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ABSTRACT

The integration of the finite-difference time-domain (FDTD) method into the
iterative multi-region (IMR) technique, an iterative approach used to solve large-scale
electromagnetic scattering and radiation problems, is presented in this dissertation. The
idea of the IMR technique is to divide a large problem domain into smaller subregions,
solve each subregion separately, and combine the solutions of subregions after introducing
the effect of interaction to obtain solutions at multiple frequencies for the large domain.
Solution of the subregions using the frequency domain solvers has been the preferred
approach as such solutions using time domain solvers require computationally expensive
bookkeeping of time signals between subregions. In this contribution we present an
algorithm that makes it feasible to use the FDTD method, a time domain numerical
technique, in the IMR technique to obtain solutions at a pre-specified number of
frequencies in a single simulation. As a result, a considerable reduction in memory storage
requirements and computation time is achieved.

A hybrid method integrated into the IMR technique is also presented in this work.
This hybrid method combines the desirable features of the method of moments (MoM) and
the FDTD method to solve large-scale radiation problems more efficiently. The idea of this
hybrid method based on the IMR technique is to divide an original problem domain into
unconnected subregions and use the more appropriate method in each domain.

The most prominent feature of this proposed method is to obtain solutions at
multiple frequencies in a single IMR simulation by constructing time-limited waveforms.
The performance of the proposed method is investigated numerically using different

configurations composed of two, three, and four objects.
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1 INTRODUCTION

Solution of large-scale electromagnetic scattering and radiation problems has been
one of the major challenges of computational electromagnetics because the solution of such
problems requires long computation time and large computer memory. One approach to
this problem is to develop a time and memory efficient algorithms by dividing a large
problem domain into smaller unconnected subregions, to solve each subregion separately,
and to combine the solutions of subregions after introducing the effect of interactions
between them to obtain solutions for the large domain. Solutions of the subregions using
the frequency domain solvers has been the preferred approach as such solutions using time
domain solvers require computationally expensive bookkeeping of time signals between
subregions. In this contribution, we present an algorithm that makes it feasible to use the
finite-difference time-domain (FDTD) method in the iterative multi-region (IMR)
technique, a divide and conquer algorithm, to obtain solutions at a pre-specified number of
frequencies.

The decomposition of a problem domain into smaller domains is known as the
domain decomposition method (DDM) [1-28], which in general requires either common
boundaries or overlapping regions between subregions. It is possible to solve each
subregion with the same method such as finite element method (FEM) [3-16] or finite-
difference frequency-domain (FDFD) method [17-23]. IMR is one of such methods that
divides a problem space into smaller subregions. In the case of IMR, a problem space
contains multiple objects with separations from each other, and each subregion contains
one and more of the objects. The subregions do not need to have common boundaries or

overlapping regions.



IMR, as originally introduced by Al Sharkawy et al. [19-22], uses the FDFD
method to solve Maxwell equations in subregions to calculate the scattering from many
objects. This technique requires the solution of the fields in the subregions a number of
times instead of one solution of the complete computational domain at a single frequency.
In this contribution, we adapt the use of the FDTD method instead of the FDFD method,;
as a consequence a problem can be solved at a number of frequencies instead of a single
frequency in a single simulation. In the IMR technique, the scattered fields from subregions
that lead to interactions between the subregions are evaluated in the frequency domain,
thus a frequency-domain to time-domain transformation is needed to convert the scattered
fields into excitation fields as time-limited waveforms in order to excite the FDTD problem
spaces. A key contribution in this research is a time-limited waveform construction (TWC)
algorithm for the iterative interactions between subregions. The TWC algorithm is used to
construct time-limited waveforms which include the desired frequencies of solution with
the required magnitudes and phases in their frequency spectrums.

The iterative procedure in [19-22] is similar to the procedure denoted as the
iterative field bouncing (IFB) method and described briefly by [24]. In [25] and [26], the
iterative method is used to calculate the scattered field from a large perfectly conducting
cavity using integral equations and physical optics, respectively. The DDM using the
FDTD method [27] and using the fast multi-pole method [28] was used to solve a two-
dimensional sparse multi-cylinder scattering problem. Multiple-Region FDTD
(MR/FDTD) proposed in [29] was introduced to solve a sparse modeling problem. In [27],
[28], and [29], the interaction and coupling effects between the objects are not considered

very much because the separation distances between the objects are much larger than the



largest dimension of one object which means that the coupling between the objects is small
enough. Furthermore, some hybrid techniques based on combinations of the method of
moments (MoM), FDFD, and FEM, proposed in [24], [30], and [31], have been used to
calculate scattering from multiple objects achieving a time and memory efficient
algorithms.

In this dissertation, the FDTD method is integrated into the IMR technique to obtain
solutions at multiple frequencies in a single IMR simulation by using the TWC algorithm.
This technique is based on decomposing a large-scale scattering problem into smaller
separated subregions and each subregion is solved using the FDTD method independently.
In each subregion, the scattered electromagnetic fields due to the same original incident
plane wave are captured on the imaginary surface. Then fictitious electric and magnetic
currents are calculated from the scattered fields over the imaginary surface in each
subregion, using the surface equivalence principle [32] in the frequency domain at a finite
number of frequencies. Radiated fields generated by these currents are imposed as the new
excitation fields on the opposing subregions in a new iteration. Since the new excitation
fields are in the frequency domain at a number of frequencies, these fields must be
converted into time-limited waveforms which include the desired frequencies with the right
magnitudes and phases in their frequency spectrum before exciting the FDTD problem
spaces. This procedure between subregions is repeated iteratively until the difference
between two successive steps is less than a convergence criterion value. The most
prominent feature of this technique is to obtain solutions at multiple frequencies in a single

IMR simulation by constructing time-limited waveforms to use in FDTD solutions.



The procedure of the presented technique is also used to analyze large-scale
radiation problems which are difficult to handle using the conventional FDTD method.
This procedure is based on dividing the original problem domain into multiple subregions:
one of them is the source subregion including an antenna, and the others are the scatterer
subregions including scatterer objects. First, the antenna is driven in isolation so that, in
what will be called the 0™ iteration, there is no incident field in the subregion containing
the driven antenna, and the incident fields in all the other subregions consist of the field of
the driven antenna in isolation. Then the solutions of the subregions are combined, after
multiple interactions between subregions, to obtain the solutions for the original problem.
This iterative procedure between subregions is repeated until the difference between two
successive steps is less than a convergence criterion value.

Initially, the scattered field (SF) formulation [33] has been used to excite the FDTD
domains. The SF formulation requires the computation of new excitation fields at all field
points in the problem space. It has been realized that a considerable amount of computation
time is spent for the calculation of the new excitation fields due to the fictitious currents.
Therefore, total-field scattered-field (TF/SF) formulation [34] is used to speed up the
calculation of the new excitation fields. Thus these fields are calculated on the TF/SF
boundary rather than the entire computational domain in subregions. Then an interpolation
process is applied to current points on the imaginary surface and field points on the TF/SF
boundary in subregions. These two techniques provide remarkable reduction in the
computation time of the new excitation fields.

Another contribution presented in this dissertation is the utilization of the IMR

technique as a hybrid procedure which combines the desirable features of the MoM and



the FDTD method. Such a hybrid method has been extensively studied in [35-39] to
simulate the interaction between a linear antenna and a scatterer object. In [35] and [36],
the coupling between subregions is simulated by employing the equivalence principle on
the boundary surface surrounding each subregion. In [37-39], the proposed hybrid method
does not use the equivalence principle on the surface of a subregion which includes an
antenna solved using the MoM. Their iterative approach of a hybrid method provides
solution at a single frequency in a single simulation. In our work, however we integrate
the MoM and the FDTD method into the IMR technique to obtain solutions at multiple
frequencies using the TWC algorithm in a single IMR simulation. The idea of the proposed
hybrid method based on the IMR technique is to divide an original problem domain into
multiple unconnected subregions and use the more appropriate method in each domain.
The interactions between subregions continue until the difference between two successive
iterations is less than a convergence criterion value.

The IMR technique based on FDTD method requires solutions of the fields in the
subregions a number of times instead of one solution of the original complete domain. This
technique effectively reduces the size of the memory requirements. Furthermore, reduction
in the computation time is also achieved if the separation between some subregions is large
and/or coarser grids are used in some of the subregions, which may not be possible to use
if only one domain is used for the solution of the problem. Another feature of the IMR
technique is that it can provide solutions at multiple frequencies to large-scale radiation
and scattering problems that are difficult or impossible to solve in a single domain due to

the large size using the conventional FDTD method.



As a summary the main contribution of the dissertation is the integration of the
FDTD method into the IMR technique by using the TWC algorithm to analyze large-scale
scattering and radiation problems. Thus the solutions of the IMR technique at multiple
frequencies can be obtained by exciting the FDTD problem space with constructed time-
limited waveforms. The second contribution is the hybrid use of the MoM and FDTD
method to obtain solutions at multiple frequencies using the TWC algorithm in a single
IMR run. To prove the validity of the proposed procedures, some scattering and radiation
problems are simulated and good agreements between the IMR solutions and the full
domain solutions are achieved.

In Chapter 2, the integration of FDTD method into the IMR technique is presented
to solve large-scale electromagnetic scattering and radiation problems by using the TWC
algorithm. Chapter 3 and Chapter 4 present numerical results for scattering and radiation
problems using the proposed technique, respectively. Chapter 5 presents the solution of the
hybrid (MoM/FDTD) method integrated into the IMR technique. Chapter 6 concludes the

dissertation.



