the RCS

pattern.
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R
4.5.2.4 The effect of electric and magnetic absorbing materials

An application of RAM coated aircraft was used by [14], and later used
in partial coated by [26]. For a new application the RAM include electric and
magnetic absorbing material, which is defined in Egs.(1-35) and (1-36). Three
values of normalized complex permittivity and permeability values ¢, and u,
were applied on Fig.(4-7). Each value tested to illustrate the impact on RCS
as shown in the Fig.(4-12), in which we find a good check for RCSR,

30
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Fig.(4-12): Comparison of Monostatic RCS in HP (¢=0°) for geometry in
Fig.(4-7) of dielectric layer thickness, t=0.0834, as a function of complex
lossy dielectric constant in which has electric and magnetic RAM

comparison with the result of conductor case
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Chapter Five
General conclusions and future works

5.1 Introduction

The current study was based on proper handling of the body (CBOR,
DBOR, and DCBOR) in terms of finding an appropriate method to solve the
IEs arising from surface currents, and then solve the problem of scattering
from the body (scatterer). After that was a new application, the focus of the
study, with attached wires and the existence of the junction between the wire
and body surface. This resulted in the application model study. The model is
irregular and complex represented a rocket with four wings, which added
great importance for the study of where to find the RCS pattern for this
rocket compared with known RCS of other structure , and then find a way to
reduce RCS of this model. This way was to study the effect of shape and

study the effect of dielectrically coated, RAM, as in chapters two and four.

5.2 General conclusions

From the results of this work, we sum up the following conclusion:

1- The method discussed and applied in our thesis is one of the most
commonly used methods of solving BOR problems using the method of
moments (MoM) technique with Galerkin's approach . This method has the
treatments which are more effective than other methods, such as PO + PTD,
as evidenced by comparisons in Fig.(2-13b).

2- Using EFIE formulation with MoM is best and efficient for CBOR,
whereas CFIE, and PMCHWT formulations are the best and efficient for
DBOR and DCBOR.

3- The sound theoretical framework developed in chapters two through four
was validated by comparison of our results for various BORs with exact

results and existing numerical and measured results whenever available, and
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we have demonstrated the health of our results with those available through

the figures contained in Chapters.

4- The addition of attached wires significantly alters the constant CBOR,
DBOR, and DC-BOR cross-section.

5- Each part of the composite body, the BOR, the wires, and the junction
region has its own unique class of current expansion functions. The presence
of the effect of the junction is important to ensure continuity of current, and
this is indicated by the research [76] and [85] and the results achieved by the
present theory compared with experimental results and theoretical results,
Fig.(2-25), which calculated in PO+PTD method.

6- The integral transform is introduced and the computation formula of the
self-impedance Z ! element at the junction region between the metal wire and
the BOR surface is carefully derived to extract the singularity and a relatively
accurate solution is obtained, and the results were accurate and efficient.
Furthermore, according to the theoretical treatment in the calculation of the
matrix ZV the disk radius as value fixed in all chapters are a=0.005A,
b=0.107A.

7-The computational technique of solving the EFIE by the MoM, for the class
of problems described as wires attached to a BOR, is shown here to be
applicable to scattering problems. They gave excellent results compared with
the experimental results available in the case of the conductor body with
attached wires.

8- The calculations compare with available measurements for a missile
configuration with wings modeled as wire loops were used to determine the
efficacy of the BOR-wire-junction scattering to more complicated and
practical geometries, where the results were very convincing. This modeling
approach is an extension of the wire sticks representation used by Lin and
Richmond [ 74] , except now the body is represented by a BOR.
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9- The study of the subject of the influence of CBOR with attached wires, the

proposed model, in calculating of RCS gave a broad idea and explained that
the shape component to any object in space has a significant impact and very
effective in calculating of RCS. This reason has given engineers and designers
of spacecraft considerable attention in the industry of those vehicles,
especially military ones, in order to reduce or change the shape of the RCS,
making it difficult to identify them through the received radar signal reflected
from them.

10- The study of scattering and RCS calculation for the proposed model,
which represented by the rocket with four wings as in Fig.( 2-26), came on the
basis of comparisons with known RCS of the body has asymptotic shape like
him a missile symmetrically own body is a cylinder with spherical ends and
two wings as in Fig.( 2-21). The comparative stages began body without
wings (BOR), two wings, and then down to four wings and this is what
appeared in the Figs.(2-23), (2-28), (2-29) and (2-31), as we find similarity to
a large extent in the form of RCS in spite of the differences caused by minor
differences in body shape and the number of wings.

11- The Study of shape effect on the RCS pattern focused on the wings in
terms of length, width and height. The tests proved that this effect will be
evident on the side lobes of the RCS pattern.

12- The best dimensions of the rocket, which gives the form conforms to the
real shape, has the selection of dimensions in terms of large radius r, referred
to as in Fig.(2-26), and the angles of declined is ideal for both ends of the four
wings ,which in the values of 70° and 75° and a fixed-length is the same for
the body comparative him, R=2.6\. In addition the changing of angles v, and
Ve IS made an approximate shapes for other known complex body, like
aircraft, in order to arrive to useful treatment with these shapes, beneficiaries

from the rocket application in future.
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13- In the case of DBOR-wire-junction, the moment matrix for DBOR is
twice as moment matrix of CBOR. The EFIE-PMCHWT formulations with

MoM of Galerkin s approach give largely reasonable results compared with

that of CBOR-wire-junction, and the complex lossy DBOR-wire-junction,
which is constructed from many parts, is treated efficiently with these
formulations.

