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ABSTRACT

This thesis presents the analysis and design of large antenna arrays by using
the spectral acceleration (SA) algorithm. The multiple sweep method of moments
(MSMM) is first developed by the sawtooth sweep to analyze the planar array. It
requires less computational time and memory than the conventional MSMM. To
reduce the computational time of the MSMM for solving electrically large
electromagnetic (EM) problems, an appropriate combination of the MSMM and
conjugate gradient (CG) method is newly proposed resulting in faster convergence
rate, called hybrid MSMM/CG method. The hybrid MSMM/CG method starts with
the MSMM and then is switched to the CG method when the preliminary solution
satisfies the first convergence test, which is a preliminary test. One may- also think
that the MSMM is employed as a good initial guess for the CG method resulting in
faster convergence rate since the first few MSMM sweeps include dominant and
higher order radiation/scattering mechanisms as pointed out earlier. However, it is an
O(N?), when N is an the total number of unknown. The SA algorithm is proposed to
incorporate into the hybrid MSMM/CG method for O(N). In the SA algorithm, the
contributions to a receiving element on the antenna arrays are separated into strong
and weak source contributions. The former is calculated by the standard matrix vector
multiplication, while the latter is computed by using the SA algorithm involving the
spectral domain representation of the 3D scalar free-space Green’s function. It is
found that this technique is efficient to analyze a large antenna array. In addition, the
proposed method is employed to automatic design the antenna array with the genetic

algorithm (GA). It can be efficiently applied to the antenna arrays in free space.
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CHAPTER 1
INTRODUCTION

In this chapter, the background of electrically large problem in electromagnetic
(EM) problem is remarked and the motivation of problem also shown in Section 1.1.
Section 1.2 discusses about the literature reviews of interesting methods. The objective
and the scope of the thesis are shown in Section 1.3. Finally, organization of this thesis is

discussed in detail in Section 1.4.

1.1 Background and Motivation

In EM analysis, dimension of the objects are considered by comparing with the
wavelength of the operating frequency. There are several applications, considered as
electrically large problems such as the rough-surface-scattering (RSS) problem. The RSS
has played an important role in many EM applications; e.g., remote sensing, wave
propagation, radio astronomy and radar system design. For example, the radio
communication over the ocean is affected by the surface roughness due to rapidly
fluctuating reflection from the ocean surface. In addition, the analysis of radar cross
section (RCS) is practically dealed with large structures; e.g., an aircraft or a ship. The
analysis of antennas attached on these structures and large antenna array are also
considered as electrically large structures. Figure 1.1 shows examples of electrically large
EM radiation/scattering problems. The RSS of the 3D ship-like target on a rough sea
surface illuminated by an incident EM plane wave is shown in Fig. 1.1 (a) [1]. It is
considered as the elongate problem. Figure 1.1 (b) also shows the structure of the aircraft
and the ship, which they are considered as the RCS problem [2]. In addition, the real

application of the antenna array is illustrated in Fig. 1.1 (c). It is the dipole antenna array

[3].



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



are used to reduce the computational complexity and memory requirements for solving
electrically large structures. However, the development of fast algorithms still continues
to accelerate computational times and save computer resources. In the next section,

several methods are reviewed.

1.2 Literature Review

In the EM analysis, several methods can be employed to solve practical EM
problems such as the physical optics (PO) method, the transmission-line modéling
method, the uniform theory of diffraction (UTD) method, the integral equation (IE)
method, the finite difference time domain (FDTD) method, the finite element method
(FEM), and the finite integration technique (FIT). In this thesis, the IE method with the
method of moments (MM) is employed. The MM casts the solution for the induced
current in the form of an integral equation, where the unknown current density is a part of
the integrand. Usually, the electric field, magnetic field and combined field integral
equations (EFIE, MFIE and CFIE) have been used extensively in solving EM problems
[4]-[5]. The MM is one of the most popular computational techniques to solve relevant
integral equations associated with EM problems, which is a class of high accuracy
technique. The MM forms the linear equation and solves an N x N impedance matrix by
using the direct or iterative methods depending on its applications, where N is the total
number of unknowns of interest [5].

The solution of linear equations can be classified into two types; i.e., direct and
iterative solutions. The direct method is easy to implement and analyze, where its
common characteristic is that the original linear equations are transformed into equivalent
equations that can be solved more easily; i.e., LU decomposition, Gaussian elimination
and Gauss-Jordan elimination [5]-[8]. Note that the direct method requires ON?) for
computational time and O(N?) for memory storage. However, theoretical studies find that
of the direct method usually has problem with the effect of round-off error for the large
linear equation, and a large number of arithmetic manipulations must be used. Thus, this
method is not practical in solving large systems of equations. In contrast, iterative

methods can rectify the problem of round-off error and more suitable for large problems

(7}



Iterative methods can be categorized into stationary and non-stationary methods,
which are popular for a large system of linear equations. Over the past several years,
several stationary and non-stationary iterative methods have been applied to improve the
computational efficiency of the MM and for large EM problems. The stationary iterative
method provides fast convergence, and is simple to implement and analyze. However, its
convergence rate is limited by a class of matrices. For the stationary method, C. T. Tai
proposed the Gauss-Seidel method to solve the linear equation of EM scattering
problems, which converges rapidly [8]. One well-known method for large problems is the
forward/backward (FB) method, where it is an O(N?) CPU times and memory storage. It
was first proposed by D. Hollyday et al. [9]-[10] and has been proposed with many EM
problems in the past several years. For example, A. Iodice proposed the FB method for
scattering from dielectric rough surfaces, which is very rapidly converged for moderately
rough soil and sea surfaces [11]. In addition, C. S. Heng and D. Torrungrueng also
proposed the FB method for capacitance extraction problems of planar structures, which
provides accurate results compared with the standard MM with less computational times
for relatively large problems [12]. Moreover, the FB method has been developed by the
technique of block stationary iterative solver, called the block forward/backward (BFB)
method. This method was proposed by B. Babu et al. for scattering problems from
inhomogeneous bodies [13]. However, this method is also improved to the buffer block
forward/backward (BBFB) method to circumvent the poor convergence of the FB and
BFB methods [14]. Nevertheless, the FB method becomes unstable when some obstacles,
like ships or large breaking waves, are included in the original problem. It is also required
monotonic variation on array surface in order to step up an FB procedure. Thus, the
generalized forward/backward (GFB) method was proposed to overcome these problems
[15]-[16]. Other methods were also proposed as the stationary iterative method; i.e., the
Method of Ordered Multiple Interactions (MOMI) and the Multiple Sweep Method of
Moments (MSMM). The MOMI was originally developed as an iterative method for
solving the MFIE encountered in scattering from extended perfect electric conductor
(PEC) rough surface in one dimension [17]-[19]. The convergence properties of the
MOMI series for this problem were found to be excellent [18]-[19]. The MSMM was
proposed by D. Torrungrueng in 1996 for analysis of electrical large bodies [22]. The



MSMM was also presented by D. Colak et al. for the analysis of the 3D radiation and
scattering from electrically large, perfectly conducting bodies, which provides fast
convergence rate [1], [20], [22]-[24].

For the non-stationary methods, they are rather complicated to implement and
highly effective, but they based on sequential orthogonal vectors that mainly depend on
the iteration coefficients. One of the well-known non-stationary methods is the conjugate
gradient (CG) method, which is a highly efficient method for symmetrical positive
definite systems [25]-[30]. The method proceeds by generating vector sequences of
iterated residuals corresponding to the iteration, and the search directions used in
updating the iterations and residuals. The CG method has been proposed for the analysis
of the radiation/scattering problem [25]. It shows a good convergence, but its
convergence route is very fluctuation. This method requires two inner products to
compute for each iteration. Moreover, the Bi-Conjugate Gradient (BiCG) is developed
from the CG method by adding one of the orthogonal vectors [31], and the BiCG is
improved to the Bi-Conjugate Gradient Stabilize (BiCGstab) to solve non-symmetrical
matrix equations [32].

However, the computational time of iterative methods varies according to the
number of iterations. It is necessary to reduce the number of iterations for solving very
large unknown N without sacrificing accuracy. One way to improve the convergence rate
of iterative methods is the combination method presented by A. R. Clark at el. as the
hybrid iterative method. The method is to employ combines between the Sparse Iterative
Method (SIM) and BiCGstab methods. It shows faster than the original method with
rapid convergence rate [33]-[35].