2 IMR TECHNIQUE USING THE FDTD METHOD

In this chapter, we present the integration of the FDTD method into the iterative
multi-region (IMR) technique. IMR is an iterative approach used to solve large-scale
electromagnetic scattering and radiation problems. The idea of the IMR technique is based
on dividing a large computation domain into smaller unconnected subregions and solving
each subregion separately. Then the solutions of subregions are combined through an
iterative procedure to obtain the solutions for the large domain. Since dividing the original
problem into smaller separated sub-problems reduces the corresponding computational
domain sizes and minimizes the complexity of the problem, a huge saving in memory
requirements is achieved. Furthermore, the computational time reduction is achieved if the
separation between the subregions is large and/or coarser grids are used in some of the
subregions, which may not be possible to use if a single domain is used for the solution of
the original large problem.

IMR is essentially a frequency domain procedure as it uses the frequency domain
analysis methods such as FDFD, FEM or MoM to calculate scattered electromagnetic fields
in subregions. A similar procedure that uses a time domain method for subregions field
calculations can be developed. However, it would require computationally expensive
bookkeeping of time signals between subregions and it would not be feasible. In this
contribution we present an algorithm that allows to use the FDTD method, a time domain
numerical technique, in the IMR technique to achieve solutions at a pre-specified number
of frequencies.

The most prominent feature of this presented technique is a time-limited waveform

construction (TWC) algorithm that is used to synthesize a time-limited waveform. The
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synthesized waveforms are used to excite the subregions as incident fields, thus enabling
the use of a time domain method, i.e. the FDTD method in this contribution, to calculate
the scattered fields in the subregions.

Once it is possible to use the FDTD method to solve subregions, a single run of
FDTD solution is sufficient for each subregion to calculate the scattered fields at all
frequencies of interest as opposed to running multiple FDFD or MoM solutions. Together
with other benefits of the IMR procedure, the presented algorithm can lead to considerable
reduction in the memory storage requirements and computation time especially when there
is a larger distance between the subregions.

In this chapter, first, we present a summary of the IMR procedure as it utilizes the
FDFD method. Next we introduce the integration of the FDTD method into the IMR
technique for scattering and radiation problems. The details of the TWC algorithm and

speeding up techniques are also presented here.

2.1 Iterative Procedure Using the FDFD method

The IMR technique was first presented as a frequency domain method where the
FDFD method is employed to calculate scattered fields in the subregions of an original
large scattering problem. In the procedure of the IMR technique, the original problem
domain, as shown in Figure 2.1, is divided into several unconnected subregions, each
subregion including a scatterer object. The subregion boundaries are terminated by
absorbing boundaries to simulate an open space problem. In this contribution an absorbing
boundary formulation known as perfectly matched layers (PML) [33] is used to terminate

subregion boundaries as illustrated by solid lines in Figure 2.1.
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Einc Einc
PML Boundary Einc PML Boundary
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(b)

Figure 2.1: Scattering from multiple objects: a) original problem and b) subregions.
(dotted line: imaginary surface and dashed line: TF/SF boundary)

The iterative procedure between D numbers of subregions is shown in Figure 2.2.
The iterations consist of iteration # 0, iteration # 1, and as many repetitions of iteration # 1
as are necessary. The set of operations described in each iteration is performed D times,

first for d = 1, then for d = 2, and so forth, uptod = D.
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Induced /¥ (w), M¥(w)  Induced /¥ (w), M¥(w) Induced /75 (), Mf(w)
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Figure 2.2: Iterative procedure between subregions.

In the iteration # 0, the scatterer in each subregion is excited by a same incident
plane wave (E™). A method known as the total-field/scattered-field (TF/SF) formulation
[34] is used to impose the incident plane wave on the problem space. The dashed lines
indicate the TF/SF boundary in Figure 2.1. The TF/SF formulation divides the problem
space into two regions. The electromagnetic fields inside the TF/SF boundary are total
fields and the fields outside are scattered fields. The incident plane wave is imposed on the
TF/SF boundary itself. The scattered fields (E3, HJ) due to the incident plane wave are
captured over the imaginary surface in subregion-d. In E and H, the superscript 0 indicates

iteration # 0, the subscript d indicates the d™ subregion. Then fictitious electric and
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magnetic currents (J3, MJ) in (2.1), shown in Figure 2.3, due to the scattered fields are
calculated on the imaginary surface in subregion-d, using the equivalence principle [32].
J3(w) = A x HY(w) and M3 (w) = —A X EJ(w). (2.1)
where fi is the unit normal vector that points outward from the surface. The existence of
the fictitious currents of all subregions obtained in iteration # 0 is denied until iteration # 1

is started.

HE
. E% HY

Imaginary
surface — scatterer

object

Figure 2.3: Imaginary surface in subregion-d.

At the beginning of the iteration # 1, radiated electromagnetic fields
(E}yqa(®), Hiaq a(w)) which are the sum of the fields generated by the fictitious currents
in other subregions are calculated on each field point of the TF/SF boundary in subregion-
d, using near-field to near-field (NF/NF) transformation [32]. Details of NF/NF

transformation are provided in Appendix A.

Erlad,d(w) = 231=1 Ey (]3' (w),Mfi’/ (a))), (2.2a)
a'=d

Hsqa(@) = S5y Hy (J3 (@), My (), (2.2b)
d'=d

where E, and H, are the electromagnetic fields radiated by the combination of the
fictitious currents obtained on the imaginary surface in subregion-d’ in iteration # 0. The
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term for which d = d’ is omitted from the summation because the scatterer in subregion-
d is inside the imaginary surface in subregion-d where (jg(w),Mf}(w)) radiates no field.

Then these radiated fields in (2.2) are used as the new excitation fields for the subregion-
d. The new excitation fields on the TF/SF boundary in subregion-d start a FDFD procedure
whose solution on the imaginary surface in subregion-d is used to obtain the scattered
electromagnetic fields. This cycle of iterations is processed until a convergence (stopping)
criterion is achieved.

In the IMR technique using the FDFD method, all fields and fictitious currents are
defined in the frequency domain at a single frequency. Here we propose to use FDTD
method instead of the FDFD method for the solutions in the subregions. Still the fictitious
currents on the imaginary surfaces can be obtained in the frequency domain and NF/NF
transformation can be performed in the frequency domain to calculate the excitation fields.
When the FDTD method is used instead of the FDFD method, the new excitation fields

can be in the frequency domain at a number of frequencies instead of a single frequency.

2.2 lterative Procedure Using the FDTD method

In this contribution, we adapt the use of the FDTD method to solve each subregion
independently; as a consequence a problem can be solved at a number of frequencies
instead of a single frequency. As in the IMR technique based on the FDFD method the
excitation fields are calculated in the frequency domain, thus a frequency-domain to time-
domain transformation is needed to convert the calculated excitation fields into time-
limited waveforms in order to use these waveforms to excite the FDTD problem spaces. A
key contribution in this research is a TWC mechanism for the iterative interactions between

12



subregions. Therefore, an algorithm is developed to construct time-limited waveforms. The
TWC algorithm is presented in the next section. In this section, we discuss the integration
of the FDTD method into IMR to solve large-scale scattering problems.

The scattering problem illustrated in Figure 2.1 is divided into D number of
unconnected subregions. There is a scattering object in each subregion. The subregion
boundaries are terminated by convolution perfectly matched layers (CPML) [33] indicated
by solid lines in Figure 2.1. The iterative procedure between subregions, solved using the
FDTD method, is shown in Figure 2.4. The iterations consist of iteration # 0 and iteration
# k for {k=1, 2,---, K} where K is an integer depending on how many iterations are
necessary. In the rest of this chapter, fields in the time domain are indicated by lowercase
letters, whereas fields in the frequency domain are indicated by capital letters.

At the beginning of the iteration # 0, the scatterer in each subregion, isolated from
the scatterers in all other subregions, is illuminated by the same incident plane wave whose

electric field, e™°(r, t), can be expressed as

e (r, ) = (Egf + Ey®)g (¢t - to) =2 (-1 = 1y) ). (2.3)
where Eg and E4 are the components of the incident electric fields, ¢, and ryare the time

and spatial shift, g is a Gaussian waveform, c is the speed of light, k is a unit vector that is
constant and is in the direction of propagation, and r is a position vector for a given point
in the problem space.

In iteration # 0, the set of operations described in the remainder of this paragraph
is performed D times, first for d=1, then for d =2, and so forth, up to d=D. The incident
plane wave in (2.3) imposed on the TF/SF boundary in subregion-d starts a FDTD

procedure whose solution on the imaginary surface is used to obtain the scattered fields.
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The scattered electric and magnetic fields ((egcat,d)", (h2...a)™) at every point of the

imaginary surface are captured at every time step of the FDTD time-marching loop.

Iteration # 0

Iteration # 1 <

/ einc (I‘, t)

/ e"(r, 1)

Subregion-1
Induced
J2 (@), M ()
due to e'™¢

Subregion-2
Induced

J3 (@), M3 ()
due to e'"¢

Iteration # k <

Subregion-1
Induced
J1 (@), M{ (w;)
due to c}(t)

Subregion-2
Induced
J3 (@), M3 (w;)
due to c3(t)

| G

Subregion-1
Induced

J¥ (w;), M (w;)
due to cf(t)

Subregion-2
Induced

J5 (@), M§ (w;)
due to ck(t)

(@)

/ e"(r, t)

Subregion-D
Induced

JB (@), M3 (w;)
due to e'™¢

T

Subregion-D
Induced
Jb (@), Mj(w;)
due to c}(t)

Subregion-D
Induced
J5 (@), Mf(w;)
dueto cf(t)

NE/NF

Calculate the radiated electromagnetic fields in (2.6)
from the fictitious currents in (2.5) of other subregions

for all frequencies of interest.

b 2

TWC

Construct time-limited waveforms, cX(t), in (2.7) from
the radiated electromagnetic fields in (2.6).