14- Down to a new application, the DBOR-wire-junction is considered an
important entrance to the DCBOR-wire-junction adopted the method of
analysis where the same, EFIE-PMCHWT formulations, except that the
number of regions has increased.

15- Thickness of the coating layer is an important factor for the attenuation of
EM waves, and it showed in the reduce of RCS for different values of
thickness.

16- Coated with single layer of complex lossy dielectric in proposed model,
DCBOR-wire-junction, is treated efficiently with that formulations, where the
reducing in RCS pattern has appeared clearly.

17- The using of RAM include complex parameters ,e and u, for electric and
magnetic absorbing materials, with single layer of constant thickness
(t=0.0831), was a good check for RCSR in partial coated in complex proposed
model. Where this method has proven its efficiency in reducing and distortion
the RCS pattern.

18- Adoption of the comparative results of CBOR-wire-junction with cases of
DBOR-wire-junction and DCBOR-wire-junction was due to the lack of
available results, the fact that the two subjects in the new application.

19- To finalize, having demonstrated that the computer program gives correct
data for a variety of target shapes presented in this thesis, we have confidence
that the program will perform equally well with other targets using the

programming language Fortran Power Station 90.
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5.3 Future work suggestion

The previous formulations of the problems that presented in this work
Is concentrated on the either simple or complex BORs with attached wires. To
develop this study to treat another problems we suggest the following future
works with abbreviated ideas:
1- By using multi-layers dielectric coated conduction BOR with the structure
of Fig.(4-7), one can find the RCS for this model and then trying EFIE-
PMCHWT formulations on many coated regions.
2- This model can be developed into fully coated CBOR-wire-junction,
coated BOR and wings together, and study this case to see the reduce in RCS.
3- Study of scattering problem to another sample of conducting rockets
include:
* Four fins in addition to wings, as shown in Fig.(5-1).
* Four coated fins in addition to partially coated BOR , as shown in Fig.(5-2).
To determine RCS, in this case we dealing with fins with the wire format in
two separate directions.
4- Application of BOR-wire-junction may be develops to include the most
important shapes, with different mathematical treatments , including:
*Coated RAM aircraft, Fig.(5-3a), by using the wire sticks representation.
*Coated RAM aircraft, Fig.(5-3b), by using the wire grid model.
5- The application of the idea of chiral BOR, which is partially covered by a
thin conducting shield, to develop the system of BOR-wire-junction and then
its applications under title " partially shielded chiral BOR with attached
wires".
6- The study of EM scattering from BOR with attached wires and non-planar
disk as junction region.
7-The study of radiation from wire antenna attached to BOR.

8- Electromagnetic scattering from BOT with attached wires.
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Fig.(5-1): Sample of rocket (BOR) include fins and wings.

Fig.(5-2): Sample of rocket include coated fins and partially coated BOR.

(a) (b)
Fig.(5-3):(a) coated RAM aircraft dealing with the wire sticks representation.

(b) coated RAM aircraft dealing with the wire grid model.
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Appendix (A)
The Method of Moments

The method of moments (MoM) is a numerical computational method
of solving linear partial differential equations which have been formulated as
integral equations, in boundary integral form [35].

The MoM has been applied to the matrix solution of the EM integral
equation (IE). The problems solved by MoM include wires, two-dimensional
and three- dimensional surfaces using surface patches, BOR, and bodies of
translation (BOT). The solution goal, whether viewed as the end itself or as a
necessary step for obtaining the scattered fields, is to determine the currents
include on the scattering body [46,62].

A brief overview of the MoM described by Harrington and Gibson [35,41] is
given below:

1- Linear operator equations: The numerical solutions of EM field

problems are usually classified into two groups. The first one attacks directly
EM fields, and the second one attacks the field sources. In both cases, the
equations that are to be solved are linear operator equations in terms of the
unknowns. However, in the first case the equations are differential, whereas in
the second case they are integral. Both classes of equations belong to the
general class of linear operator equations, which have the common form:

L=y (A-1)
where L is the operator, g is the source or excitation, which is assumed to be a
known function, and f is the field or response, which is the unknown function

to be determined.