These methods present very fast convergence rate, which they provide accurate
results within a few iterations. Nevertheless, they are O(N?) computational requirements.
Thus, they can be mandatory to incorporate fast techniques into them to improve the
overall efficiency. To reduce computation complexity of iterative method, it is the speed
up of matrix vector multiplication by acceleration techniques. Many of the acceleration
techniques have been presented in the past such as the Fast Multipole Method (FMM)
[36]-[41], the Multilevel Fast Multipole Method (MLFMM) [42]-[45], the Fast Fourier
Transform (FFT) [46]-[49], the Discrete Fourier Transform (DFT) [50] and the Spectral



Acceleration (SA) algorithm [51]-[60]. The FMM was presented in 1980s. It has been
proved to be a very powerful and efficient scheme for accelerating iterative solutions for
integral equations [36]-[38]. It has been employed with the MM, which can reduce the
computational complexity of iterative methods from O(V*) to OWN'S) [36]-[41].
Moreover, it is also improved to be the MLFMM, which reduces the computational
complexity to O(N log N) [42]-[45]. In addition, the FFT and DFT were proposed to
reduce the computational complexity to O(N). They have been cooperated with many
methods, i.e., FB/DFT, MM/DFT, BiCGstab/FFT and CG/FFT to solve
radiation/scattering EM problems [46]-[50]. However, they cannot be employed with
non-periodic structures. The SA algorithm is also applied to reduce the computational
time of the matrix vector multiplication without sacrificing accuracy. In the SA
algorithm, the contributions to a receiving element on large-problems are separated into
strong and weak source contributions. The former is performed by the standard matrix
vector, while the latter is computed using the SA algorjthm involving the spectral
representation of the free space Green’s function. Severe.11 numerical results were
proposed to show the accuracy and efficiency of the SA algorithm such as the FB/NSA
and GFB/NSA [51]-[60]. It shows O(N) in the computational time per iteration, and its
memory requirement for very large problems tends to be O(N). In addition, the SA

algorithm can be employed with non-periodic structures.

1.3 Objective and the Scope of the Thesis

In the analysis of electrically large EM problems, the considerable amount of
computational time and memory are usually required, especially for the MM. In this
thesis, the improvement of the MM will be studied by using a hybrid method and an
acceleration technique. The objectives and the scope of the thesis are given as follows:

1. To analyze EM problems using the MM.

2. To improve the performance of the MSMM with the sawtooth sweep used to

analyze the planar dipole antenna array.
3. To enhance the performance of the MSMM by using an appropriate

combination with the CG method for the faster convergence rate.



4. To study the SA algorithm by using the genetic algorithm (GA) optimization
to determine the optimum SA integration parameters.

5. To enhance the performance of the hybrid MSMM/CG method by integrating
with the SA algorithm to be O(N).

6. To apply the hybrid MSMM/CG/SA method with large dipole antenna arrays.

1.4 Organization of This Thesis

In this thesis, the efficient hybrid method is proposed. The hybrid method
appropriately combines the MSMM and the CG method, called the hybrid MSMM/CG
method, yielding better convergence rate. Subsequently, the SA algorithm is incorporated
with the hybrid MSMM/CG method to improve its efficiency to be O(N) for both
computational time and memory requirement. Moreover, uniform and non-uniform
dipole antenna arrays are considered as examples.

The remaining portion of this thesis consists of five chapters. They are involving
theories and applications of the IE, MM, MSMM, hybrid MSMM/CG methods and the
SA algorithm. They are employed for the computation of large dipole antenna arrays.

In Chapter 2, the fundamentals of the IE and the MM are reviewed. The
theoretical and numerical study of the MSMM is also discussed. In addition, the
improvement of the MSMM by using the sawtooth sweep is presented to analyze the
uniform and non-uniform planar dipole antenna arrays. Numerical results are also
illustrated the efficiency of the improved MSMM in this chapter.

Chapter 3 presents the hybrid MSMM/CG method to achieve the convergence
rate benefits. The hybrid method is employed to analyze both collinear and planar dipole
antenna arrays. Numerical results illustrate that the hybrid MSMM/CG method converges
faster with good accuracy compared with the MM.

Chapter 4 presents the theory of the SA algorithm and its formulation. The SA’s
procedure is elucidated with the flow chart. The effects of the SA parameters to accuracy
and computational time are shown. In addition, the SA integration parameters are
optimized using the GA optimization. With these optimized SA integration parameters,
the SA algorithm will be integrated into the hybrid MSMM/CG method to achieve O(N)

computational complexity. The implementation of the SA algorithm is also presented for



dipole antenna arrays. Numerical results illustrate the efficiency of the SA algorithm with
the optimum SA integration parameters in this chapter.

Chapter 5 shows the MSMM/SA/GA method to automatically design collinear
dipole antenna arrays. The non-uniform spacing collinear dipole antenna arrays are
considered for minimum side lobe level (SLL). The design procedure of the
MSMM/SA/GA method is discussed, and numerical results illustrate its efficiency. It
shows very efficient for non-uniform collinear dipole antenna arrays. The conclusions
and remarks for future studies are included in Chapter 6.

In the Appendix A, the genetic algorithm (GA) basic theory is discussed, which
the procedure of each operator is shown. Moreover, the principle of the pattern

multiplication is shown in Appendix B.



CHAPTER 2
DEVELOPMENT OF THE MULTIPLE SWEEP

METHOD OF MOMENTS (MSMM)

2.1 Introduction

In this chapter, the IE of the dipole antenna array is discussed, and the MM
technique is used to form the linear equation, where it is solved by using two iterative
methods; i.e., the MSMM and the CG method. In addition, collinear and planar dipole
antenna arrays are solved by using these iterative methods. Section 2.2 presents the basic
theory of the IE, and the MM technique is also mentioned in Section 2.3. The MSMM is
discussed in detail for collinear and planar dipole antenna arrays in Section 2.4.
Moreover, the new MSMM sweeping procedure is presented, called the sawtooth sweep,
in Section 2.4. Numerical results are illustrated in Section 2.5, providing faster

convergence rate with good accuracy. Finally, conclusions are addressed in Section 2.6.

2.2 Integral Equation (IE)

There are many forms of IEs. Three popular IEs for time harmonics EM are the
EFIE, the MFIE and the CFIE. The EFIE enforces the boundary condition on the
tangential electric field, the MFIE enforces the boundary condition on the tangential
components of the magnetic field, and the CFIE is a well-known linear combination of
the EFIE and the MFIE. In this section, only the EFIE will be discussed as it is applied to
perfect electric conductor (PEC) wire structures [4].

2.2.1 Electric Field Integral Equation (EFIE)
The EFIE is a statement of the boundary condition that the total tangential electric

field on a PEC surface of an antenna/scatterer is vanished as follows [4]

E(F=r)=E(F=r)+EF=F)=0 onS, 2.1)

or
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E:(F=F)=-E(F=F) on, 22)

where E' is the total tangential component of electric field, E' is the tangential
component of the incident electric field, E,’ is the tangential component of the scattered

electric field, S is the surface of the antenna/scatterer, and ¥ =7, is the position vector

from the origin to any point on the surface of the antenna/scatterer. When the incident

electric field impinges on the surface (S) of the antenna/scatterer, the incident electric

field induces on the surface and becomes the electric current density (J,). If the J, is

known, the scattered electric field at any point due to J, can be determined as
E*(r)=—jwd- jLV(v A)y=- jL[mzng +V(V-4)], (2.3)
WOUE OUE

where the magnetic vector potential ( 4 ) is

= T =t e—ij 4
A(F)=y_£IJJ(r)4”R ds'. (2.4)
(2.3) and (2.4) can also be expressed as
E'(F)=— j%[kz [[7.0)6F, 7yds'+v [ V’-Z(?’)G(F,F’)ds’], | (2.5)
S S
where
GF.7) = 2.6
(r’r)_47[R’ (')

R=[F -Fl=y(x-x) +(y-y) +(z—2)* 2.7)
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In (2.5), V and V' are the gradients with respect to the observation (unprimed) and
source (primed) coordinates respectively, and G(r,7") represents the three-dimensional

(3D) scalar Green’s function in free space. Note that, R in (2.7) is the distance between an

observation point (7 ) and a source point (7'), 7 is the impedance of free space, k is the
wave number of medium, @ is the angular frequency, u is the permeability of medium,

and ¢ is the permittivity of medium. Because the left side of (2.5) can be expressed in

terms of the known incident electric field using (2.2), it is referred to as the EFIE. It can
be used to find J,(7) at any point of 7 =7 on the antenna/scatterer. Figure 2.1 shows

the coordinate system for computing radiation fields.

X

Figure 2.1 Coordinate system for computing radiation fields.