(b)

Figure 2.4: a) Iterative procedure between subregions and b) NF/NF-TWC algorithm.

14



In each e, and hg,,; the superscript 0 indicates iteration # 0 and the subscript d indicates
the d™ subregion. During each time step of the FDTD time-marching loop, the equivalence
principle is used to obtain the fictitious electric and magnetic currents in (2.4) from the
scattered electric and magnetic fields captured over the imaginary surface.

O™ =i X (hr)™ and (MQ)™ = —fi X (gear,a)™ (2.4)
where fi is the unit normal vector that points outward from the surface, n is the current time
step, (j)™and (m3)™ are the fictitious currents calculated on the imaginary surface of the
subregion-d in iteration # 0 at n™® time step. These current values in the time domain are
then converted into currents in the frequency domain using the “on-the-fly” Numerical
Fourier Transform (NFT) [33] while the FDTD time-marching loop is running such that

Ja(w) = Jq(w;) + At(jg)re ™/ @mst, (2.58)

MJ(w;) = Mg(wy) + At(mg)te ™/ ®inht, (2.5b)

where w; is one of the frequencies of interest, At is the duration of a time step, and /3 (w;)

and M3 (w;) are the fictitious currents obtained in the frequency domain at the frequency

w;. At the start of the first time step, J$(w;) = M2 (w;) =0 in (2.5). For each frequency of

interest, the NFT in (2.5) is performed for all frequencies of interest. The existence of all
the fictitious currents obtained in iteration # 0 is denied until iteration # 1 is started.

In iteration # 1, the set of operations described in the remainder of this paragraph

is performed D times, first for d=1, then for d=2, and so forth, up to d=D. At the beginning
of the iteration # 1, radiated electromagnetic fields (E}ad,d (@), H}ga.a (wi)) in (2.6) which

are the sum of the radiated fields generated by the fictitious currents in other subregions

are calculated on each field point of the TF/SF boundary in subregion-d, using the NF/NF
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transformation presented in Appendix A. For each frequency of interest, the NF/NF

transformation is performed with the corresponding frequency value.

Elaaa(©) = X0y B (J3 (00, MY (@), (2.62)
d'=d

H}aga(@) = Zhi_y Har (J (@), MY (@), (2.6b)
d'+d

where E,; and H, are the electromagnetic fields radiated by the combination of the
fictitious electric and magnetic currents obtained on the imaginary surface in subregion-d’
in iteration # 0. The term for which d = d' is omitted from the summation because the

scatterer in subregion-d is inside the imaginary surface in subregion-d where
(jg(wl-), MY (wi)) radiates no field. Then these radiated fields in (2.6) are used as the new

excitation fields for the subregion-d. Since the new excitation fields are in the frequency
domain at a number of frequencies and cannot be used to start a FDTD procedure in
subregions, these fields must be converted into time-limited waveforms, ¢} (t) in (2.7),
before exciting the subregion-d. Therefore, TWC algorithm is used to construct time-
limited waveforms from the new excitation fields.

ci(t) = TWC{EN, (Elaga (@) 8(w — @), Higg a (@) (w0 — )}, (2.7)
where N is the number of frequencies of interest and ¢ is the Dirac delta function. Then
the constructed time-limited waveforms in (2.7) imposed on the TF/SF boundary in
subregion-d start a FDTD procedure whose solution on the imaginary surface in subregion-
d is used to obtain the scattered electromagnetic fields. The scattered electric and magnetic
fields ((elcata)™ (hicerq)™) at every point of the imaginary surface in subregion-d are

captured at every time step of the FDTD time-marching loop. Finally in iteration # 1, during
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each time step of the FDTD time-marching loop, the fictitious electric and magnetic
currents are calculated from the scattered fields on the imaginary surface as
i)™ = A % (hicar,a)" and ()" = A X (elcara) (28)
These time domain current values are then used in “on-the-fly” NFT such that
Ja(wp) = J3(w) + At(jg)" e Jwmat, (2.92)
M(w;) = Mi(w;) + At(m})"e J@imAt, (2.9b)
The NFT in (2.9) is performed for each frequency of interest. The existence of all the
fictitious currents obtained in iteration # 0 is denied until the first repetition of iteration #
1 is started.
Iteration # 1 is repeated K-1 times until a convergence (stopping) criterion is
achieved. The iterations are terminated when the Euclidean norm of the difference in the
fictitious electric and magnetic currents from one iteration to the next iteration is small

over the imaginary surface in each subregion at each frequency of interest.

In order to check the convergence of the IMR solutions, the Euclidean norm (ejik)
of the difference between the k'™ and (k—1)" iterations in the x-component of the fictitious
electric current ([,‘Zk(wl-)) over the imaginary surface of the subregion-d is defined as
follows;

e = max; ”]gk(wi)_]’t‘i(k—l)(wi)”
o = T2 [

x 100 %, (2.10)

where N is the number of desired frequencies, and d is the subregion number. In this
expression, ||:|| refers to the I2-norm and also known as the Euclidean norm [40]. The

average of s]‘ik in (2.10) over all subregions is given by

ijk = average (Sff‘k)' d = 1;2; rD (211)
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Similarly, the Euclidean norm of difference for other J and M currents
(gfyk’EJZk’EMxk’EMyk’EMZR) are calculated from (2.10) and (2.11). The average norm of

difference of the fictitious currents is the convergence ¢, for the k™ iteration and defined

as follows;

&, = average (Eka' €1yt €z EMy, s EMy, 0 EMzk). (2.12)

Based on the numerical experiments, 5 % is found sufficient to indicate that

convergence & is achieved since RCS values at desired frequencies do not change
significantly for smaller values.

Once the convergence (&) in (2.12) reaches the convergence criterion value, the

IMR iterations are completed and the total fictitious currents coming from all iterations are

calculated in (2.13) for each subregion.

Ja(wy) = TEZ5JE (@), and Mg (w;) = X525 Mg (@), (2.13)
where J,;(w;) and M, (w;) are the total fictitious currents at frequency w; in subregion-d,
and K is the total number of iterations. The far-field terms (L3 (w;), L% (w;), N§ (w;), and
Ng(wl-)) from the total fictitious currents in (2.13) are calculated for subregion-d, using
the near-field to far-field transformation [33]. Then the total far-field terms
(Lo (wy), Ly(w;), Ng(w;), and Ny (w;)) in (2.14) are the sum of the far-field terms from all
subregions.

Lo(w;) = Xh-1 Lg(w;) and Ly () = Xg—; LG (w)). (2.14a)

Np(w;) = Xg=1 N§ (@) and Ny (w;) = Xg-1 N (@y). (2.14b)
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At the end of the algorithm, these total far-field terms in (2.14) are used to obtain
the components of the bistatic radar cross-section (RCSg and RCSy) which are expressed

at each frequency of interest in the following form;

k;? 2
RCSg(w;) = ————|Lg(@;) + noNg(w)|", (2.153)
87N Pinc(wi)
ki? 2
RCSy (@) = g |Lo(w;) = noNg (w))|”, (2.15b)

where 7, is the intrinsic impedance of the free space, k; = w;/ o€, is the propagation

constant in free space, and P;,,.(w;) is the power per unit area carried by the incident plane

wave. The Py,.(w;) can be calculated as
Pinc(@p) = — |E™(w))|” (2.16)
1nc(wl) 27,’0 (wl) ’ '

where E'™(w,;) is the NFT of the incident electric field waveform (e'"¢) of (2.3) at
frequency w; for which the RCS is sought.

To prove the convergence of the solutions for the problem, a normalized average
error is calculated at each iteration to provide more information related to the convergence
of the full domain solution. Once the number of iterations used within the IMR technique
increases, the error decreases and the solution of the IMR technique converges to that of
the full domain. The level of the final error depends on the simulated problem. The
normalized average error at each iteration is defined as

|[RCS™MR (0)—RCSFP (w))|
max(|RCSFP (w))|)

Error(w;) = average( ) X 100 %, FD: Full Domain. (2.17)

Since a single run of the IMR technique using the FDTD method provides solutions
at multiple frequencies, numerical results at multiple frequencies are presented to prove the

validity of the IMR technique based on the FDTD method in Chapter 3.
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2.3  Time-Limited Waveform Construction (TWC) Algorithm

As discussed before, when proceeding to a new IMR iteration, radiated
electromagnetic fields in (2.6) are calculated at every field point on the TF/SF boundary of
each subregion due to the fictitious currents calculated in the previous iteration on the
imaginary surface of other subregions. These fields are considered as the new excitation
fields for subregion-d and there are N number of field components for each field point in
the frequency domain, where N is the number of frequencies in consideration. These
excitation field components need to be combined and transformed into the time domain to
excite the FDTD problem. Here we propose an algorithm to construct time-limited
waveform, i.e. ¢} (t) in (2.7), which includes the required magnitudes and phases of time-
harmonic signals of the solution in its frequency spectrum. Then c} () is used to excite the
FDTD problem space during the current iteration of IMR technique. In this section, the
following operations are performed for all subregions {d=1, 2, ---,D} and in all iterations
except iteration # 0.