2- Basic steps of the MoM: The basic idea of the MoM is as follows. The

unknown quantity (f) is expended in terms of a set of linearly independent
known functions, f, , by the following finite series:
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f=Zn=1anfn (A-2)
where a, are unknown coefficients yet to be determine. The expansion
functions should be chosen, usually based on experience, so that reasonable
approximation of f is obtained with small number of terms, N. when Eq.(A-2)

IS substituted into (A-1). one obtains

LER=1anfn) = g (A-3)
due to the linearity of the operator. we can re write equation(A- 3) as
Zivl=1 an L(fn) =g (A-4)

the unknown coefficients (a,,) should now be determined such that Eq.(A-4)
is satisfied in a sense. Hence, a measure is needed describing the degree of
accuracy to which the left side and the right side of Eq.(A-4) match. This
measure is obtained by multiplied both sides of Eqg.(A-4) by a known,
properly selected function, referred to as the weighting function, W, , and the
results integrated over a spatial region. The choice of the weighting functions

and inner product is, a gain, based on experience. Now we have

Yh=1n (Wo , L(f) ) = (Wi, g) (A-5)
To obtain a determined system of linear equations for the coefficients «,,, the
weighting procedure is done for a linearly independent set of N functions,
yielding

N iy Wy L) Y=W,,g), m=1,....,N (A-6)
Equation (A-6) represents a system of N ordinary linear equations in N
unknowns, and it can be solved using various techniques. These techniques
depend on the choosing the weight (testing) function. Galerkin's approach is
popular method used to determine the testing function, which consists in
choosing the same testing functions as the basis functions, that is, W,, = f,,"
where * denote a complex conjugate. The system of linear equations from
Eq.(A-6) can be written in matrix form as:

[Lmn] [an] = [gm] (A-7)
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Where
(Wi, L(f1)) (Wi, L(f2)) - (W1, L(fa) N a1 (W1,9)
(W, ;é(fl) ) (W, »l:(fz) ) <W2"L(fN) )‘ la:Z — (Wz"g ) (A-8)
Wy L)) Wa L(R)) - Wi, L)) Law]  Lowy,g)

Where the two indices m and n represents the field and source point,
respectively. The unknown coefficients a,, can now be found using a matrix

inversion technique.

Appendix (B)

The numerical solution of EFIE

In this appendix, the main steps for solving EFIE by numerical solution
MoM [35,41] will be formalized.

The integral equation is formulated in the conventional way when denoted
impressed field E' and scattered field due to currents on the body E° are
founded. The total electric field is

E=E'+ES (B-1)
The scattered field can be expressed in terms of vector potential A and a
scalar potential ¢ as:

ES = —jwA(r) = Vo) (B-2)
The boundary condition requires that the tangential component of total E
vanish on S, hence

Efan = ~Efan (B-3)
Where the subscript "tan" denotes tangential components on S.

problem can now be stated succinctly as:

L(J) = Efan (B-4)
Where L is the integro-differential operator

L(J) = [jwA(r) = Vo)) (B-5)

tan
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to solve (B-5) by MoM [8], let the inner product be defined as:

W.J)=ff, W.Jjds (B-6)

Where W and ] are tangential vectors on S. A set of expansion functions [J;]

IS next defined, and the current on S approximated by
J=2il]; (B-7)
Where I; are components to be determined. from (B-7) and (B-4), which,

because of the linearity of L, reduces to

2i1i)j = Efan (B-8)
using testing functions (W;), the inner product of (B-8) with each W; is taken,
then

LW, L) = (W,EYDY i=123,... (B-9)
The generalized network matrices, where the inner product involves only

tangential components, are

2] = [(W, LJ)] (B-10)

v]=[w; EY] (B-11)
Appendix (C)

The calculation of the Z-submatrices elements

The general procedure for calculating the impedance submatrices
elements equation can be found from the electric field and the current density
which denoted JE, or from the magnetic field and the magnetic current
density, denoted by MH. The relationship between these impedance matrices
[33]is

o 1.
(Znﬁ)i'}/lH = U_g(znﬂ)iJjE (C-1)

Where 7, =i, /¢, , a and P are either t- or ¢-direction, the letter (a) referred

192



Appendices

e g 1o
to the medium. The mutual impedance between a source element i and field

element j with using of Eq.(3-34), is of the form

(zer ) = (W, E*(32.0)) (C-2)

the electric field E(J‘nj,o) in Eq.(C-2) can be expressed by rewriting eq.(B-2),

then

E%(3,,.0)=—jeA*(3, )-vo2(3,) (C-3)

A*(Ty)= [ 3,,(F)G*(F. ") ds (C-4)
a(y _i o.(f af+= +/ _

® (Jnj)—ga! (16 (F.F) ds (C-5)

where ¥ and r are vectors from the origin point to the field and source

points, respectively. J,,(r) is the electric surface current on s , o,(r) is the

surface charge given by:

Ohj (f_')z évs 'jnj (r) (C-6)
and, G*(r,r')= e (C-7)
’ " Anfr-|

is the scalar Greens function.

The elements of the Z-submatrices which are defined by Substitution of
Eq.(C-3) into Eq.(B-2), gives

() = j Ajoh?(32)+var(32)) ds (C-8)

to transfer the differential operator on v, ~(<I)aVVn‘i" ) , this by using the vector

identity[33] to the second term in Eq.(C-8) to obtain

Vs .(q)avvn?):\/vn? '(Vsq)a)+ (I)a(vs an?) (C_g)
Hence
jv ) ds = jw (v, @ ds+jq>av W) ds (C-10)

193



Appendices

e g 1o
from the application of two-dimensional divergence theorem on closed

surface, we have f V. -(CDaVVm“) ds=0, and Eq.(C-10) becomes:
[Wi - v.00 ds=-[0*(v, W) ds (C-11)

Substituting the above equation into Eq.(C-8) to get

Z“ﬂ ——ja)J.W Aa dstJ‘CI)a XVS ~VVn‘f)ds
Substituting A* and @* from Egs.(C-4) and (C-5) in the last equation, gives

aJE__- W 2 (7. 18(F aly v J F
(Znﬂ)ij - Jwya!J;Wm (F)-J4(F)G*(F, ') dsds’ +—— ” V- 35 (r))

(v, W2 () G*(F, ) dsds’ (C-12)

Eq. (C-12) represents the generalized impedance for a body in greater details,

which have four types of impedances.