2.2.2 Pocklington’s Integral Equation
The classic 3D integral equation, referred to as the Pocklington’s
integrodifferential equation [4], is described. It can be used most conveniently to find the
current distribution on conducting wires. The Pocklington’s integral equation is more
general, and it is adaptable to many types of feeding sources such as a delta gap and a

magnetic frill excitations [4].
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AF)="- “ J )——_j ds' =-— ”‘2 2J-J ) ” add'dz’ 2.9)
_H 7 € _H 7 € i .
Z( ) 47’1 o Z( R 47'[ ~112 0 z R

When the very thin wire is considered. The current density (J, (7)) is not a function of

the azimuthal angle (¢ ) [4]-[6], and it can be represented as

Z(‘r*)=—é—:[—af,<z'), (2.10)

where 7 (z') represents the equivalent filament line source current located a radial

distance from the z axis as shown in Fig. 2.2(b). Thus (2.9) reduces to

A0y =2 "f (—— 2}7 (s ad ) @.11)
: 4n 5, 27a § ° R ’
where
R=y(x-xY+( -y +(z-2). (2.12)

Note that R in (2.12) can be rewritten in the cylindrical coordinate as

R=yp*+a* -2pacos(¢—¢)+(z—2')%, (2.13)

where p is the radial distance to the observation point, ¢ is the azimuth angle of the
observation point, ¢’ is the azimuth angle of the source point, and a is the radius of

conducting wire. Because of the symmetry of the scatterer, the observers are not a

function of ¢. For observations at the surface p = a of the scatterer, (2.11) reduces to

_ 7 1 2 -jkR n
A =a)= I ()] — dd' |dz' = I (z2)G(z,z")dz', 2.14
(p=a) ;zj z(”(znofw ¢J uj (2)G(z,2) (2.14)
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where

2z -_’kR

G(z, z)-—— I . (2.15)

Substituting (2.14) into (2.8), the z component of the scattered electric field can be

expressed as

’E‘;(p=a)=-j$[k2 ;; ] [ 1.(Y6G, )z 2.16)

-112

Using (2.2), (2.16) can be expressed as

12

j1(z)( +k2)G(zz)dz' —jweE (p = a), (2.17)

-2

which is called Pocklington’s integrodifferential equation [4]-[6]. It can be used to
determine the equivalent filamentary line-source current of the wire and current density
on the wire, when the incident field on the surface of the wire is known. It is a simplified

form when the wire is very thin (a << 1). The G(z,z’) can be reduced to

G 6(R) =2
)= G(R)=S—.
(z,2) = G(R) -

(2.18)

Using (2.18), (2.17) can also be expressed in a more convenient form as

112
[T, (z) [(1+ JKRY2R? —3a*) +(kaR)* |dz' = - jocEL(p =a). (2.19)

=12
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Note that T, (z") represents the unknown equivalent filamentary current on the surface of

conducting wire, E' represents the z component of the incident electric field.

2.2.3 Source Modeling
For the conducting wire in Fig. 2.2, the wire is symmetrically fed by a voltage
source, which is a dipole antenna. If the Pocklington’s integral equation is used, there are
two conventional methods used to model the excitation of the dipole antenna; i.e., the

delta-gap excitation and equivalent magnetic ring current (magnetic-frill generator) {4].

2.2.3.1 Delta Gap
The delta-gap source modeling is the simplest and most widely used, but it is the
least accurate, especially for the input impedance calculation. It will be more accurate for
smaller width gaps. It is assumed that the excitation voltage at the feeding terminals is of

a constant ¥, value and zero elsewhere as

i — AL A S
M,=-nxE' =-a,xa,

> =
> =

—~A—SZ'S
2

N>

: (2.20)

The magnetic current density (3 ;) is sketched in Fig. 2.3(a). Note that E' is the incident

electric field and 7 is the normal unit vector [4].

2.2.3.2 Magnetic-Frill Generator

The magnetic-frill generator was introduced to calculate the near and the far zone
fields from coaxial apertures [4]. The feeding gap is replaced with a circumferentially
directed magnetic current density. It consists of annular aperture with the inner (@) and
outer (b) radii as shown in Fig. 2.3(b). The magnetic-frill generator is found using the
expression for the characteristic impedance of the transmission line. At the annular
aperture of the magnetic-frill, the electric field is represented by the transverse
electromagnetic mode (TEM) mode field distribution of a coaxial transmission line,

where the field generated on the surface of the wire can be expressed as follows:
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Figure 2.3 Cylindrical dipole with the excitation [4]. (a) Delta gap, and (b) Magnetic-frill
generator.

2.3 Method of Moments (MM)

To transform (2.19) to the matrix equation, the method of weighted residuals is
utilized in conjunction with the inner product of weighting function. This technique is
called Method of Moments (MM). It is a general procedure for solving the IE. The
procedure to employ the MM with the IE involves three steps: [4]-[5]
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1. The discretization of the IE into the matrix equation by using the expansion and
testing functions.
2. Evaluation of each matrix element.

3. Solving the matrix equation.
From the IE point of view, (2.19) can be written in the form of
F(g)=h, (2.22)

where F is a known linear operator, # is a known excitation function, and g is the
response function. Note that the linearity of the operator (¥) makes a solution possible.
The discretization of the IE requires that the unknown expansion function (the response

function) can be expanded as a linear combination of N terms; i.e.,

gz) =) a,g,(2), (2.23)

n=l

where a, is an unknown constant, and g, is a known expansion function. Substituting

(2.23) into (2.22) and using the fact that F is a linear operator, Equation (2.22) can be

rewritten as

ZN: a,F(g,)=h. (2.24)

n=l

Note that (2.24) is only one equation with N unknowns, which it is not sufficient to solve.
This can be accomplished by evaluating (2.24) at N different points. Forming the inner
product between each function and the testing function or weighting function (w, ),

(2.24) can be reexpressed as

(W, )= Za( F(g,)) m=1,2,..,N. (2.25)

n=|

74436
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where the inner product (w,g) = Hw’ .gds, the w’s are the weighting (testing) functions,
S

the asterisk (¥) indicates complex conjugation and S is the surface of the structure being

analyzed. Then, (2.25) can be rewritten in the matrix equation form as

[ ]=1F, 4], (2.26)
or

' Val=1Z,, 11,1, (2-27)

where [F,,] or [Z,,] represents the N x N impedance matrix, [A,] or [V,] represents

the known excitation voltage vector, and [a,] or [1,] represents the unknown current

vector.

2.3.1 Basis Functions
The basis function is important for the MM solution, which affects the accuracy
and computational time. There are several possible basis functions, which can be
classified into two classes; i.e., subdomain and entire domain basis functions. This

section will describe some of the popular basis functions. [4]-[5]

2.3.1.1 Subdomain Basis Functions
The subdomain functions are nonzero only over a part of the domain of the

function g, . Its domain is the surface of the structure. It approach involves subdivision

of the structure into N nonoverlapping segments, as illustrate on the axis in Fig. 2.4 (a).
The piecewise constant (PWC) basis function or pulse basis function is the conceptually

simple. It is shown in Fig. 2.4, where g, is defined as

4 4 r
z,,Sz<z,

gn(z')={1’ (2.28)

0, elsewhere
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Figure 2.4 Piecewise constant basis function [4]. (a) Single piecewise constant, and

(b) Multiple piecewise constants.

For increasing the sophistication of subdomain basis function, it is possible to

improve accuracy. The piecewise sinusoid (PWS) basis function is employed, which is

shown in Fig. 2.5. g, is defined as

( sin[k(z' -z, )]
sin(k(z, - z,, )]’
sin[k(z,,, —2)]
sin[k(z,,, —2.)] ’

8. (x) =5

! 0,

elsewhere

(2.29)
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Figure 2.5 Piecewise sinusoidal basis function [4]. (a) Single piecewise sinusoid, and

(b) Multiple piecewise sinusoids.

Note that the PWS basis function has advantages in computational time and

resistance to errors compared with the PWC basis function [4].

2.3.1.2 Entire Domain Basis Functions
Entire domain basis functions are defined and they are nonzero over the entire
length of the structure being considered. Thus no segmentation is involved in their use.
The sinusoidal entire domain basis functions with no segmentation involved in their use.

It is defined as

<z'<

.(230)

2

s o] 250

N |~

!
2

Note that this basis function set would be particularly useful for modeling the

current distribution on a wire dipole. It is known to have primarily sinusoidal distribution.
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The main advantage of entire domain basis function lies in problems where the unknown

function is assumed a priori to follow a known pattern [4]-[5].

2.4 Multiple Sweep Method of Moments (MSMM)

A variation of the MM, called the Multiple Sweep Method of Moments (MSMM),
has been applied in various radiation/scattering EM problems [1], [20]-[24]. The MSMM
is a stationary method, and it is an O(N2) recursive technique, where the total number of
unknowns N of currents on structures of interest can be determined in a recursive fashion.
In the MSMM, the structure is split into P sections, and the currents on these sections are
determined in a recursive fashion. For large antenna arrays in free space, the MSMM has
been found to provide relatively fast convergence. For the MSMM, the first sweep
includes the dominant radiation/scattering mechanisms, and each subsequent sweep
includes higher order mechanisms. Thus, the MSMM can provide more physical insights
into radiation/scattering mechanisms of large antenna arrays. In this section, the MSMM

procedure for collinear and planar dipole antenna arrays are discussed in detail.

2.4.1 The MSMM Procedure for the Collinear Dipole Antenna Array
The MSMM procedure for dipole antenna array in free space is described. For
convenience in understanding in the MSMM, the analysis of collinear dipole antenna
array as shown in Fig. 2.6 is first presented. In the MSMM, the object of interest is split

into P sections, and the currents on these sections are found in a recursive fashion [1],
[24].

Figure 2.6 Collinear dipole antenna array for the MSMM solution.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



24

<«——Sweep Direction———

1 1 2
Jl J2 Sec.p J

p+l p

(d)
Figure 2.7 The MSMM procedure of the collinear dipole antenna array. (a) Geometry for
the MSMM solution, (b) Computing the 1% sweep current on section p = 1, (c)
Computing the 1% sweep current on section p, and (d) Computing the 2™ sweep current

on section p.