The constructed time-limited waveform, c}(t), is a Gaussian waveform that is
modulated by a series of cosine waveforms. Each of the cosine terms in the series is related
to one of the desired solution frequencies. The constructed time-limited waveform is then
expressed as

ci(t) = g(©) x XL, (B)g cos(w;t + (6))a), (2.18)
where g(t) is a Gaussian waveform, w; is the desired frequency, N is the pre-specified
number of frequencies, and (B;)} and (8,)} are the unknown coefficients and phases of
the cosine waveform in subregion-d, respectively. The unknown coefficients and phases

of the cosine waveforms, i.e. (B;)} and (6;)}, are to be determined using the known
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magnitudes and phases of the radiated electromagnetic fields in (2.6) at the desired solution
frequencies.
The Gaussian waveform, g(t), and its Fourier transform, G(w), are given
respectively as follows:
g(t) = eCEt)*/), (2.19)
G(w) = T/me™ @) /4g=jwto, (2.20)
where T is a parameter that determines the width of the Gaussian waveform, and t, is the
time at which g(t) is maximum.
The Fourier transform of the constructed time-limited waveform, C}(w), which
equals to radiated electromagnetic fields in (2.6) can be expressed as
Cq(w) = (Z?’:1(Er1ad,d(wi)5(w - wi):Hrlad,d(wi)5(w - wi)))- (2.21)
The Fourier transform of the constructed time-limited waveform, C2(w), can also be
expressed as the Fourier transform of a Gaussian waveform modulated by a series of cosine
waveforms in (2.18).
Ci(w) = Fleg(®)} = Flg(®) x T}, (B)g cos(wit + (6)3)]
= 0.5 (21 (B} |G (@ — w)e/ @i + G(w + w))e I @Vi)). (2.22)
The time-limited waveform, c}(t), is constructed from knowledge of the magnitude and
phase of radiated electromagnetic fields in (2.6) at each of w, w,, -+, wy aNd —w4, —w,,
-+, —wy. From this knowledge, a linear set of equations is constructed using (2.22). This
linear set of equations is then solved for the unknowns (B;)} and (8,)} in (2.18).
Setting w = w,, in (2.22) and, in the resulting equation, taking CJ(w,,) to be

. 1 . .
C3 me’®am, where C(wy,) is a known complex number, we obtain
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Cl pe®am = 0.5 ( N (B [G(wm — w)el 9 4+ G(w,, + wl-)e_j(ei)tli]). (2.23)
We also obtain
€L e /%im = 0.5 ( N (B} [G(—wm — 0)el®a + G(—w,, + wi)e-ﬂ@i)é]). (2.24)
Taking {m=1, 2, ---, N} in (2.23) and (2.24), we obtain a set of 2N linear equations in the
2N complex unknowns (B, )ie/ @, (B,)Le/©®2a, ...  (By)Le/®Wa and (B,)Le/®a,
(B)Le i®2a, ... (By)ie J®Na which are assumed to be independent of each other.
This set of 2N linear equations can then be solved for the 2N complex unknowns.

Once the coefficients and phases of the cosine waveforms in (2.22) are known, the

constructed time-limited waveform can be expressed as

_(Ho)z) y (B)g cos(w;t + (6;)3) + (B2)g cos(wat + (62)3)

ca(® = e( - + -4 (By)g cos(wyt + (0x)3) (2.25)

As an example, let’s construct a time-limited waveform which includes the two
desired frequencies (w; and w,) in its frequency spectrum. The time-limited waveform

which includes two desired frequencies can be written as a function of frequency as

Ch(w) = 0.5 x (T2,(B)E[6(w — w)e/ @i + 6w + w)e 1 ®0a)),
1 . .
= % X [G(w — w,)el®a + G(w + wl)e‘f(el)é]

1 . .
+% X [G(w — w,)el i 4+ G(w + wz)e_J(GZ)%l]. (2.26)

Then, evaluating w at w,, w,, —w4,and —w, in (2.26), one can obtain the following four

equations;

. 1 . .
Cilw=w,) = Cé,lef‘i’}l.l = % [6(0)61(01)111 + G(Zwl)e—J(Gl)é]

1 . .
+ 8226w, — w;)e/ @i + 6w, + w)e ], (2279)
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. 1 . i
Ca(w = ;) = Chpe/*iz = PG, — w)e/ i + G, + wy)e IOV
4 (B2 |6(0)e/®i + G (20,)e 1] (2.27h)
2 2 : '
i 1 , .
Chw = —w;) = C} e 7194 = B2 G(=20,)e/ @i + G(0)e /4]

1 . i
+—(B;)d [G(—wl — w,)el i + G(—w, + wz)e_’(QZ)‘li], (2.27¢c)

. 1 . .
Cilw=—wy) = Cé‘ze_”btlirz = % [G(—a)2 — w,)el @i + G(—w, + wl)e‘f(el)é]

1 . .
+ 8246 (—20,)e @ + G (0)e /@i, (2.27d)
where Cj;, Cg, and ¢g,, ¢, are the magnitudes and phases of Cj(w) at
w, and w, frequencies, respectively, and Gaussian waveform, G(w), at the

corresponding frequencies is calculated in (2.20). This set of four linear equations (2.27)

can be expressed in a matrix form as

1 ,jdy a1
tdae™ 0 GO)  Gwi—w)  GQwy)  Gloy+wy) || Ba
Cé'ze]d)d'z = 05 G(wz — wq) G(0) G(wy + wy) G(2w,) (Bz)zlie](ezh (2 28)
Cl e i%ia T G(—2wy) G(—wi— wy) G(0) G(—wy + w2)||(B,)he 1| .
Céze_jd’fli.z G(—w; — wy) G(—2w3) G(—w; + wy) G(0) (Bz)llie—j(ez)é

Solution of (2.28) yields the coefficients and phases, (B,)%, (B,)}, (8,)%, and (8,)}, of
the cosine waveforms. Then the constructed time-limited waveform is expressed as

ci(t) = et /M) x [(BY) cos(wyt + (61)]) + (B2)g cos(w,t + ()] (2.29)

The presented approach can be extended to construct time-limited waveforms

which include the components with the required magnitudes and phases theoretically at

any number of frequencies. Then these waveforms are used to excite the FDTD problem

spaces to obtain solutions at the frequencies of interest.
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2.4 IMR Procedure for Radiation Problems

In Section 2.2 we show the integration of FDTD method into the IMR technique
for scattering problems. In this section we extend this approach for radiation problems. In
this case the radiation problem domain is divided into multiple subregions: one of them is
the source subregion including an antenna, and the others are the scatterer subregions
including scatterer objects. First, the antenna is driven in isolation so that, in what will be
called the 0" iteration, there is no incident field in the subregion containing the driven
antenna, and the incident fields in all the other subregions consist of the field of the driven
antenna in isolation. Then the solutions of the subregions are combined, after multiple
interactions between the subregions, to obtain the solutions at all frequencies of interest for
the original problem.

For the sake of demonstration, the radiation problem illustrated in Figure 2.5a is
divided into unconnected subregions: a source subregion and scatterer subregions, where
each scatterer subregion contains a scatterer object, as shown in Figure 2.5b. The subregion
boundaries are terminated by CPML indicated by solid lines in Figure 2.5. The dashed and
dotted lines indicate the TF/SF boundary and imaginary surface in Figure 2.5, respectively.
The iterative procedure between subregions of a radiation problem, shown in Figure 2.6,
is similar to the iterative procedure between subregions of a scattering problem, shown in
Figure 2.4, but the only difference is that the antenna in the source subregion is excited by
the near zone source excitation. Radiated fields from the antenna are considered as the
excitation fields for the other subregions including scatterer objects. The iterative
procedure between subregions consists of iteration # 0, iteration # 1, and as many

repetitions of iteration # 1 as are necessary.
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(Source subregion)
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scatterer
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Figure 2.5: Radiation from multiple objects: a) original problem and b) source and
scatterer subregions. (dotted line: imaginary surface and dashed line: TF/SF boundary)

At the beginning of the iteration # 0, first, the source subregion is simulated by the
near zone source excitation. The scattered electromagnetic fields are captured at every
point of the imaginary surface at every time step of the FDTD time-marching loop. Then
the fictitious currents in (2.4) are calculated from the scattered fields over the imaginary
surface in the source subregion. The fictitious currents in the time domain are transformed
to the frequency domain data in (2.5) at the frequencies of interest, using the NFT. The
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radiated electromagnetic fields in (2.6) due to these currents are calculated on the TF/SF
boundaries of the scatterer subregions, using the NF/NF transformation. These radiated
fields are considered as the excitation fields for the scatterer subregions. Since the NF/NF
transformation is carried out in the frequency domain for each frequency of interest, the
excitation fields are in the frequency domain. In order to excite the FDTD problem space,
these fields are converted into time-limited waveforms, c(t), by using the TWC algorithm.
Then the constructed time-limited waveforms in (2.7) from the radiated fields imposed on
the TF/SF boundary of the scatterer subregions start a FDTD procedure whose solution on
the imaginary surface is used to obtain the fictitious currents in the frequency domain from
the calculated scattered electromagnetic fields. The existence of all the fictitious currents
obtained in iteration # O is denied until iteration # 1 is started.

At the beginning of iteration # 1, radiated fields due to the fictitious currents
generated by two scatterer subregions in iteration # 0 are considered as the excitation fields
for the source subregion after converting these fields into time-limited waveforms by using
the TWC algorithm, but now the dipole antenna in the source subregion is inactive because
it behaves like a scatterer. Therefore, a resistor which is equal to internal impedance of the
voltage source is placed at the terminal of the antenna. Then fictitious currents calculated
in the source subregion and those calculated in the scatterer subregions obtained in iteration
# 0 are used to calculate the radiated fields on the field points of the TF/SF boundary in the
scatterer subregions, using the NF/NF transformation. The time-limited waveforms from
these fields are imposed on the TF/SF boundary of the source subregion to start the FDTD
simulation. After iteration # 1 is done, the procedure for the subsequent iterations is the

Same.
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due to ¢, ()
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Induced J3; (w;), Mgy (w;)
due to ¢, (t)

Figure 2.6: Iterative procedure between source subregion and scatterer subregions.