Going back to the relationship, we find the expansion functions given by:
JA(F)=1, fi(t) e™ (C-13)

and the weighting function, which defined as the conjugate of Eq.(C-13),

written as :
Wi (F)=0,f(t') e (C-14)
To evaluate the four types of impedances in Eq.(C-12), one must be obtained

the W -J, where the mode orthogonality in axis symmetric was taken early,
i.e. (n=m), then we have:

W/ .35 =0, a,f(t)ft) e (C-15)

The unit vector dot products, in terms of the body coordinates defined by
Egs.(2-21), are:-

4, -U, =sinvsiny’cos(4—¢')+cosvcosy’ (C-16a)

194



Appendices

= S
d, -G, =sinvsin(g—¢') (C-16b)
G, -0, =—sinv'sin(¢p—¢') (C-16¢)
G, -0, =cos(¢—¢') (C-16d)

Here v is the angle between the t direction and the z-axis.
Now, to find the surface divergence of the two vectors J/(r) and W, (') in

the second term of Eq.(C-12), as follow:-

=g/ 1 0 R 1 0 (x s
Vs-Jrﬁ(r)z(m ~(olt) ut)+m 2 @,)}a,ﬁ(r) (B-17a)
ARV V-2 AN 1 i (/AN 1 a ~ -_.a = _
vS 'Wni (r )_[pr(tr) atr (IO (t ) ut')+ ,O,(t’) a¢r (u¢')j Wnl (r ) (B l7b)

Substituting Egs.(C-15) and (C-17) into Eq.(C-12), and for an explicit
solution we choose the p(t)f (t) and %(p(t) f,(t)) as the triangle functions and

the derivative of a triangle functions, respectively. For bodies of revolution

[8]:-
[[ds= TdtTp(t) dg

jj ds’ = Tdt'fp’(t’) dg’

changing ¢-¢' to a new variable, and expressing the sine and cosine terms of
(C-16) as exponentials, one ¢ integration in (C-12) can be performed as

follow [61]

2727 2 2z

jjeln(¢¢)e d¢'d¢ Id¢IeJﬂ¢ iR d¢

N

—jK,R

”[cos(n¢)+ jsin(ng)] © =

(o]

1
= d
> @
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since the cosine and sine functions are even and odd functions, respectively,

the remaining ¢ integration defines the Green function [61]

Icos(n¢5) e’ (C-18a)
where R, is given by (2- ) with ¢'=0 , in the same way
T inp-gy €1 '
Hcos(¢ #)e = dede

Ucos (n+1)¢ | +Icos (n— 1)¢] - RQ} ¢= w (C-18b)
and
i inp-gy € € " 4 '
Hsm(¢ #)e - dedg

[Icos (n+1)¢ e " —]Ecos [(n— l)¢]e - } ¢ = g”*%Jg”l (C-18c)

Therefore, Eq.(C-12) becomes:-

N N
(Zrﬁt )jE = jdt’fdt[jcoyaT (t"—t)T(t —tj)(sin vsinv’ w +C0S v CoS v’ gnj +
0 0

1 T'(t'—t{)T'(t—t,-)gn}

a

N N
(Z;qﬁ )JE = Idt'J‘dt |:_ a)luaT (t’_tl')T (t _tj)sinur gn+1 - gn71 + n
0 0

. wgap(t)T'(t'—t:)Ta—t,—)gn}

(Zﬁ)JE I IN r_ ¢! ; On1~9na n YA
) =t [t o, T —t)T(t—t; Jsino S Tt -ttt )g,
0 0

we, p'(t)

2

Tdt'Tdt{W Tt -tr-t,) et 8m, O T(t’—ti')T(t—t.)gn}
0 0 : 2 Ja)gap’(t')p(t) :

(C-19)
To reduce the number of integrations in eq.(C-19) an approximate evaluation
was obtained by approximating each triangle function by four steps. . For the t

196



Appendices

- Nae
integration, the T(t—tj)function Is approximated by four pulses of amplitudes

133
4’

-bll—\

.as shown in Fig.(2- a). The derivative of T(t—t,) is represented

exactly by four pulses of amplitude 1, 1, -1, -1 as shown in Fig.(2- b). The
functions p, sinv, and cosv are assumed constant over each pulse, equal to

them values at the midpoint of the pulse [8].