2.4.1.1 The First MSMM Sweep

The first MSMM sweep begins with computing the current distribution, J,, on

p
section p = 1, which it is a dipole antenna. The remaining sections have no current, which
are considered as the free space [1], [24]. In this thesis, there is no need to employ the R-
card at the end of each section due to existing physical discontinuity at the ends of each

array element as shown in Fig. 2.7(b). After the current distribution on section p =1 is

determined in (2.32), the current distribution on section p = 2, J;',_,

is computed by
considering the radiation from the current distribution of the previous section (Jl’;‘l) as

shown in Fig. 2.7(c) and using (2.32). This process continues from the left hand side to

the right hand side (p:1— P)untilp=P.

2.4.1.2 The Second and Subsequent MSMM Sweeps
The second sweep is processed in the reverse direction; i.e., the section p = P will

be computed first then section p = P-1, P-2, ..., 1 (p: P —1). Figure 2.7(d) illustrates the
computation of the second sweep on an arbitrary section (J;f" ). For this sweep, the

section p is a dipole antenna, where and other sections are represented by the latest

computed current distribution. The current distribution on the section p can be computed
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via (2.33). For subsequent MSMM sweeps, MSMM odd and even sweeps can be
computed using (2.32) and (2.33), respectively.

2.4.2 The MSMM Procedure for the Planar Dipole Antenna Array

In the case of planar dipole antenna array, the forward and backward sweeping
directions associated with the MSMM are discussed as shown in Fig. 2.8. The antenna
array is split into P identical sections, where each section contains the whole column
elements. The current distributions on each section are computed recursively as sweeping
forwardly and backwardly in the row direction. It should be pointed out that these
sweeping processes can be defined differently. For example, the antenna array can be
grouped in row, and associated currents are calculated recursively by the MSMM
sweeping in the column direction. Note that, the first, second, and subsequent MSMM

sweeps can be performed as in those of the collinear dipole antenna array as shown in
Fig. 2.9.

L,

®

2 Onan H-'-@-H-lILk

L I/_\Il | -
QO 1+ O
Pt e " e e -+ it 1 2
—————————————————— ->
Forward MSMM sweep
€ e e e e e s . — . —— — -
Backward MSMM sweep

Figure 2.8 Planar dipole antenna array analyzed using the MSMM by sweeping in

the row direction.
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Figure 2.9 The MSMM procedure of the planar dipole antenna array. (a) Geometry for
MSMM solution, (b) Computing the 1% sweep current on section p = 1, (c) Computing

the 1* sweep current on section p, and (d) Computing the 2™ sweep current on section p.
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The MSMM sweeping in either row or column direction is not efficient due to the

fact that the associated number of unknowns for each section is relatively large,

especially for large array problems, resulting in inefficiency in computing T; in (2.32)
and (2.33). This is due to the fact that the computation of 7; involves the matrix

inversion of Z o Of relatively large size. To overcome the inefficiency of the MSMM

sweeping in either row or column direction, the sawtooth sweep associated with the

MSMM is proposed as discussed in the next section.

243 The MSMM with the Sawtooth Sweep for the Planar Dipole
Antenna Array

For the sawtooth sweep, the antenna can be separated into P sections, where each
section corresponds to each array element for illustration purpose as shown in Fig. 2.10.
For the first sweep, the current distribution of each section is computed by starting from
the left section to the right section until the last section of that row is reached. Then,
continue on the first section of the next row, and repeat the same process in the sawtooth
fashion until the last section (p = P) as shown in Fig. 2.10. The second sweep is
performed in the reverse order as compared to the first sweep. Note that the odd and even
sweeps are performed in the same manner as the first and second sweeps, respectively. It
should be pointed out that each section for the MSMM sweeping in either row or column

direction is usually larger than that for the MSMM sweeping in the sawtooth fashion,
which requires larger block matrix Z » 1 (2.32) and (2.33). Thus, the latter is more

efficient than the former. Due to the inefficiency of the former, it will not be considered
further in this thesis. Figure 2.11 shows the MSMM with the sawtooth procedure of the

planar dipole antenna array.
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x p= p=2 p=3 p=ptl
A 1 1 1
J, 1 J 2l Sweep Direction J 3 J4

CY)
Figure 2.11 The MSMM procedure with the sawtooth sweep of the planar dipole antenna

array. (a) Geometry for the MSMM solution, (b) Computing the 1% sweep current on
section p = 1, (c) Computing the 1% sweep current on section p, and (d) Computing the

2™ sweep current on section p.

The total root mean square (RMS) error, E*, and the residual error norm, R‘, are

used to monitor the convergence of the MSMM, where they are defined for the ¢*

iteration as follows [1]

LY T2
I -1
E = 2.1 (234)
- N ) .
Z ]‘(r-l)lz

n=l

and
-z7]
R = _ , (2.35)
71
where H]I is the vector norm. The convergence test based on E* is employed first. Once

the 7 vector satisfies this test, another convergence test based on R’ is employed to
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ascertain accuracy of the final solution. If T7® does not satisfy a specified accuracy
criterion for R, the accuracy criterion for E' is reduced further and the two-step testing
is started again until both residuals of T® are satisfied. The reason for performing this
testing procedure is to reduce the number of matrix vector multiplications used in the R’
convergence test while keeping the desired accuracy. It is noted that the E* convergence
test does not require a matrix vector multiplications. However, it may not be an
acceptable stopping test for general problems. In contrast, the R’ convergence test is a

desirable for stopping test since the solution errors are tied directly to the accuracy of the

elements of the impedance matrix Z and the excitation vector 7 [1], [24].
In the MSMM computation, the number of MSMM sections, P, has effects to both
total computational time and convergence rate, which is discussed in detail in [1], [24]. It

is found that the optimum number of MSMM sections, F,,,, is related to the total number

of unknowns N as

P =2JB/AN"?, (2.36)

opt

where A4 is a constant dependent upon the speed of computer, and B is a constant
dependent upon the speed of the computer and the solution algorithm [1]. Using the
optimum number of MSMM sections, the computational time of the MSMM was found
to be O(N?) as discussed in detail in [1].

2.5 Numerical Results
Numerical results are presented to demonstrate the accuracy and efficiency of the
MSMM method. In this section, the MSMM is employed to analyze EM radiation

problems of uniform and non-uniform dipole antenna arrays in free space.

2.5.1 Uniform Collinear Dipole Antenna Array
A uniform collinear dipole antenna array of 100 elements is analyzed in this

section. The array parameters of Fig. 2.6 are given as follows: L,=054 and /=2,

where A is a wavelength in free space. Five PWS basis functions for each dipole element
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with radius of 0.0054 are employed resulting in N = 500, and each element is excited by
1 Volt at the center. Figure 2.12 shows a comparison of RMS errors ( E*) for the MSMM
and the CG method. Note that both methods initialize the unknown current vector 7 with
the zero vector. In this study, the RMS error of 10? is employed for convergence
criterion. From Fig. 2.12, the MSMM and the CG method converge within 3 iterations,
respectively. The MSMM shows rapid convergence, while the CG method shows

convergence with some fluctuations.
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Figure 2.12 RMS errors of the MSMM and the CG method for a uniform collinear dipole

antenna array of 100 elements.

In addition, the error in computing the current coefficient for the basis function

on the sweep ¢ ( E, ) can be computed as [23]-[24]

. [MMi, - MSMM;,
MM,

, (2.37)

where MM, and MSMM;, are the current coefficients on the mode “n” of the MM and

MSMM, respectively. Figure 2.13 shows the error in computing E! for the final iteration

of the MSMM and the CG method compared with the MM. It is found that the MSMM
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can provide less percentage of error than that of the CG method. In addition, Fig. 2.14
shows the calculated current distribution for both normalized magnitude and phase of the
uniform collinear dipole antenna array compared between the MM and the MSMM. It is
found that both methods are in excellent agreement. Moreover, Fig. 2.15 illustrates the E-
plane radiation pattern of the uniform collinear dipole antenna array. It is obvious that the

MM and the MSMM method yield identical radiation patterns as well.
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Figure 2.13 Errors in computing E, for the final sweep of the MSMM and the CG

method for the uniform collinear dipole antenna array of 100 elements.
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Figure 2.14 Current distribution of the uniform collinear dipole antenna array of 100
elements. (a) Normalized magnitude of the current distribution, and (b) Phase of the
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Figure 2.15 The E-plane radiation pattern of the uniform collinear dipole antenna array

of 100 elements.
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2.5.2 Uniform Planar Dipole Antenna Array
This section presents MSMM numerical results for uniform planar dipole antenna

arrays in free space. For the 5%5 uniform planar dipole antenna array, the array

parameters of Fig. 2.8 are given as follows: L , = L, = A, and / = 74 with radius of

0.005A. Sixty-three PWS basis functions for each element are used resulting in N = 1,575,
where each element is excited by 1 Volt at the center. In this study, the MSMM with the

sawtooth sweep splits the planar array into F,,~ 25 sections (see (2.36)). Figure 2.16

shows the RMS errors (E*) of the MSMM with the sawtooth sweep and the CG method.
In this study, the RMS error of 107 is employed for convergence criterion.