This cycle of iterations is processed until a convergence (stopping) criterion is
achieved. Once the convergence (&) in (2.12) reaches the convergence criterion value, the
IMR iterations are completed and the total far-field terms, Lg(w;), Ly(w;), Ng(w;), and
Ny (w;), are calculated in (2.14) at all frequencies of interest. At the end of the algorithm,
these total far-field terms are used to obtain the components of the radiation patterns [33]
(Gaing and Gaing) at all frequencies of interest expressed as

k2

. 2

Gaing (w;) = WUMM) + 1oNg ()], (2.309)
. k;? 2

Gaing (w;) = mﬂe(wi) — NoNg(w))]|", (2.30b)
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where Py (w;) is delivered power to an antenna determined by the product of the sample
voltage and current provided from the voltage source and can be expressed as
Paet (@) = 5 ReWViora1 (@) orar ()}, (2.31)
where the asterisk ‘*” denotes the complex conjugate, and
Viotar(w) = Xk Vsk(a’i)' Lotar (@) = 2k I;‘(a)i). (2.32)
In (2.32), V& (w;)and I¥(w;) represent the Fourier transform values of the source voltage
and current at the k™ iteration. After each iteration, the total delivered power is calculated
according to the total source voltage and current. Once the convergence criterion is
achieved, the radiation patterns in (2.30) are calculated.
To prove the convergence of the solutions for the problems, a normalized average
error is calculated to provide more information related to the convergence of the full

domain solution. The normalized average error is defined at each iteration as

|GainIMR (wi)—GainFD (wi)|
max(|GainFP (w))|)

Error(w;) = average( ) x 100%. FD: Full Domain. (2.33)

The numerical results at multiple frequencies are presented to prove the validity of

the IMR technique based on the FDTD method in Chapter 4.

2.5 Speeding up Techniques

It has been realized that a considerable amount of the computation time is spent for
the calculation of the excitation fields of the subregions. Therefore, two approaches are
proposed in this work to improve the timing issue: TF/SF formulation, and interpolation

process at current points on the imaginary surface and field points on the TF/SF boundary.
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These two speeding up techniques provide remarkable reduction in the computation time

of the excitation fields. These improvements are discussed in this section.

2.5.1 Total-Field Scattered-Field (TF/SF) Formulation

Initially, we have used the scattered field (SF) formulation [33] to excite the FDTD
problem domains. Since the SF formulation requires the computation of the excitation
fields at all field points in the problem space, a considerable amount of computation time
is spent for the calculation of these fields. Therefore, the TF/SF formulation [34] is used to
speed up the calculation of them. They are calculated on the TF/SF boundary rather than

the entire computational domain in the subregions.

2.5.2 Interpolation Process

An interpolation process can be simply described as an averaging process. The
interpolation process has been applied to the current points on the imaginary surface and
the field points on the TF/SF boundary in each subregion. This process provides 90 %
reduction in the computation time of the excitation fields.

In the interpolation process at the current points on the imaginary surface, the
average of four neighboring original current points is considered as a new current point for
the calculation of the excitation fields. In Figure 2.7, the small dots on the imaginary
surface are the original current points, whereas the big dots on the surface are the new
current points.

In the interpolation process at the field points on the TF/SF boundary, radiated
fields in all directions (X, y, and z) are calculated at the odd field points, whereas each of

fields at the even field points is simply an average of fields on two successive odd field
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points. Figure 2.8 describes the interpolation process at the field points, for the x direction,
which is to be applied also for the y and z directions on the TF/SF boundary. In Figure 2.8,
the red dots on the boundary are the odd field points where the fields are actually calculated
based on the fictitious currents generated from other subregions, whereas the blue squares
on the boundary show the even field points where each field is the average of the fields on

two successive odd field points.

Newcurrent | .

points \000000_.

Original current __—"

points E—

Figure 2.7: Configuration for the averaging process of current points on the imaginary
surface.

Odd field
points
TF/SF
boundary
0/' e N /
Even field / T ! ! ‘/./.// z
points \\ A
® L ® L 2
b

Figure 2.8: Configuration for the averaging process of field points along the x direction
on the TF/SF boundary.
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3 NUMERICAL RESULTS FOR SCATTERING

PROBLEMS

In this chapter, numerical results of scattering problems are provided to prove the
validity of the FDTD method integrated into the IMR technique. The problems are
simulated to obtain solutions at a number of frequencies. In all simulations, the incident
plane waves are both 8 and ¢ polarized Gaussian waves with arbitrary incident angles (6*
and ¢*). The incident electric field (e™) [33] can be expressed as

e = (Egh + Epd) gu, (3.1)
where g,, is a Gaussian waveform function, Eg and E are the magnitudes of the incident
electric field components, and indicating the polarization types. The incident plane waves
are both 6 and ¢ polarized by assigning Eg=1 and E4=1.

FDTD problem spaces are terminated by eight CPML layers with CPML
parameters [33] of CPML _order: 3, CPML_sigma factor: 1.5, CPML_kappa: 7,
CPML_alpha_min: 0, and CPML_alpha_max: 0.05. In addition to the eight CPML layers,
ten air buffer layers are introduced between the inner CPML boundary and the object. The
specifications of the computer used for the simulations are given in Appendix B.

An algorithm is developed to stop the FDTD time-marching loop and define the
necessary number of time steps for the full domain and IMR simulations. In this algorithm,
the excitation fields are applied to a problem space until the magnitudes of the scattered
electric fields at certain points in the computation domain reach to values less than a
threshold value. In our analysis, the threshold is defined as 5x10* (Volts/meter). Thus the
FDTD time-marching loop is stopped when the scattered fields reach below the threshold.
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3.1 Electromagnetic Scattering from Two Objects-1

The geometry of the first problem illustrated in Figure 3.1 is excited by a ¢ and &
polarized plane wave with 8™°=90° and ¢"°=0° to obtain bistatic RCS for the xy, xz, and
yz plane cuts at 200 MHz, 225 MHz, 250 MHz, 275 MHz and 300 MHz. The separation
between the dielectric ellipsoid and sphere is 0.5 m. The semi-axes of the dielectric
ellipsoid are 0.2 m, 0.2 m, and 1 m along the x, y, and z axes, respectively. The radius of
the dielectric sphere is 0.4 m. The relative permittivity of the dielectric ellipsoid is 2.2,
whereas that of the dielectric sphere is 3. The relative permeability of dielectric objects is
1. The problem space is composed of cells with size 0.02 m in the X, y, and z directions for
the full domain simulation. As for the IMR simulation, a cell size 0.02 m is used in the
subregion containing the ellipsoid, whereas a cell size 0.04 m is used in the subregion
containing the sphere. One of the main features of the IMR technique is the flexibility. It
provides for choosing different cell sizes in each subregion. Figure 3.2 shows the
convergence of the IMR iteration calculated by (2.12). It can be seen that the IMR
algorithm reaches the convergence criterion (ek<5%) after iteration # 2. Figures 3.3-3.8
show the bistatic RCSe and RCS,, for the xy, xz, and yz plane cuts at 200 MHz, 225 MHz,
250 MHz, 275 MHz and 300 MHz. To prove the convergence of the full domain and IMR
technique results, the normalized average errors for RCSg and RCS; in the three plane cuts
are calculated using (2.17) and shown in Figures 3.9-3.10. Simulation parameters and
computer resources used are summarized in Table 3-1 for the full domain solution and the
IMR solution. Comparison shows a considerable reduction in the memory storage

requirements and computation time.
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Figure 3.1: Geometry of the first problem.
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Figure 3.2: Convergence (ex) between iteration steps for the first problem.

Table 3-1: Simulation parameters and computer resources used by the IMR and full

domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 1,250,656 39 - 926
IMR-FDTD 2 602,112 25 2 425
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3.2 Electromagnetic Scattering from Two Objects-2

The geometry of the second problem illustrated in Figure 3.11 is excited by a ¢ and
0 polarized plane wave with 8"¢=90° and ¢™¢=90° to obtain RCS at 200, 225, 250, 275,
and 300 MHz. The separation between the dielectric ellipsoid and conducting rod is 0.5 m.
The semi-axes of the dielectric ellipsoid are 0.6 m, 0.4 m, and 0.4 m along the X, y, and z
axes, respectively. The relative permittivity and permeability of the dielectric ellipsoid are
3 and 1, respectively. The dimensions of the conducting rod are 0.4 m, 0.4 m, and 2 m
along the x, y, and z directions, respectively. The problem space is composed of cells with
size 0.02 m in the X, y, and z directions for the full domain simulation. As for the IMR
simulation, a cell size 0.02 m is used in the subregion of the rod, whereas a cell size 0.04
m is used in the subregion of the ellipsoid. It can be seen from Figure 3.12 that the IMR
technique results converge to the full domain results after iteration # 2. Figures 3.13-3.18
show the bistatic RCSg and RCS, for the xy, xz, and yz plane cuts at each frequency. Good
agreement between the IMR solution and the full domain solution is achieved. To prove
the convergence of the full domain and IMR technique results, the normalized average
errors for RCSy and RCSg in the three plane cuts are shown in Figures 3.19-3.20.
Simulation parameters and computer resources used are summarized in Table 3-2 for the
full domain solution and the IMR solution. Results show a considerable reduction in the
memory storage requirements, but there is no significant change in the computation time.
The computation time would be less and the memory gain would be more for problems

that have large separation between the objects.
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Table 3-2: Simulation parameters and computer resources used by the IMR and full
domain simulation.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 1,457,376 39 — 995
IMR-FDTD 2 633,472 42 2 420
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Figure 3.16: Bistatic RCS,, for xy-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
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Figure 3.18: Bistatic RCS,, for yz-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and e) 300 MHz.
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3.3 Electromagnetic Scattering from Three Objects-1