For the t' integration, the T(t'—t/) function is approximated by for impulse

functions, of strengths , as shown in Fig.(2- a). The derivative of

cx_)|w _

ooloo
|

COII—\

T(t'-t/) is approximated by four impulse functions of strengths % %,—l —1

2 2
as shown in Fig.(2- b). The functions p',sinv', and cosv’ are assumed constant

over each pulse. We now define the numbers

1 1
T,== T/= =
‘8 .
3 1
T 22 T/ - = C-20a
=5 Ti= s (C-20a)
3 1
T, == T, =-=
3 8 3 2
1 1
T, == T =-=
‘8 2
The midpoints of the pulses
t=je P22 t,=is 9720 (C-20b)
2 2
and the pulse Green functions
ty+l/4 5 7J|< R,
G, =2 jdtjdgzﬁ cos(ng) (C-21)

t,-1/4 0 p

where R :\/,o2 +p," —2pp,cos(@) +(z-2,)°
G, is calculated for the above equation by combining the processes of
analytical integration (t) and numerical (¢), as the period 0(¢{~ is divided
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into periods of equal numbers (M =2N), therefore the solution of (C-21)

with some mathematical manipulation can take the form [8]

T M
= MZCOS(n%)f (¢.) (C-22)
where J'cos(n¢)d¢—>£Zcos(n¢m) . b _(m-1/2)r and
0 M m=1 M
t,+(t2+d?)”
f(g.)=e 21+ jK,R. )In| 212 ~ K, C-23a
() = { (1+ JK.Ry) { N j ( )
:\/pp2+pq2—2pppq cosg, +(z, —z,)° (C-23b)
with
t :‘(zp—zq)coswq+(pp cos(;ﬁm—pq)sinuq‘“
d*=RZ —t
> (C-23c)
t=t —1/4
tz :to +1/4 y

In terms of these definitions and approximations and using the relationships

ou, =K,n, and we, =K, /n,, the matrix elements of Eq.(C-19) for perfect

electric conductor is reduced to:-

4 4
(Zrt1t )jE = —JKaﬂaZ;le[Tp T, {sin v,sinv, %—FCOSV‘) cosv, Gn}—
p=l g=
1 T/
FTqu Gn]

a

p=1 g=1 K; Pq
4. Z ) G .-G n T
Z8)E = K, T, T,siny, —mi_Znd g T/ PG
( )Ij ;; pq q 2 K; qpp
4.2 G,,+G, n?
(Zn )i' :_JKana T nil Gn C-24
) 22Ty [ 2 Kipp, (C-24)
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Where the letter a in last equation referred to conducting medium, and py, pq,

Vp, Vq are the p and v evaluated at t, and t, respectively. In other way, the
Egs.(C-18) can be evaluated numerically by using gauss quadrature, without

restoring to the pulse Green function, especially for dielectric bodies [88]. So,
Egs.(C-18) is re-written as follow:

d¢ (C-25a)
G, = fcos;ﬁcos(ngﬁ) ejTKaR dg (C-25b)
G, Tsm #sin(ng) £ - dg (C-25¢)

0

Therefore, Eq.(C-24) becomes:-
(z¢ )., —JKaUaZZ[ {sin v, sinv, G, +cosv, cosv, G, |-
p=1 g=1
1 T/
_Tqu Gl]

a

(z¥)F = —Kanaii{Tp T,sinv, G, +%T—‘*TF; Gl}

p-L -1 g
4 4 T

(Z )i. _KanaZZ{T T, sinv, G, +— ’—pGl}
p=1 g=1 Ka Pp

2

(qu’)ij=—jKa77aZZT { n—Gl}

p=1 g=1 Kap pq

(C-26)
where the letter a in above equation referred to dielectric medium.
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Appendix (D)

The calculation of the R-submatrices elements

The first step to find the measurement matrices of BOR is the calculation of
vectors dot product. These vectors can be summarized where ¢, and ¢, are the

angles of field point ,as follow:

= pcosé , Yy=psing , 1=1

U, = Xsin @, cos ¢, + ysin . sing, + 2cos o, D-1
U, = XC0S B, cos g, + ycosé. sing, —2sin0, (B-1)
U; =—Xsing, + ycosq,
U, = Xsinvcos ¢+ ysinvsing + Zcosv
u, =—Xsing + ycos ¢
The famous relations can be obtained from (D-1)
U, -Uy, =sinvcos . cos(p—¢, ) —cosvsin g, (D-2)
G, -Gy = —cos 6, (sin g cos g, — cos ¢sin ¢, ) = —cos G, sin(¢ — ¢,) (D-3)
G, -0} =sinu(sin gcos g, —cos gsin g, )=sinvsin(¢—g,) (D-4)
U,-Uy = cos@cosd, +singsing = cos(p—g,) (D-5)
k-F= (kol]r')- (%x+ Yy + 2z) =k [psin 6, cos(¢p— 4,) + 2cos 6, ] (D-6)
When ¢, =0 we get
G, - Uy, =sinvcos 6, cos ¢ —cosvsin

. (D-7)
d, -Gy =—cos g, sin ¢
4, -0, =sinvsin ¢

(D-8)

a, -0, = cos ¢
k-T=k[psing, cosp+zcosé, ] (D-9)
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For 6-polarized there are two components (R) and (R”) which can be

found, respectively, as follows :