From Fig. 2.16, the CG method requires 35 iterations to converge to the specified
convergence criterion with fluctuation. For the MSMM with the sawtooth sweep, it
requires only 4 iterations to converge without any fluctuation. It is obvious from Fig. 2.16
that the MSMM with the sawtooth sweep provides faster and more uniform convergence

rate than the CG method for this uniform planar dipole antenna array.
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Figure 2.16 RMS errors of the MSMM with the sawtooth sweep and the CG method for

the 5x5 uniform planar dipole antenna array.
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Figure 2.17 illustrates the plot of the normalized magnitude of the current
distribution on the uniform planar dipole antenna array versus the index n computed
using the MSMM with the sawtooth sweep for the first (¢ = 1), the second (¢ = 2) and the
third (¢ = 3) sweeps. The MM is employed to compute the exact solution for the planar
array for comparing with the MSMM results. For the first sweep, the MSMM result is
noticeably different from the MM result as shown in Fig. 2.17(a). However, the first
sweep includes dominant radiation/scattering mechanisms of this antenna array. After
finishing the second sweep, the MSMM result is improved considerably, where both MM
and MSMM results are almost identical as shown in Fig. 2.17(b). For the third sweep, the
MSMM result is in excellent agreement with the MM result as shown in Fig. 2.17(c).

Thus, in this example only few sweeps are required for engineering practice.
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Figure 2.17 Normalized magnitude of the current distribution on the 5%5 uniform planar
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dipole antenna array computed using the MSMM with the sawtooth sweep. (a) First
sweep (¢ = 1), (b) Second sweep (¢ = 2), and (c) Third sweep (¢ = 3).

Figure 2.18 shows the plot of E| versus the index n for the sweeps ¢ = 1 to 6. The

sweep ¢ = 1 error begins at about 0.2 at the left edge and then tend to decrease to about
0.01 at the right edge. The sweep ¢ = 2 error at the right edge begins about 0.01, and then
drops to about 0.002 at the left edge. As the sweeps continue, the overall error continues
to drop, and the maximum error is reduced to approximately less than 0.0001 by the
sweep ¢t = 6. Figure 2.19 shows the comparison of the current distribution for both
magnitude and phase of the 55 uniform planar dipole antenna array between the MM
and the MSMM. They are in very good agreement for both normalized magnitude and
phase. In addition, Fig. 2.20 illustrates the E-plane radiation pattern of the antenna array.
It is obvious that the MM and MSMM results are in excellent agreement. Next, an

example of non-uniform collinear dipole antenna arrays is considered.
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Figure 2.18 Errors in computing E; for the sweeps ¢ =1 to 6.
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Figure 2.19 Normalized magnitude and phase of the current distribution of the 5%5

uniform planar dipole antenna array. (a) Normalized magnitude of the current

distribution, and (b) Phase of the current distribution.
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Figure 2.20 The E-plane radiation pattern of the 5x5 uniform planar dipole antenna

array.
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CHAPTER 4
HYBRID MSMM/CG METHOD WITH THE

SPECTRAL ACCELERATION (SA)
ALGORITHM

4.1 Introduction

The antenna array plays an important role in many EM applications including
generating directional or contour beam for satellite, radar and microwave terrestrial
systems. Due to their large geometry, complexities and difficult to obtain an accurate
description of EM radiation fields for large-scale structure, several efficient numerical
methods have been proposed recently such as FMM, MLFMM, FFT, DFT and SA
algorithm.

The SA algorithm, as another fast technique, can be easily incorporated into
other iterative techniques; i.e., the FB method, CG method, and MSMM by
performing only matrix-vector multiplication without updating currents. An extremely
efficient and accurate iterative MM based on the SA algorithm has been developed for
the computation of scattering and radiation from 1-D, two-dimensional (2-D) and
three-dimensional (3-D) vector wave problems, respectively. In the SA algorithm, the
most important issue is to determine the appropriate SA parameters which include the
tilt angle (&) of the deformed contour, the domain of integration, and the integration
step size. These parameters are derived based on the assumption that the outermost
possible saddle point along the real axis in the complex angular plane is small as
discussed in detail in [60].

This chapter is organized as follows. The SA basic theory is discussed in detail
in Section 4.2. In Section 4.3, the genetic algorithm (GA) optimization is proposed to
find the optimum SA integration parameters compared with the conventional
technique. Some numerical results are presented in Section 4.4, and conclusions can

be found in Section 4.5.

4.2 The SA Theory
The SA algorithm has been shown to be an extremely efficient and accurate

iterative MM technique for the computation of the antenna arrays [60]. The SA
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algorithm is employed to rapidly compute interaction between widely separated points
in the conventional FB method [52], [54], and {60], and is based on a single spectral
representation of source currents and the associated Green’s function. In this section,
the SA algorithm for antenna array is discussed in detail. The SA algorithm for this
case involves a double spectral integral representation of source currents and the 3D
free space scalar Green’s function. The coupling between two spectral variables
makes the problem more challenging, and efficiency improvements obtained for
antenna arrays.

In the SA algorithm, the contributions to a receiving element on the dipole
antenna arrays are separated into strong and weak source contributions. The former is
calculated by the standard matrix vector multiplication, while the latter is computed
by using the SA algorithm involving the spectral domain representation of the 3D
scalar free-space Green’s function. In the hybrid MSMM/CG method, the SA
algorithm is incorporated into the MSMM and the CG methods to accelerate its
computational time, called the MSMM/SA and CG/SA methods, respectively. For the
MSMM/SA and the CG/SA methods, the antenna array can be separated into strong

and weak contributions as shown in Fig. 4.1. Note that D, is the total size of the array
in the z-direction and L, is a neighborhood distance in the z-direction within which

interactions between points are classified as strong interactions and outside of which
interactions are classified as weak interactions. In Fig. 4.1, N, is the extended number
of elements from the p™ section to define the strong region for its left and right sides.
For the MSMM/SA method, the weak region is separated into two regions. When the
MSMM sweeps from p = 1 to P, the weak region 1 includes currents from the present
sweep, and the weak region 2 includes currents from the previous sweep. They are
alternated when the MSMM sweeps from p = P to 1. For the CG method, it has only
weak region 1 for the SA algorithm, and the procedure is process as in the point.

X L,

— >
- —p-

Receiving
Weak region | —»| P -N; element P +N, l4— Weak region 2

Strong region

le
! D

2

Figure 4.1 A collinear dipole antenna array analyzed by using the SA algorithm.
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In the SA algorithm, the spectral domain representation of the G(¥,7) is

employed in (4.1) for z—2z'> 0 as follows:

(4.1)

X

A -1k -]
[ i e (2 +1) ,
qy

ford

‘r

4

where k, =(k*-k; - k)", ¥ is an observation point, 7" is a source point, C, and C,
are the original contours of integration on the real axes in the complex k, and k,

planes, respectively. Note that (4.1) can be similarly evaluated for z—z' <0 [60].
Substituting (4.1) into the left-hand side (LHS) of (2.17) and interchanging the spatial
and spectral integrations yield

f (z')( )G(‘,?’)(k’ 5,% [ cﬂcxcﬂcyF "k, (4.2)
G,

G, 2

where

(4.3)

z

k0 =)
F@F kok) = [LEXH +1) dz’
1

In (4.3), F (r, kx,ky) is called the complex vector radiation function, which can be

computed recursively using the phase shifting process [60]. This recursive

computation of F(7, k.k,) and the appropriate contour deformation make the SA
algorithm extremely efficient; i.e., an O(N) algorithm. The most important property of
FO@, k.,k,) in the SA approach is that it can be computed from current in the weak
region in a recursive manner. The radiation function F® (F, k,,k,) in the FS direction

can be recursively computed through a “phase shifting” process as follows. For

n>p+N,_;

FO, .k, k)=FOF, .k k,)e”, 4.4)
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and

Y=keF,, —F ] 4.5)

The topology of two coupled complex &, and k, planes totally depends on the

order of integration in (4.1). For the 2D SA formulation in this chapter, the integration

on k, is performed first, and then follow by the integration on k_; i.e. the spectral

integral representation of G(r,r') in (4.1) is rearranged as follows:

—jlk (z=2" )k, (y=y))

G(r,F) = ;fz [ dic,e = | a2 p . (4.6)
G,

8 G, i
It is obvious from the above equation that the spectral variable k, is dependent on £,
through £, resulting in the dependence of the topology in the complex &, plane on
the topology in the complex &, planes as discussed in [60]. It should be pointed out
that another order of integration (i.e. integrating on k. first and then integrating on
k,) is also possible. To gain numerical efficiency when performing the numerical
contour integration, the original contours C,, and C, are deformed to the new
contours C 5, and C 5 respectively as shown in [60]. This is possible since there are
no singularities in between the original and deformed contours. These contour
deformations yield smaller integral involving F“(F, k.,k,). This is due to the fact

that the function F¥(F,k

X

,k,) is relatively smooth and localized in the complex k,
and k, planes along the deformed complex contours, as illustrated via numerical
example later in [60], where F“(r ,k.,k,) is highly oscillatory along the real axes,

especially as the size of the weak region increases. These contour deformations are

necessary to make the 2D SA method an O(N) algorithm as well as the recursive
property of FY(F sk.,k,). Without these contour deformations, it is required to
increase the sampling rate to evaluate the double spectral integral involving

F (’)(F,kx,ky) accurately as the size of the weak region increases due to more

oscillation of F® (F,k.,k,) along the original contours C, and Ck,- Increasing the
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sampling rate as the surface size increases makes the efficiency of the 2D SA method

degrade considerably. Thus, it is emphasized that both the recursive property of

FO®F, k,,k,) and contour deformations are necessary in the 2D SA algorithm.
Advantageous deformed contours C, and Cs can be determined by

considering the spectral integral representation of G(r,7). (4.6) can be rewritten as

[60]

—j ‘ ) e—/’[k,(z—Z')+k,(y—y')]
CEFF) =55 | dle ™ [ dk, p 4.7)
Cs,

C, z
Sk, y

X

It can be seen from (4.7) that the two spectral variables k, and k, are coupled
through k, = (k* — k. —k2)""*. As k, changes along the contour Cj, » the topology in
the complex £, plane is modified.