The geometry of the third problem illustrated in Figure 3.21 is analyzed to prove
the validity of the proposed technique for more than two scatterer objects where more
interaction processes are required between them. Two identical dielectric spheres and a
conducting ellipsoid are placed along the x-axis with 0.5 m separation. The radius of the
dielectric spheres is 0.4 m. The relative permittivity and permeability of the dielectric
spheres are 3 and 1, respectively. The semi-axes of the conducting ellipsoid are 0.2 m, 0.2
m, and 1 m along the X, y, and z axes, respectively. This problem space is excited by a 8
and ¢ polarized plane wave with 1¢=90° and ¢"¢=90°. The problem space is composed
of cells with size 0.02 m in the x, y, and z directions for the full domain simulation. As for
the IMR simulation, a cell size 0.02 m is used in ellipsoid subregion, whereas a cell size
0.04 m is used in other subregions. It can be seen from Figure 3.22 that the IMR algorithm
reaches the convergence criterion after iteration # 2. Figures 3.23-3.28 show the bistatic
RCSe and RCS, for the xy, xz, and yz plane cuts at 200, 225, 250, 275, and 300 MHz. To
prove the convergence of the full domain and IMR technique results, the normalized
average errors RCSp and RCS; in the three plane cuts are shown in Figures 3.29-3.30.
Simulation parameters and computer resources used are summarized in Table 3-3 for the
full domain solution and the IMR solution. Results show a considerable reduction in the

memory storage requirements and computation time.

Table 3-3: Simulation parameters and computer resources used by the IMR and full
domain simulation.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 1,922,496 58 — 1,190
IMR-FDTD 3 777,728 51 2 400
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Figure 3.23: Bistatic RCSe for xy-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and e) 300 MHz.
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Figure 3.24: Bistatic RCSg for xz-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and e) 300 MHz.
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Figure 3.25: Bistatic RCSg for yz-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and e) 300 MHz.
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Figure 3.26: Bistatic RCS,, for xy-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and €) 300 MHz.
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Figure 3.27: Bistatic RCS, for xz-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, ¢)
250 MHz, d) 275 MHz, and €) 300 MHz.
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Figure 3.28: Bistatic RCS,, for yz-plane cuts at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and e) 300 MHz.
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3.4 Electromagnetic Scattering from Three Objects-2

The same geometry of third problem illustrated in Figure 3.21 is simulated as the

fourth problem, but instead of using a conducting ellipsoid, a dielectric ellipsoid with the
relative permittivity of 2.2 is used for a 6 and ¢ polarized excitation with #™°=90°

and ¢"¢=90°. It can be seen from Figure 3.31 that the IMR algorithm reaches the

convergence criterion after iteration # 2. Figures 3.32-3.37 show the bistatic RCSs and

73



RCS, for the xy, xz, and yz plane cuts at 200 MHz, 225 MHz, 250 MHz, 275 MHz, and 300

MHz. A good agreement is achieved between the results generated using the IMR

technique with those generated using the full domain simulation. To prove the convergence

of the full domain and IMR technique results, the normalized average errors for RCSe and

RCS, in the three plane cuts are shown in Figures 3.38-3.39. Simulation parameters and

computer resources used are summarized in Table 3-4 for the full domain solution and the

IMR solution.

20

<
15\

3 4

Iteration Number

Figure 3.31: Convergence () between iteration steps for the fourth problem.

Table 3-4: Simulation parameters and computer resources used by the IMR and full
domain simulation.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 1,922,496 53 — 1,220
IMR-FDTD 3 777,728 48 2 407
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Figure 3.35: Bistatic RCS, for xy-plane cut at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and e) 300 MHz.
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Figure 3.36: Bistatic RCS,, for xz-plane cut at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and €) 300 MHz.
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Figure 3.37: Bistatic RCS,, for yz-plane cut at frequencies: a) 200 MHz, b) 225 MHz, c)
250 MHz, d) 275 MHz, and €) 300 MHz.
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3.5 Electromagnetic Scattering from Four Objects

The geometry of the fifth problem illustrated in Figure 3.40 is analyzed to prove
the validity of the proposed technique for four scatterer objects where more interaction
processes are required between them. Two identical dielectric spheres with the relative
permittivity of 3 are placed along the x-axis with 1.2 m separation and two identical
conducting ellipsoids are placed along the y-axis with 1.2 m separation. The radius of the
dielectric spheres is 0.4 m. The semi-axes of the conducting ellipsoids are 0.2 m, 0.2 m,
and 1 m along the x, y, and z axes, respectively. This problem space is excited by a 8 and
¢ polarized plane wave with 1¢=90° and ¢"¢=0°. The problem space is composed of cells
with size 0.02 m in the x, y, and z directions for the full domain simulation. As for the IMR
simulation, a cell size 0.02 m is used in ellipsoid subregions, whereas a cell size 0.04 m is
used in sphere subregions. It can be seen from Figure 3.41 that the IMR algorithm reaches
the convergence criterion after iteration # 3. Figures 3.42-3.47 show the bistatic RCSg and
RCS, for the three plane cuts at 200 MHz, 225 MHz, 250 MHz, 275 MHz and 300 MHz.
To prove the convergence of the full domain and IMR technique results, the normalized
average errors for RCSg and RCS; in the three plane cuts are shown in Figures 3.48-3.49.
Simulation parameters and computer resources used are summarized in Table 3-5. Results
in the table show a considerable reduction in the memory storage requirements, but the
computation time of the IMR algorithm is more than that of the full domain solution
because the objects are close to each other. The computation time would be less and the

memory gain would be more for problems that have large separation between the objects.
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Figure 3.40: Geometry of the fifth problem.

Table 3-5: Simulation parameters and computer resources used by the IMR and full
domain simulation.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 3,345,556 132 — 1,780
IMR-FDTD 4 1,078,784 164 3 425

0 —
1 2 3 4 5 6 7
Iteration Number

Figure 3.41: Convergence (ex) between iteration steps for the fifth problem.
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Figure 3.47: Bistatic RCS, for yz-plane cut at frequencies: a) 200 MHz, b) 225 MHz, c)
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4  NUMERICAL RESULTS FOR RADIATION

PROBLEMS

In this chapter, numerical results of radiation problems including an antenna and
scatterer objects are analyzed to prove the validity of the FDTD method integrated into the
IMR technique. In all simulations, the problems include a 0.5 m dipole antenna. First, the
dipole antenna is driven in isolation so that, in what will be called the 0" iteration, there is
no incident field in the subregion containing the driven antenna, and the incident fields in
all the other subregions consist of the field of the driven antenna in isolation. The driven
antenna is active for the simulation of original problem and that of the IMR algorithm in
iteration # 0, whereas the driven antenna is inactive in the IMR algorithm for other
iterations. The active and inactive dipole antenna shown in Figure 4.1 are configured as
two rectangular rods with square base of side length equal to 31.25 mm. The thickness of
the dipole is four cells in both x and y direction. A voltage source with 50 Q internal
impedance and 1 Volt (V) magnitude is placed along four cells between the rods. A cell
size of 7.8125 mm is used for the antenna.

The antenna is simulated alone using the FDTD method to determine the frequency
bands in which it radiates well. The frequencies 230 MHz, 240 MHz, 250 MHz, 260 MHz,
and 270 MHz are found to be in the band of operation. Figure 4.2 shows the magnitude of
the reflection coefficient of the dipole antenna.

For all of the examples presented in this chapter the FDTD problem spaces are
terminated by eight CPML layers with the CPML parameters [33] CPML_order: 3,

CPML_sigma_factor: 1.5, CPML_kappa: 7, CPML_alpha_min: 0, and
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CPML_alpha_max: 0.05. In addition to the eight CPML layers, ten air buffer layers are
introduced between the inner CPML boundary and the objects inside the problem spaces.
A cell size of 7.8125 mm is used for the full domain simulations and the subregion
containing the antenna in the IMR simulations, whereas a cell size of 15.625 mm is used
for the scatterer subregions in the IMR simulations. The specifications of the computer

used for the simulations are given in Appendix B.

50 Q 4 cells 50 Q 4 cells
v (31.25 mm) (31.25 mm)

(@) (b)

Figure 4.1: a) Configuration of the 0.5 m active dipole antenna and b) Configuration of
the 0.5 m inactive dipole antenna.

An algorithm is developed to stop the FDTD time-marching loop and define the
necessary number of time steps for the full domain and IMR simulations. In this algorithm,
the excitation fields are applied to a problem space until the magnitudes of the scattered
electric fields at certain points in the computation domain reach to values less than a
threshold value. In our analysis, the threshold is defined as 5x10* (Volts/meter). Thus the

FDTD time-marching loop is stopped when the scattered fields reach below the threshold.
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Figure 4.2: Magnitude of the reflection coefficient of a single 0.5 m dipole antenna.