R -]

(At ) Gg)f. ) aindg iK(psin@,)cos(g)+2c0s(0r)) odtd ¢

O"_"’k\f’

N 2z Sin L COS Hr cosS ¢ ejn¢ejkp5in(0r)cos(¢)e jkzcos(6;)
= Jat]
0

i j jkosin(@, iz cos(6 T(t—l)d¢
o | —cosvsiné, p ind g ikosin(@:)cos(@) g ikzcos(@;)

By using the integral formula of Bessel functions

-_n 27
_J jxcos(p) o ing
J (X)= e’ e"d
()= [ ¢

0

Where x=kpsing, , to obtained

2
J‘ ejkpsine, cos¢ejn¢d¢ _ 27Zj an (kpsin er)

0

When n — n + 1 the last equation (D-12) is devolved to

2
J‘ e]kpsm@r cos¢e1(n+l)¢d¢ — 272] (n+1)J(n+1) (kpSIn 9,.)
0

= (30 (kOSING,) + I .y (KpSING,))

add and subtract J_, (kpsin6,)to right side of above equation

[ emnassemicos g+ jsinglg =3, o)+ G + I ]
0

when comparing both sides of this equation, we find

2z

jkosing, cosg A jng — ()
J' cos g e’ e™dg=mg" (J(n+l)_‘](n—1))
0
2

I sin g g losindreost @ind gy — i (J<n+1> + ‘]("*D)

0

Eq.(D-10) can be take the form

27
sin v cos er J. COS @Jnfﬁejkpsmé’r cos¢d¢
0

2r e lIT (t i)
—cosvsin erJ' g 1o osing, 056
0
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Therefore, the using of Eq.(D-13) in (D-14) is to give

f gy =9 .
(RY) = 27 " dt {sin v oS 6, (w] + jeosvsing,J, }e’k“"s(gf)T t-i)  (D-15)
0

As for the (R ) can be found as follow:

n

Y3
I J' f (t)ejn¢ejk psing, cosg+2zcos6; ) pdtd¢
0

2z

N
:j j —Cos @ sin ¢f (t)ejn¢ejk(psin9rcos¢+zcos@r)pdtd¢
r i
0 0

N 27
- _J‘ dt[cos 0. _[ sin ¢ejkps‘”9'°°s¢ej""’d¢}e"k"°s‘9fT(t —i) (D-16)
0 0

and by using eq.(D-13), we get

N Joy+J .
(R¥) =24 dt{cos a(%j‘””ﬂelmw (t—i) (D-17)
0

Also for ¢-polarized there are two components (R¥) and (R#), respectively.

to find (R ) we have:

2
Rt¢ J‘ J‘ f (t)ejn¢ejk(pSIn0 ) COS¢+2C0S6, ) dt d¢

0

3

2

¢ Sln US|n¢ f (t)ejnqﬁejk(psmﬁ cos¢+zcosz9 dt d¢
0

o'—.z

N 2z
= J‘dt{sin UJ. sin ¢ g Josintcoss ej”¢d¢} e Mol T (t —1i) (D-18)
0 0
again using Eq.(D-13) is to obtained
N
(R:f’ )i = 27" j dt {sin U(—Jm*”;(”‘” H st T (£ —j) (D-19)
0

For (R*), it can be found with same steps as follow:

(0 . 0;)1:' (t)ejnqﬁejk(psinar coS¢+2¢086, ) D dt d¢
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N 27
:J' jCOSgﬁ fi (t)ejn¢ejk(psinercosqﬁﬂcoser) P dt d¢
0 0
N 2z o ) )
_ J‘dt |:J-COS ¢ ejkpsmercosqﬁ e1n¢d¢j| ejkzcos€r T(t _ |) (D_20)
0 0
with the application of (C-13) ,yields to
: iy —J :
(Rgﬁqﬁ )i _ 272] n+1J‘dt( (n+1) > (n-1) J ejkzcosﬁr T(t . I) (D-Zl)
0

the integrals (D-15) and (D-17) and (D-19) and (D-21) can be re-written with
other formulas by using triangle function of (t)=T(t—i)=T, also used to

C, =7""T,e"“*** to obtained

(RY) = iCq [sinv, 086, (35 = I 00y )+ 2 COS U, SIN6, Jn]W

g=1

(ng )i = i J Cq cos er (‘](n+1) + ‘](n—l))

> (D-22)
(th1¢ )i =2~ 1Cysiny, (J(n+1) + J(n—l))
gq=1
4
(Rf“’ )i = ZCq (‘](n+1) - J(n—l))

a1 J

Appendix (E)

The calculation of the Y-submatrices elements

The main purpose of this appendix is to show the general procedure to
find the admittance submatrices elements equations.