Once the deformed contours Cs,, and Cs,’ are known. The numerical

integration is employed to solve (4.7). For convenience when performing the
numerical double contour integration, the double contour integral of (4.7) is

discretized and mapped to the real axis according to the following mappings:
dk, > Ak,e™™, k >k, =pbke’™ for p=-P,...P, dk —Ake”™  and
k, - kyq = quye-js" for g=-0,,...,Q,. where Ak, and Ak, are the integration step
size in the complex k, and k, planes respectively, and 2P+1 is the number of plane
waves in the k_ plane. It is noted that 0, depends on p and it can be shown that
Q0 ,=0,. Thus, for a fixed k, (p is fixed), the number of plane waves in both planes

QTOT'X is given by

Orors = Z (20,+1), (4.8)

p==p
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k Re ky max . -
where P=—"2+1 and Q,=——"—=+1. Using the above mapping, the
Akx Ak,

discretized version of (4.7) can be written as:

G(r,r)y=—= AQ i sz W(kxp > kyq )[F(’) (r’ kxp ? k)’., ):l,.‘"’t, -idy,

p—Pa=-0, k,

> (4.9)

Pa

172
where &, =(k2 -k —kfp) , AQ = Ak Ak, and W(k, ,k,) is a weighting function
for numerical integration. Various integration parameters in the k. and k, planes are

given as follows: [60]

f
20k , an”! Ax . <01
L L
K max = , 4.10)
ko +k, . ,tan"(Ax'“”‘)>0.1
\ i ' LS
( D
%’5 ,tan™ (—i) <0.1
Re[ Ky |=1 ' D’y , (4.11)
\RC[ :I ky tail ’ tan-l (—L:_] >0.1
kD Ck
aIld ka _—.%, Akxz_l. ka, k s = }" arld Ak :L L’ where
Sex R, 2yL’ = R 722\ R,

=L +(&x,, ), R, =L +D} . The constants k,,,, k, > C, and C, are to

be determined as shown in [60]. The SA algorithm procedure is shown in Figure 4.2.
In Figure 4.2, the integral on k, is performed first, and than follow by the

integration on k, . It starts from the estimate the outermost saddle point on k&, plane

by using the ratio of dimension in x direction and the length of the strong region.

When the tan™ [ Az"“""] is equal to or less than 0.1, the tilt angle of the deformed

s
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contour on k_ plane (6, ) is equal to % radian. Otherwise, the &, is estimated by

using the root-findinig techniques such as the muller’s method [60]. Next, the domain
and the step size of the numerical integration are calculated. Therefore, the estimate

the outermost saddle point on &, plane is performed for each k, plane by using the

ratio of dimension in y direction and the length of the strong region. When the

AD .
tan™' [—Z—yJ is equal to or less than 0.1, the tilt angle of the deformed contour on %,

plane (5k,) is equal to % radian. Otherwise, the 5,9 is estimated by using the root-

finding techniques such as the muller’s method. Next, the domain and the step size of
the numerical integration are calculated. Finally, the numerical integration is

estimated on the k£, plane and then on the &, plane.

Count =1

1 1
Sl R (e (s e L
By roots finding in Eq. (abry A ks max {b,1} + 2

LJr=r+r,=0, % ;'oy':?uﬁndiuinmplhnpeﬂnl g, oz
o in U TEE —
1 ] costpy ~7)cosh, + Astnlp, ~7)sinhg ~1=0] | 1 4

20k g Transform to &, domain E

brimue =Ko+ R | | R = [T S| | AL +k,D,+1=0 3

1 |Ck
A",-;z-' —L“— t>
P= k"'- +1
Ak, Yes
I [Ck
Ak =— L2 [
7~ ayr, lke[k,___]=ke[k,__]+k,_, Re[k,,..]= 20k
Rk, pemn L
0, = —Lm=0 4 'x
ak, T

i
G(r,r’)=8L [ dk e | ar, <
C,

T 2
l )

C,“

_ 9 exp{-J| pak,e ™ (x - x') + qAk e (y- y* +k(z~7"

G(r.r')=—lz’: 2 Ak, Ak o ( [ )+eak, O-riekG z)])
8r jr 00, ’ k,

Figure 4.2 The flow chart of the SA algorithm procedure.
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4.3 The Optimization of the SA parameters with the Genetic
Algorithm (GA)
From free space 3D scalar Green’s function in the spectral domain in (4.7), the
numerical integration of the SA algorithm consists of the integration parameters as
discuss in the previous section as follows

1. 8, is the tilt angle of the deformed contour on £, plane.
2. P is the domain of integration on &, plane.
3. Ak, is the integration step size of the &, plane.

4. 6, 1s thetilt angle of the deformed contour on £, plane.
5. Qp is the domain of integration on k, plane, which it is varied on the

integration on the &, plane.

6. Ak, is the integration étep size of the k, plane.

Normally, all of the SA’s parameters are found by the analytical as discussed
in previous section [60]. It is a complicate to find the optimum integration parameters.
Moreover, it is difficult to find the integration parameter for the general problems. For
gain its efficiency, the GA optimization is presented to find the optimum SA
integration parameters for general problems including the optimum length of the
strong region (L, ). The condition of the optimization is set as follow, the computation
error is less than 1% and the minimum total computational time (both of the
computational times in the weak and strong regions). Note that it is considered under

the worse case scenario, which del _x=Ax,_ ,del y=D ,and del_z=1L,.

max ?
In this optimization, the SA numerical integration parameters are adjusted by

the GA technique. It consists of

1. 6, is the tilt angle of the deformed contour on &, plane.

2. P is the domain of integration on k,_ plane.
3. Ak, is the integration step size of the k, plane.

4. 6, is the tilt angle of the deformed contour on k, plane, where it is varied

on k_ plane.



74

5. Q is the domain of integration on k, plane, where it is varied on
P

the integration on the k_ plane.
6. Ak, is the integration step size of the k, plane, where it is also varied
on the integration on the &, plane.

7. L, is the length of the strong region.

The GA optimization is linked with the SA algorithm to find the optimum SA
integration parameters. The GA optimization procedure is shown in Figure 4.6. It
starts by the creation of the initial of the population size of GA and then calculate the
fitness function by using the SA algorithm, when the fitness function is the total
computational time and percentage of error. Next, the GA operators are employed to
find the optimum parameters and the convergence criteria is checked on each
iteration. It is stopped when the criteria is met. The simple GA is employed, which the
GA operators consist of the selection wheel, crossover, mutation and elitism
operators. The GA operators are defined as follows; i.e., 50 populations, the crossover
of 80%, the mutation of 5% and the elitism with 5 best populations are employed.

Therefore, some of examples are studied as shown in Table 4.1.

Create and initial
population size

Evaluation fitness Computation of the
functi SA algorithm

GA operators

Selection wheel

Cross over

Mutation

Elitism

Figure 4.3 The flow chart of the GA optimization to find the optimum SA integration

parameters.
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Table 4.1 The case of study for the GA optimization of the optimum SA integration

parameters.
Cases Dy in (%) Optimum L, (4)
1 0.5 1.02
2 1 1.31
3 2 4.44
4 3 5.21
5 4 6

From the case of study in Table 4.1, the comparison of the computational time
between the conventional SA algorithm and the optimum integration parameters
optimized by the GA are shown in Fig. 4.4. It is found that the computation time of
the optimum integration parameters is less than the conventional SA algorithm.

However, the integration parameters of all cases are investigated.

3
55 € Conventional SA .
) .
B Optimized by GA
2 4

Computational time (sec.)
&
| |

- [ ]
4
1 L 2
05 M n
0% 1 2 3 4 5 6
Case

Figure 4.4 Comparison of the computational time between the conventional SA

algorithm and the optimum integration parameters.