4.1 Radiation from a Dipole Antenna in the Presence of an

Object

The geometry of the first problem, as illustrated in Figure 4.3, consists of two
objects; a 0.5 m dipole antenna placed a distance of 0.2 m away from a conducting L-
shaped box along the x direction. The dimensions of the conducting L-shaped box are given
in Figure 4.3. Figure 4.4 shows the convergence of the IMR iteration calculated by (2.12).
It can be seen that the IMR algorithm reaches the convergence criterion (ek<5%) after
iteration # 2. Figures 4.5-4.7 show the radiation patterns (Gaine) of the configuration for
the three plane cuts, i.e xy, xz, and yz planes, respectively. Figures 4.8-4.10 show the
radiation patterns (Gainy) of the problem for the three plane cuts. The radiation patterns
show a good agreement between the results generated using the IMR technique with those
generated using the full domain simulation after iteration # 2. To prove the convergence of
the IMR and the full domain results at the frequencies of interest, the normalized average
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errors for Gaing and Gain, in the three plane cuts at each frequency of interest are calculated

using (2.33) and shown in Figures 4.11-4.12, respectively. Simulation parameters and

computer resources are summarized in Table 4-1. Results in the table show a considerable

reduction in the memory storage requirements, but the computation time of the IMR

algorithm is more than that of the full domain solution because the objects are close to each

other. The computation time would be less and the memory gain would be more for

problems that have large separation between the objects.

e N

Dipole Antenna

(0.5 m)
______ > X
N
Y
. Separation
ys" (0.2m)

Conducting
L-shaped box

Figure 4.3: Geometry of the first problem.

15m

7F 15m

Table 4-1: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 10,389,504 143 — 3,850
IMR-FDTD 2 1,919,296 171 2 700
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Figure 4.4: Convergence (ex) between iteration steps for the first problem.
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Figure 4.5: Radiation pattern (Gaine) for xy-plane cut at frequencies: a) 230 MHz, b) 240
MHz, ¢) 250 MHz, d) 260 MHz, and e) 270 MHz.
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Figure 4.6: Radiation pattern (Gaine) for xz-plane cut at frequencies: a) 230 MHz, b) 240
MHz, ¢) 250 MHz, d) 260 MHz, and e) 270 MHz.

0 T
L i
7 N A e P
-10 '/; \\“ /{:“-\- o e TN
~ /7, \‘\ ” - \\
% 15 b 6 \\th ’, \
g 20 Full FDTD LA 3
O b |———-o0iter Wy :\:‘
5l ¥ i RN 1 iter ; .
-30 \:f' 2. iter
_35 | |
0 60 120 180 120 60 0

0 (degrees)

108



(b)

(©

(d)

Gain9 (dB)

0

Gain_ (dB)

Gaine (dB)

0 )
-5 /‘//" e ‘\ :\‘ dv-
10 Jr A\Y /C‘\L:“;"Tﬂ\.:\
4 W\ ‘v N\
f 3\ o \
/ O\ \
j ~Np Ful FDTD |
201 h '% ] —===0. iter R\
f
_25 \Y&’, S— 1 Iter \\:\‘
N V 2. iter )
-30 i | |
0 60 120 180 120 60 0
0 (degrees)
0 !
s m
- # >
; "\ /:\-—/A
110 / A\ A et ‘:}
4 Y 4 \
4 ) / \
-15 v N\ /\ - A\
/| \\1,7 \\\ I, \
20 ;’ FUlFDTD| ~ A
) —===0. iter ! R\
-25 'l lllllll l. Iter ‘\
2. iter fj
-30 T T i
0 60 120 180 120 60 0
0 (degrees)
[N
N\
\
\
\!
Full FDTD \\
—==-0.iter W
....... 1 |ter ““;:
2. iter
-30 i | I
60 120 180 120 60 0

0 (degrees)

109



~—~
D
N—r

Gain9 (dB)

® ;":‘ - ::& P e
/4 = PN
-10 / \‘t\ ///: ez \
/ , %\ r~/ l \\
4 \
o // k2 //“}‘% L{/‘-" Full FOTD |
/A —— e .

20 A , 0. ?ter

//7, {] ....... 1. iter
25 ‘E 2. iter
-30 |

0 60 120 180 120 60

0 (degrees)

Figure 4.7: Radiation pattern (Gaine) for yz-plane cut at frequencies: a) 230 MHz, b) 240
MHz, c¢) 250 MHz, d) 260 MHz, and e) 270 MHz.

~—
&

(b)

Gain (dB
aln(l)( )

Gain¢ (dB)

'15 ‘,«‘f'ﬁ't\x
v £ o= N
_20 !/f_ﬁ:‘:\ y ;/ ‘“~ :5\
NN A o) e
) \“ \‘\ //\ PEION /»‘\ 7o
‘I - ~ \ N 74
e 1T \\J 7 A\
20 }‘I/, R 3 ”" N DI AN\ W L
Full FDTD ‘a h i i
-35 .
====0. iter “"IJ ‘ j
_40 ....... 1 Iter ]
2. iter V
-45 '
0 60 120 180 240 300 360
¢ (degrees)
R
27 TTITNN
a BN /
B i N\ R S /1
Y UASSOA 7
30 “ ) 4 e Nt W 4
- \I - \\ vy 7’
Full FDTD W i
_35 . \/
—-===-0. iter !
_40 ....... l Iter ;
2. iter
-45 '
0 60 120 180 240 300 360

¢ (degrees)

110



¢

(©)

Gain, (dB)

¢

(d)

Gain, (dB)

¢

~—
()
N—r

Gain, (dB)

PR
/N
FAd Wy
F Al AR
/ ~
(4 W F
/) \\\ . 4
(/] i\ \ 2oaa, i
‘\‘ﬁ “‘w\ ASF7ENY 0 W4
A . i NS
-30 %i Full FDTD \~’\V" &, D = 4
. v bd
====0. iter N,
_35 ....... 1 Itel’
2. iter
-40 .
0 60 120 180 240 300 360
¢ (degrees)
-15 PR N
g
AN N
20 .;ﬂrm-: N .f/ \:*\\
Fig A\Y ] NS
/ A\ U N\
1 \X '{ R\Y
-25 &1 %
i %
W |
_ \d ) ‘
30 S Full FDTD
===-0. iter
EC10) s s 1. iter
2. iter
-40 '
0 60 120 180 240 300 360
¢ (degrees)
-15 T :
=TI, Full FDTD
04‘4.";;\:¢ Y /, \\‘.’ - - .= - 0 |ter
R P A 2 R g
'7; \t‘ '7,,/ \\{{\‘ ....... l iter
7 \e . It
25 3 f \f‘_‘ 2. iter e /f
1 . TN
T r
S IR
c N A \*&;,
-35 SNz vl
-40
0 60 120 180 240 300 360

¢ (degrees)
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Figure 4.9: Radiation pattern (Gainy) for xz-plane cut at frequencies: a) 230 MHz, b) 240
MHz, ¢) 250 MHz, d) 260 MHz, and e) 270 MHz.
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Figure 4.10: Radiation pattern (Gainy) for yz-plane cut at frequencies: a) 230 MHz, b)
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Figure 4.11: Normalized average errors for Gaing components in the three plane cuts: a)
xy-plane, b) xz-plane, and c) yz-plane.
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4.2 Radiation from a Dipole Antenna in the Presence of Two
Objects-1

The geometry of the second problem is presented in Figure 4.13a where a 0.5 m
dipole antenna is placed a distance of 0.5 m away from two conducting boxes (box-A and
box-B) along the x direction. The separation between boxes is 1 m. The dimensions of the
box-A are 0.25 m, 1 m, and 1 m along the x, y, and z directions, respectively. The
dimensions of conducting box-B on the yz-plane is shown in Figure 4.13b. The thickness
of box-B along the x direction is 25 cm. The idea of this problem is to prove the validity of
the presented technique for more than one scatterer subregion. It can be seen from Figure
4.14 that the IMR algorithm reaches the convergence criterion after iteration # 4. Figures
4.15-4.20 show the radiation patterns (Gaing and Gaing) of the configuration for the three
plane cuts. Good agreement with the full domain results is achieved for the three plane cuts

after iteration # 4. To prove the convergence of the results of the IMR and the full domain,
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the normalized average errors for Gaing and Gaing in the three plane cuts at the frequencies
of interest are shown in Figures 4.21-4.22, respectively. Simulation parameters and
computer resources are summarized in Table 4-2. Results in the table show a considerable
reduction in the memory storage requirements, but the computation time of the IMR
algorithm is more than that of the full domain because of small separation between the
objects. The computation time would be less and the memory gain would be more for

problems that have large separation between the objects.

Dipole antenna Conducting box-B

Conducting box-A (0.5m)

(Dx=0.25 m, Dy=1 m, D,=1 m)

-
-
-

40cm

=—————— N

40 cm 50 cm

155 cm 75cm

(b)

Figure 4.13: a) Geometry of the second problem and b) Geometry of the conducting box-
B on the yz-plane.
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Table 4-2: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 13,311,552 345 — 4807
IMR-FDTD 3 1,699,200 456 4 705
40
1\
30 \
€ 20 \
10 \\
0 ‘\0\0\.;
1 2 3 4 5 6 7

Iteration Number

Figure 4.14: Convergence (k) between iteration steps for the second problem.
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4.3 Radiation from a Dipole Antenna in the Presence of Two
Objects-2

The same geometry of the second problem illustrated in Figure 4.13 is simulated as
third problem with 2.5 m separation between boxes. The idea of this problem is to prove
that the IMR algorithm convergences fast when the separation between the objects is large.

It can be seen from Figure 4.23 that the IMR algorithm reaches the convergence criterion
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after iteration # 3. Figures 4.24-4.29 show the radiation patterns (Gaine and Gaing) of the
configuration for the three plane cuts. Good agreement with the full domain results is
achieved after iteration # 3. To prove the convergence of the results of the IMR and the full
domain, the normalized average errors for Gaing and Gainy in the three plane cuts at the
frequencies of interest are shown in Figures 4.30-4.31, respectively. Simulation parameters
and computer resources used are summarized in Table 4-3. The results in the table show a

considerable reduction in the memory storage requirements and also computation time.