The starting point from Eq.(3-39a) is to show the mutual admittance
between the source element i and an observation element j by the dot product
of W% and ﬁa(Jn’j,O) as:-

(Y )" = W - H=(34.0) ds (E-1)
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In general, the magnetic field H?(J,,0) is due to the electric current

density J,;(r') may be written (see Eqgs.(3-9) and (3-10)), as follow:-
A*(3,.0)=[VxJ,(F)G*(F.F") ds’ (E-2)

Where the function G?(r,r’) is the scalar Green's function. By using the

following vector identity [33]:-

V(3 ()G (7, )= VG (F,F')x ., (F)+ G* (F.F)(vVx I, (F") (E-3)
The function G*(r,r’) given in terms of source and observation coordinates.
The operator v is operated to the observation coordinates only and then the
second term in Eq.(E-3) is vanish because vxJ (r')=0 , it is possible to write

Eq.(E-2) as:-

H2(J,.0)=[VG*(F.F)x J,(F) ds’ (E-4)
By using the chain rule, the grad v of the Green's function can be written as
follow:-
VG*(r,7)=G: (') R (E-5)
where

1+ jJK,R
S e E9)
R=0,(p—p'cos(¢'~¢))-0, p'sin(¢'~¢)+0,(z~2') (E-7)
Substituting Eq.(E-5) into Eq.(E-4), yields:-
H2(3,.0)=[G2(F.F)Rx I, () ds’ (E-8)

The cross products on the right-hand side of Eq.(E-8) are evaluated by

expressing all the vectors in terms of the unit vectors 4,4, and d, .
The surface electric current J (') has two components in 4, - and
u,—directions only, as given in Egs.(3-21), as:-
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(E-9a)

Jult'¢)=0, f(t) e"

ni

(E-9b)

jgﬁl (tr’¢r)= 0¢' fl(t!) ejnqﬁ'

The relationship between the cylindrical and observation unit vectors are:-
u,=u,cosv+Usinv (E-10a)
a, =4, (E-10b)
(E-10c)

a, =—4,sinv + U, cosv
Substituting Egs.(E-10) into Egs.(2-21c), and (2-21d) is to find the surface
electric current of Egs.(E-9) in terms of the unit vectors of observation point,

we have:-
G, =0, [sinvsiny’cos(¢’ — ) +cosvcosv']+ U, [cosvsiny' cos(¢' — @) -
sinvcosv'[+4d,[sinv’sin(¢’ — ¢)] (E-11a)
Similarly with Uy :-
0, =0,[-sinvsin(g' - g)]+ 0, [~ cosvsin(g' - 4)]+ 0, [cos(# - ¢)] (E-11b)

Now, we can find the vector R in terms of the observation point unit

vectors, by using Egs.(E-10) into Eq.(E-7), as:-
R =0, [sinv{p— p'cos(¢’' —@)}+cosv(z—2')]+ 0, [cosvip— p'cos(¢ — p)} -

sinv(z—2')]-0,[p'sin(¢' - ¢)]

To find the t- and ¢ - components of Eq.(E-8), the following products have to

(E-12)

be found:-
(E-13a)

(E-13b)
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Because the testing function W(F) has two components in U,- and

- directions and from Eq.(E-1), then the two cross products in Egs.(E-13)
must be evaluated in terms of the U, and lj¢ unit vectors only.

The t- and ¢ - components of the magnetic field (Eq.(E-8)), after substituting
Egs.(E-13), are:-

( L0 ) IG F,F)f (t) e |4, sin(¢'— @) o cosv'sinv +sinv'{siny

(z - z’)— pCosv))+ l]¢(pCOS v' —cos(g' —g)|p'cosv' +sinv'(z-2')}) [ds'  (E-14a)
J%0 IG P (t) e [a,(p cosv +cos(¢’ — g)sinv(z—2')— pcosv})
+0,(sin(¢’ —¢)(z—z’))] ds’ (E-14b)

Substitution of Egs.(E-14) and (2-17) into Eqg.(E-1) and using the mode
orthogonality in axis symmetric objects, i.e. (m=n), and using the same

manner, in Appendix (C), with respect to tt',¢ and ¢ integration the

elements of the Y- matrix are given by:-

(Yntt )jH - jiiTquGs [Pq CosV, Sinv, +sinv, {Sin Vo <Zp ~ 2 )_ Pp COSV, }] (E-152)

p=1qg=1
(e = 3731 oy cosv, G, + inv, (2, ~2,)- o, cosv, 6] (E-15b)
p=1qg=1
4 4
(Yn¢t )jH = ZZTqu [pp cosv,G, — {sin v, (zp - zq)+ P, CoSV, }65] (E-15¢)
p=1g=1
4 4
(v ) = 22T, (2, -2,)Gq (E-15d)
Where
G, = Tcos(ngb')w e MRdg’ (E-16a)
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G, = _Tcos(nqﬁ’)cos ¢’(1%§aR)e"KaRd¢' (E-16b)
0
G, = _Tsin(n(,zﬁ')sin ¢'%ejmd¢’ (E-16¢)
0

The matrix elements of Egs.(2-35b) which produced from the electric field, is

due to the magnetic current density M , are described as:-

(e = =—(v )" (E-17)

n ij n ij

207



iy e )
i) Analy [ o) 4 | 2l o

et daia [ ) S @

e e
({ Electromagnetic scattering from dielectnc bodies of revolution with

attached wires )