For the 1* case, the dimension in the y axis (D,) is 0.54, where the optimum

L, is found to be 1.024. The optimum integration parameters are found to provide the

minimum computational time and the percentage of error less than 1%. The optimum
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integration parameters in the k, and k, planes are shown, which are found by the GA

algorithm. In Table 4.2, the integration parameters on the %, plane is shown by
comparing with the conventional SA algorithm. It is found that the optimum
integration parameters required the tilt angle 41.5 degree, the integration point is 30
points, and the integration step size is 0.475A1. In addition, the optimum integration

parameters on k, plane are shown in Figs. 4.5, 4.6, and 4.7. It is obvious that the tilt

angle, the integration point, and the integration step are varied along the k_ plane.

Moreover, the percentage of error along the x axis is shown in Fig. 4.8. The
percentage of error of the optimum integration parameters is more than the
computational error of the conventional SA algorithm, but it is less than 1%. It is

sufficient for the engineering practice.

Table 4.2 The integration parameters on &, plane of the D, is 0.51.

No. Parameters Conventional SA | Optimized by GA
1 0, 45 degree 41.5 degree
2 P 45 30
3 Ak, 0.318 0.475
50
. 0000000000000 00
45] 6000000 : .:0“00‘“00““0“00”0
407 u
|
8 357 | - |
& 301 | ] |
] 25 "
SN ] . .
a 20
-~ ] |
15 an ¢ Conventional SA
10 u n ..
= ] - u - B Optimized by GA
0 = 2 L
0 s 10 15 20 25 30 35 40 45 50

Order of integration
Figure 4.5 Comparison of the 5,9 of the conventional SA algorithm and the optimum

integration parameters when D,=0.54.
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Figure 4.6 Comparison of the 0 of the conventional SA algorithm and the optimum

integration parameters when D, =0.51.
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Figure 4.7 Comparison of the Ak, of the conventional SA algorithm and the

optimum integration parameters when D, =0.54.
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Figure 4.8 Comparison of percentage of error of the conventional SA algorithm and

the optimum integration parameters when D,=054.
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For the 2™ case, the D, is 14, where the optimum L, is found to be 1.314.

The optimum integration parameters are found to provide the minimum computational
time and the percentage of error less than 1%. The optimum integration parameters in

the £, and the k, planes are shown, which are found by the GA algorithm. In Table

4.3, the integration parameters on the %, plane is shown by comparing with the
conventional SA algorithm. It is found that the optimum integration parameters
required the tilt angle 36 degree, the integration point is 13 points, and the integration
step size is 0.7A. In addition, the optimum integration parameters on the k, plane are
shown in Figs. 4.9, 4.10, and 4.11. It is obvious that the tilt angle, the integration
point, and the integration step are varied along the k, plane. In addition, the

computational error along the x axis is shown in Fig. 4.12. The percentage of error of
the optimum integration parameters is more than the percentage of error of the

conventional SA algorithm, but it is less than 1%. It is sufficient for the engineering

practice.
Table 4.3 The integration parameters on &, plane of the D, is A.
No. Parameters | Conventional SA | Optimized by GA
1 O, 45 degree 36 degree
2 P 23 13 .
3 Ak, 0.29 0.7
50
5| A ** 0020000000000 000000
|
40 - u
’g 35 m
5 30 u
A 25 u
& 20
Q15 n 4 Conventional SA
12 u - = B Optimized by GA
0 n
0 5 10 15 20 25
Order of integration

Figure 4.9 Comparison of the 5k’ of the conventional SA algorithm and the optimum

integration parameters when D,=A.
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Figure 4.10 Comparison of the Q, of the conventional SA algorithm and the

optimum integration parameters when D, = 4.
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Figure 4.11 Comparison of the Ak, of the conventional SA algorithm and the

optimum integration parameters when D,=A.
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Figure 4.12 Comparison of percentage of error of the conventional SA algorithm and

the optimum integration parameters when D,=4.
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For the 3™ case, the D is 24, where the optimum L, is found to be 4.441.

The optimum integration parameters are found to provide the minimum computational
time and the percentage of error less than 1%. The optimum integration parameters in

the &k, and the k, planes are shown, which are found by the GA algorithm. In Table

4.4, the integration parameters on the k. plane is shown by comparing with the
conventional SA algorithm. It is found that the optimum integration parameters
required the tilt angle 36 degree, the integration point is 13 points, and the integration
step size is 0.7A4. In addition, the optimum integration parameters on k, plane are
shown in Figs. 4.13, 4.14, and 4.15. It is obvious that the tilt angle, the integration
point, and the integration step are varied along the k, plane. Moreover, the
computational error along the x axis is shown in Fig. 4.16. The computational error of
the optimum integration parameters is more than the computational error of the

conventional SA algorithm, but it is less than 1%. It is sufficient for the engineering

practice.

Table 4.4 The integration parameters on k, plane of the D, is 21.

No. Parameters Conventional SA | Optimized by GA
1 S, 45 degree 25 degree
2 P 23 19
3 Ak, 0.208 0.129
50
4] 600002000800 g000 00000
40
9 357 ] |
B 301 = .
o (]
a 25 .
&S2C
T & Conventional SA
10- . onventiona
51 " g = - ®m Optimized by GA
0 N |
0 s 10 15 2C 25
Order of integration

Figure 4.13 Comparison of the 5,9 of the conventional SA algorithm and the

optimum integration parameters when D, =21.
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Figure 4.14 Comparison of the O, of the conventional SA algorithm and the
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Figure 4.15 Comparison of the Ak, of the conventional SA algorithm and the

optimum integration parameters when D, =241.
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Figure 4.16 Comparison of percentage of error of the conventional SA algorithm and

the optimum integration parameters when D, =241.
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For the 4" case, the D is 34, where the optimum L is found to be 5.214.
The optimum integration parameters are found to provide the minimum computational

time and the percentage of error less than 1%. The optimum integration parameters in

the k, and the k, are shown, which are found by the GA algorithm. In Table 4.5, the

integration parameters on the &, plane is shown by comparing with the conventional

SA algorithm. It is found that the optimum integration parameters required the tilt
angle 35 degree, the integration point 17 points, and the integration step size is

0.625A. In addition, the optimum integration parameters on k, plane are shown in
Figs. 4.17, 4.18, and 4.19. It is obvious that the tilt angle, the integration point, and
the integration step are varied along the k, plane. Moreover, the percentage of error

along the x axis is shown in Fig. 4.20. The percentage of error of the optimum
integration parameters is more than the percentage of error of the conventional SA

algorithm, but it is less than 1%. It is sufficient for the engineering practice.

Table 4.5 The integration parameters on k_ plane of the D, is 34.

No. Parameters Conventional SA | Optimized by GA
1 2 45 degree 35 degree
2 P 23 17
3 Ak, 0.133 0.625
50
451 & & & & & ¢ O ¢ ¢ ¢ o ‘ ® & 6 6 6 6 O O 0 o o
401
~ 351 . . "
8 u [ a
78 301 ]
~ 25] . -
20] .
ST "
15 - | 4 Conventional SA
107
< - = W Optimized by GA
0 |
0 s 10 15 20 25
Order of integration

Figure 4.17 Comparison of the &, of the conventional SA algorithm and the

optimum integration parameters when D, =34.
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Figure 4.18 Comparison of the @, of the conventional SA algorithm and the

optimum integration parameters when D, =34.
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Figure 4.19 Comparison of the Ak, of the conventional SA algorithm and the

optimum integration parameters when D, =34.
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Figure 4.20 Comparison of percentage of error of the conventional SA algorithm and

the optimum integration parameters when D, =34.
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For the 5% case, the D, is 44, where the optimum L is found to be 64. The

optimum integration parameters are found to provide the minimum computational
time and the percentage of error less than 1%. The optimum integration parameters in

the k, and the k, planes are shown, which are found by the GA algorithm. In Table

4.6, the integration parameters on the &, plane is shown by comparing with the

conventional SA algorithm. It is found that the optimum integration parameters
required the tilt angle 37 degree, the integration point is 8 points, and the integration

step size is 0.3124. In addition, the optimum integration parameters on k, plane are
shown in Figs. 4.21, 4.22, and 4.23. It is obvious that the tilt angle, the integration
point, and the integration step are varied along the k. plane. Moreover, the percentage

of error along the x axis is shown in Fig. 4.24. The computational error of the
optimum integration parameters is more than the percentage of error of the

conventional SA algorithm, but it is less than 1%. It is sufficient for the engineering

practice.
Table 4.6 The integration parameters on k, plane of the D, is 4.
No. Parameters | Conventional SA | Optimized by GA
1 O, 45 degree 37 degree
2 P 23 8
3 Ak, 0.085 0.312
50
45—00‘00000000000000000000
40 o
Y 359
ED 301 n =
8 25 .
(Q-b:' 20- "
15 4 Conventional SA
107 u
5 ® Optimized by GA
%5 5 10 15 20 25

Order of integration
Figure 4.21 Comparison of the 5k’ of the conventional SA algorithm and the

optimum integration parameters when D,=44.
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Figure 4.23 Comparison of the Ak, of the conventional SA algorithm and the

optimum integration parameters when D, =44.
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4.4 Numerical Results
In this section, the numerical results are presented to demonstrate the accuracy
and efficiency of the hybrid MSMM/CG/SA method. Both the uniform and non-

uniform dipole antenna arrays are considered as examples.

4.4.1 Uniform Collinear Dipole Antenna Array
For the first example, the uniform collinear dipole antenna array of 100
elements is analyzed in this section. The array parameters are given as follow:

L, =0.54 and /=1 with radius of 0.0054. Twenty-one PWL basis functions for each

dipole element are employed resulting in N = 2,100 and each element is excited by 1
Volt at the center. Figure 4.25 shows the compared the RMS error between hybrid
MSMM/CG and the hybrid MSMM/CG/SA methods, which they are converged
within the 3 iterations when the RMS error of 107 is employed. However, the RMS
error of the hybrid MSMM/CG/SA method is more than RMS error of the hybrid
MSMM/CG method, which it can be accepted in the engineering practice. Moreover,
the normalized magnitude and the phase of the current distribution are shown in Fig.
4.26, where both the hybrid MSMM/CG/SA and hybrid MSMM/CA. methods provide

identical results.

1.0E+00
. —— Hybrid MSMM/CG
AN — — — Hybrid MSMM/CG/SA
N
) 1.0E-01 e
£ NS
(5] \\
“ 1.0E-02 NN
> N
\\
A
\\\
LOE-03 - — — — — — — N ——
\\J
1.0E-04 |
1 2 3 4

Number of iterations

Figure 4.25 The RMS error of the hybrid MSMM/CG and the hybrid MSMM/CG/SA

methods for uniform collinear dipole antenna arrays of 100 elements.



87

—
B <
o HE Ry
- 0.8 i "éift”'i | !
B .8 e It
= S l)]%“ HH“J
& -2 0.6 [HHTEHERA
E 2
3 T4
N E
: E 02 ——— Hybrid MSMM/CG
8 9 - - - Hybrid MSMM/CG/SA
Z., g o Ui | AR Y AR ARARRSRA NI AR AR RRRR R AR RRANRRRNALDD]
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Index n
(@
70
—————  Hybrid MSMM/CG
TR = = =+ Hybrid MSMM/CG/SA
§ o 65
5 &
° 8
g5
= .S 60
© 5
(] :e ] J. : it
§ _0&_",-; |,x!I (: :: bl :? ‘5‘:‘,;1 N HH IE; A l!;
L il S st il HN i N .‘I\ R
A T 55 it 4 :'(' :1 | !‘ " "f lidadbae t ’le‘x | "(."'} )
50
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Index n
(b)

Figure 4.26 Current distribution of the uniform collinear dipole antenna array of 100

elements. (a) Normalized magnitude of the current distribution, and (b) Phase of the

current distribution.

4.4.2 Uniform Planar Dipole Antenna Array
For uniform planar array, consider the 21x4 uniform planar dipole antenna

array in free space. The array parameters are given as follows: L, =054,
L,; =054 and /=0.54 with radius of 0.0051. Twenty-one PWL basis functions for

each dipole element are employed resulting in N = 1,764 and each element is excited
by 1 Volt at the center. Figure 4.27 shows the compared the RMS error between
hybrid MSMM/CG and the hybrid MSMM/CG/SA methods, where they are
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converged within 6 iterations. However, the RMS error of the hybrid MSMM/CG/SA
method is more than RMS error of the hybrid MSMM/CG method, which it can be
accepted in the engineering practice. Moreover, the normalized magnitude and the
phase of the current distribution are shown in Fig. 4.28, where both hybrid
MSMM/CG/SA and hybrid MSMM/CA methods provide identical results.

1.0E+00

—— Hybrid MSMM/CG
— * Hybrid MSMM/CG/SA

1.0E-01

1.0E-02

RMS error

1.0E-03

1.0E-04 ’

Number of iterations

Figure 4.27 The RMS error of the hybrid MSMM/CG and the hybrid MSMM/CG/SA

methods for uniform collinear dipole antenna arrays of 100 elements.
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Figure 4.28 Current distribution of the uniform collinear dipole antenna array of 100
elements. (a) Normalized magnitude of the current distribution, and (b) Phase of the

current distribution.

4.4.3 Non-uniform Collinear Dipole Antenna Array

For the 26 elements non-uniform collinear dipole antennas, the array
parameters are given as / = 0.54 with radius of 0.0054, and the distance between each
elements are given in Table. 4.7. Only 13 elements are shown due to its symmetrical
structure. Twenty-one PWL basis functions for each element are used resulting in
N = 546 and each element is excited by 1 Volt at the center. Figure 4.29 shows the
compared the RMS error between hybrid MSMM/CG and hybrid MSMM/CG/SA
methods, which they are converged within 7 iterations with a little fluctuation, when
the RMS error of 107 is employed. However, the RMS error of the hybrid
MSMM/CG/SA method is more than RMS error of the hybrid MSMM/CG method,
which can be accepted in the engineering practice. Moreover, the normalized
magnitude and the phase of the current distribution are shown in Fig. 4.30, which it is
found that the hybrid MSMM/CG/SA and the hybrid MSMM/CA methods are

identical.
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APPENDIX B

B. Radiation Pattern

An antenna radiation pattern is defined as a mathematical function of the
radiation properties of the antenna as a function of space coordinates. The field and
power patterns are normalized with respect to their maximum value, yielding
normalized field and power patterns. In this appendix, the radiated field of the half
wave dipole is discussed in detail. One of the most commonly used antennas is the
half-wavelength (/ = 4/2) dipole. Because its radiation resistance is 73 ohms, which is
very near the 50-ohm or 75-ohm characteristic impedances of the transmission lines.
Because of its wide acceptance in practice, we will examine in a little more detail its
radiation characteristics. The electric and magnetic field components of a half-

wavelength dipole can be obtained as follows [6]:

Lo cos(fcosB)
E =7 Oe 2
o = J1 >

B.1
Tr sin @ (B.1)

/4
o ok cos(—z—cosﬁ)

H, = B.2
¢=J 2zr sin & (B2)

In the case of array, enlarging the dimensions of single elements often leads to
more directive characteristics. Another way to enlarge the dimensions of the antenna,
without necessarily increasing the size of the individual elements, is to form an
assembly of radiating elements in an electrical and geometrical configuration. This
new antenna, formed by multielements, is referred to as an array. Inmost cases, the
elements of an array are identical. This is not necessary, but it is often convenient,
simpler, and more practical. The individual elements of an array may be of any form
(wires, apertures, etc.). Ideally this can be accomplished, but practically it is only
approached. In an array of identical elements, there are at least five controls that can

be used to shape the overall pattern of the antenna [6]. These are:
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1. The geometrical configuration of the overall array (linear, circular,
rectangular, spherical, etc.)

2. The relative displacement between the elements.

3. The excitation amplitude of the individual elements.

4. The excitation phase of the individual elements.

5. The relative pattern of the individual elements.

B.1 Two-element array

Let us assume that the antenna under investigation is an array of two
infinitesimal horizontal dipoles positioned along the z-axis, as shown in F igure B.1(a).
The total field radiated by the two elements, assuming no coupling between the

elements, is equal to the sum of the two and in the y-z plane it is given by [6]

. kIl ~ ik —(812)} —Jjlk—(812)]
E =E+E,=a,jn—%1% cosb, +<——cosd,t  (B.3)
4 n r

where f is the difference in phase excitation between the elements. The magnitude

excitation of the radiators is identical. Assuming far field observations and referring
to Figure B.1(b),

6~0,~8 B.4)

n zr——g-cosﬁ (B.S)
d

n zr+;cosl9 (B.6)

Rensr ®.7)
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(b)

Figure B.1 Geometry of a two-element array positioned along the z-axis [6]. (a) Two

infinitesimal dipoles, and (b) Far-field observations.

(B.3) reduces to

E =4 i hole—jb g e*/thdcoso+p)i2 4 g~ I cos0+)12
= Qg JN 4 cosl| e e

._jkr

E,=é,jn klzle cos 9{2 cos [l (kd cos 0 + ﬂ)J} (B.8)
r 2
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It is apparent from (B.8) that the total field of the array is equal to the field of
a single element positioned at the origin multiplied by a factor which is widely
referred to as the array factor. Thus for the two-element array of constant amplitude,

the array factor is given by [6]
AF=200s[%(kdcos6’+,B)] (B.9)
which in normalized form can be written as
(4F) =cosB(kdcoso+ﬁ)} (B.10)

It has been illustrated that the far-zone field of a uniform two-element array of
identical elements is equal to the product of the field of a single element, at a selected

reference point (usually the origin), and the array factor of that array. That is,

E(total) = [ E(single element at refernce point)]x[array factor]  (B.11)

This is referred to as pattern multiplication for arrays of identical elements,

and it is analogous to the pattern multiplication for continuous sources. Although it
has been illustrated only for an array of two elements, each of identical magnitude, it
is also valid for arrays with any number of identical elements which do not

necessarily have identical magnitudes, phases, and/or spacings between them [6].
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