A S A L b ) D S Sy Sy iy pind ) ea B




INSN 'n_m (I wﬂmm -:@;—

I‘(\] A

\® Jaaalt

o lol o il

Scattering from Dielectrically Coated Bodies of Revolution
with Attached Wires
1 s Bt AL | P iy kil (o WS gd

ey pl i ¥ yHy g




-~

LadAl)

dpseall alua¥) e Aol sda 8 dpundaline g 5eS) 5 jhiny) Jilae dadles Cadic)

daial gl Bl lgle iy gl HhLEN @ld Ajle dada ddhall dpaedly 4l
chid) dalie Claa o il @l dagall Jilaad) (e riad il Aaline L) 3 dgiaee
axial¥ly LY ailiale s Hhliiall awall daalue sk oo Aludl diad &5 dua sl )
Jkie ) Sl Ay (bl awall mdas s @bl G JuaiV) dihie o dagll) COlall
Dl &S oAty oAl S o aladiuly QL) o3 dalle &5 5 agin AS L
Al Apupdalizall 5 23l Sl ol Hlall LS 5 Jua gall mdans o A sgaal) 8IS L 1<
Jaall dlalsal) dsleadl bl e dinall dadleal) caansind g Joled)l mas o 4 seall
dpanall 5 4 ladl aluaU daiilly Lol cdpaaal) aluaaDU 5 lain) Jilse sl EFIE 40 <))
Aol gy J 183 2lalSs ¥ alee o) (A (s258 Alaall 3 gaall Ja g il (8 A e Aduday Agllal)
dalladd PMCHWT 44yl caeadin) 13 dalalSall c¥aleal) (e 75 () Apbaddl Sle ganall
Lase Leda g ksl cValeall (o Ao sene () Lebisad &3 il s A€ pal) dplalSall Jlaal) dlales
g et () (S L) (e Slmb iy i slaely a jaal MOM psall 43 5k alasid,
8 Al sa S (o0 SIS A sl a3 g cAaliiiall e 5 Aedatiall aluaU 5 Ui da gyl
Al de a3 Gsalall i s G e Lagead Jalls Lalall 454l il Ll

Aeilall 484l

Fortran Power Station90 o) i) dawll daly Glsal jull (e 4o sene 4US 5

s i) s 8 gl adaial) dalise (il s da g ylaV) a3gd gkl ¢ jall cilSladl

daeall 5 A el 5 dpineal) Slua™ Mono-static 4y s Bi-static sl dudalice 5 Sl

Aphalizall 408l 5 g, (AL eSI Joadl iy o ddia SIS Lgildia Caliag 4 jle daiday 4yl

il CulS @B g abua¥) G Sla gl 5 Aaial¥l g I g g a2e g 3ga g Sl

Gl e St e jUain) Jilal duma il s aaal) dallaall daam S5 Lygle J aanl 23 il
A Ofisly 8 (e B ) giliall A ae Sl



) ALaYL (DY) Aol g0) JSEN A0 Al jy sa Wiay A dagall 5 Apulua¥) calaa¥) aa) )
OsSE Aaadl ol Ayl )l deadl e (Al 2D sl o gall Aol s ) £l
lele LYYl Aila) 38 Al sl 5 Sh b LS| ddal) Galatiall luadl dd s jae
Jang Al jall o3¢l ) ghan 3 gai dlag) ga b Gudaill Ll Ay Hlal ) deaall daa JS5 Al

.

AL Al Ay B 5 A alual a8 S8y iS5l g A8 5 yma Ay 1)) daay

e Al &8l I il oy 8 andiall sl pall s (A 2 el 3l
i Aadal Ayl ae A8 ) 4y sall 38l £ 5 Jha (e 3l Ay pra Ayl ) daay DI alual
QIS 5 gL,V 5 (el y Jshall G (e Jom sall ananll e 73 saill 13g] Ania ) slayl 4l
£l (RAM) Ll dasy dalall o gall 4685 b deddivual) 41 lall 52l dida 05 4 50
Anplalizall 43l 5 g, Al eI Joall culhy el lgihalas 5 WSan dus (e & 5 jlall aus
D8 o) gl iy G gl ) adai) dals e Lzl S Jalgall sda 55 o5 e,
Slo LY L e Db ¢ iama) anally 4 jlie dy ol ) dacaull dad (e JI oSl 4
Al JloeSl Joall culil LAl soall o) cSlagll asas e Al deall
sla¥) e sh g 7 gaill Ay )l daanl) Aaliie 4y g g JlE 8 HuS 0 Al IS dpplalial)
Alia ge AniaY) sliyy & 5 jball ana sale uati Lavie Lllall Al ol 8 Lpus )



aluaa DU 45 Hla) 1) adadall dalise sl g (prads
M\@JMY‘&AMJ}M{)LM\

(Z\_U.Eslm\)q)

) Aaie Al
DJL@_AAQJJQNLJAUA¢JAS

s‘—\-\).\sj\ Lsﬁ YETL a\)jﬁd
"Lpuslaling 5 Sl il

8 (s

b el dadla 1997 sl Lusn )y IS0
3 padl 42ala 2000 el yiiala

il iy
RPTS (wl.m dea) A
S Cahalllne Bl o, e.i

22014 2 1436