20
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S 10
e \
N

5 \

\.\.;
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Iteration Number

Figure 4.23: Convergence (ex) between iteration steps for the third problem.

Table 4-3: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 24,521,280 651 — 8,375
IMR-FDTD 3 1,699,200 360 3 700

132




(@)

(b)

~—
(@)
N—r

¢ (degrees)

6
-~ AN il
4 e 7N N ’
\ /‘\\ IN S Y-~ '5(\ e Y
8 2 \ A y i __________ I_ \/ N I’: ,4__(____0_:_
e BN ik T
) /I
NN f NI A Full FDTD |
O : ; <4 \/’ N&e| = === 0, iter
) vy '_‘ A R S ECEEE R 1. |ter 1
) === 2. iter
4 3. iter
0 60 120 180 240 300 360
¢ (degrees)
Fa
8 of~F e
E k5 NN Full FDTD
3 I Lo —==-0. iter
-4 t/j """" 1. iter
6 : —r=-=2 iter
", 3. iter
8L I
0 60 120 180 240 300 360
¢ (degrees)
6
I e A R‘
3 ; T fe R
7T NS
B “N_7
—~~ O ( \ " = /
g 1/ gV
2 / \ .4 !
-~ 3 w2 s FUll FDTD fereeeeeeie- b
'(cD?s j —==-0. iter |
o [ 1 iter
ol —-=-=2. iter
' 3. iter
12 i i
0 60 120 180 240 300 360

133



5 . -
/ \f\""
3 ot N
o \
K=
(d) = Full FDTD
g —==-0. iter
....... 1 |ter
—-=-=2. iter
3. iter
I I
60 120 180 240 300
¢ (degrees)
S A ~ PFe
ji‘ - \‘;ﬁ i \\,.,i”N\cix
0 b \ ,, \ Y .;/;I \/ %&
/ .’.//
o N y
o Pe v 17
= N N Full FDTD
5%
e) i " LT === 0. ter
© 1 " :ss, .
(@] N 1 . ,{ /B TR 1. iter
| | |IRY.XW — - - ;
-10 v \ /7 2. fter
\ MY 3. iter
v ) T T
0 60 120 180 240 300
¢ (degrees)
Figure 4.24: Radiation pattern (Gaing) for xy-plane cut at frequencies: a) 230 MHz, b)
240 MHz, c) 250 MHz, d) 260 MHz, and €) 270 MHz.
PN ! ~=~a
Wt t g
-5 ‘/ \\\ / \f'__ ‘.f \
/ WY Y
@ 10y Full FDTD [} / » ! |
@ :cp -15 g —==-0. iter } SN E—
g 20 pT‘vl ....... 1. iter I’_:‘\ ‘,‘i ..
25 I: —-=-=2. iter K%N f.”
h 3. iter I 4
-30 i -
35 y
0 60 120 180 120 60 0

0 (degrees)

134



(b)

(©)

(d)

0 l—-\/‘—__\\!’\ oy /'-__‘\
-10 sl

)
o
c” k//" Full FDTD \
T -20F e }
o 0. iter \V
------- 1 Iter ||'
-30 === 2. iter |"
— === 3. iter
-40 : :
0 60 120 120 60 0
0 (degrees)
10

) —
£ Full FDTD \
8 —==-0. iter 'M‘
1. iter \‘l
=== 2. iter
———-3.iter
0 60 120 180 120 60 0

0 (degrees)

Full FDTD

—==-0. iter

1. iter

—-=-=2. iter

———-3.iter

0 120 180 120 60 0
0 (degrees)

Gam9 (dB)
e
o o
O = '9:'?

135



~—
D
N—r

Gam9 (dB)

o
/ \w/\ R/ PN
] M ix: \ k ’/’\ ! \
Full FOTD | {]| \ 3 [/ \ j ‘
====0. iter v i
R e \e v\
|| === 2. iter :
= ==-3. iter /
0 60 120 180 120 60

A
/

0 (degrees)

Figure 4.25: Radiation pattern (Gaing) for xz-plane cut at frequencies: a) 230 MHz, b) 240
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4.4 Radiation from a Dipole Antenna in the Presence of Two
Objects-3

The geometry of the fourth problem is presented in Figure 4.32. This problem
consists of a 0.5 m dipole antenna and two scatterer boxes. The dielectric box and
conducting L-shaped box are placed a distance of 0.5 m and 3 m away from the dipole
antenna on the x-axis, respectively. The dimensions of the dielectric box are 0.5 m, 2.5 m,
and 1 m along the X, y, and z directions, respectively. The relative permittivity of the
dielectric box is 2.2. The dimensions of the conducting L-shaped box are given in Figure
4.32. It can be seen from Figure 4.33 that the IMR algorithm reaches the convergence
criterion after iteration # 3. Figures 4.34-4.39 show the radiation patterns (Gaine and Gaing)
of the problem for the three plane cuts. Good agreement with the full domain results is
achieved after iteration # 3. To prove the convergence of the results of the IMR and the full
domain, the normalized average errors for Gaing and Gain, in the three plane cuts at the
frequencies of interest are shown in Figures 4.40-4.41, respectively. Simulation parameters
and computer resources are summarized in Table 4-4. The results in the table show a

considerable reduction in the memory storage requirements and also computation time.

Table 4-4: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 18,172,512 390 - 6,700
IMR-FDTD 3 1,737,600 267 3 632

145




0.5m

Dielectric box (&= 2.2) _
(Dx=0.5m, Dy=1 m, D,=1 m) Conducting /—H
L-shaped box

Dipole Antenna
(0.5m)

z

0.75m

Separation Separation
(0.5m) (2 m)
0.75m
Figure 4.32: Geometry of the fourth problem.
50
40'\
. 30
< 20 \
10 \
0 =
1 2 3 4 5 6 7

Iteration Number

Figure 4.33: Convergence () between iteration steps for the fourth problem.

146

1m



~—
&

(b)

o)
(@)
N—r

Gaine (dB)

0

Gain_ (dB)

Gaine (dB)

\\
6 \ PSRN
S\ .. —X
S 7 e
2 v, /;\ I
Full FDTD
0 ====0. iter
1. iter
-2 —=r=2 iter
4 ———-3.iter
0 60 120 180 240 300 360
¢ (degrees)
8 N 77
\ Full FDTD P
6 [ ===-0. iter -
\ .
\ A P 5 iter f'
4 \> —=-=3 iter
2 - — “ 4. iter
0 A
-2
-4
0 60 120 180 240 300 360
¢ (degrees)
Full FDTD ,/
====0. iter —f

1. iter

=== 2. iter
== =-3. iter

P

60

120

180
¢ (degrees)

240

360

147



Full FDTD
. iter
. iter
o . iter
d S . iter
(d) o
‘T
? \I\/\[
-2
-4
0 60 120 180 240 300 360
¢ (degrees)
10
Full FDTD
N e
\ ====0. iter 4
\ . P ! .
RN IEEREERE 1. iter 1 g
@ S ‘\ === 2 iter N
= 2 ———-3. iter 5
(e) =< 7 o ;
5 / i
-5
0 60 120 180 240 360

¢ (degrees)

Figure 4.34: Radiation pattern (Gaine) for xy-plane cut at frequencies: a) 230 MHz, b)
240 MHz, ¢) 250 MHz, d) 260 MHz, and e) 270 MHz.

10
\ -
0 AN VAL AN
N s
— \
g \ A
€Y = 10 Full FDTD ‘
'55 —===0. iter || ‘I‘
-20 LN T A T Y 1 T 1' Iter --------- |l ----- _|_
—-=-=2 iter i :
—===3, iter ! ﬂ
.30 I I
0 60 120 120 60 0

0 (degrees)

148



(b)

(©)

(d)

Gain9 (dB)

Gaine (dB)

(dB)

D

Gain

10

N~ \ \
A\
4 7
-10 -y 1 -k
\ AY Full FDTD R
|| 1 ====0. iter] ) |I
. I I i 1|
20§ I L. er T
||| I === 2. iter ]
| . ———— i ]
30 1 . 3. iter '
0 60 120 180 120 60 0
0 (degrees)
10
“=q
obo f2 = EM—al
N \ N
A
-1 1
o Full FOTD | © [~
|| \ ====0. iter lll|
570 ) 2 ML 60 L U SRS S xS | S— P PP 1. iter "l
| |" === 2. iter v
: i ——=-3. iter
-30
0 60 120 120 60 0
0 (degrees)
10
0 P N a7
. s
10 A Full FDTD [
===-0. iter
-20 ....... 1 |ter
=== 2. iter
—==-3. iter
-30 ) '
120 60 0

0 (degrees)

149



10

g — Y7\,
(e) == 10 Full FDTD v tV
£ L .
o 0. fter |\’l
20 1 !ter
—-=-=2. iter
—===3. iter
_30 I I
120 60 0

0 (degrees)

Figure 4.35: Radiation pattern (Gaing) for xz-plane cut at frequencies: a) 230 MHz, b) 240
MHz, ¢) 250 MHz, d) 260 MHz, and e) 270 MHz.

5
0 G N
] ol
\Y
- 3
g // \ / \\
S \
(a) = -10 II Full FDTD A\
£ A Y Vi |
-15 f \ A 1. iter
20 || =2, !ter
L7 —==-3. iter “
25 v | |
0 60 120 180 120 60 0
0 (degrees)
5
0 TR I
P NN N
\ N
\ I/ \\
@ 5 I/ \‘ II :
(0) = / \\ / Full FDTD \
c ====0. iter
c -10
(O] / \‘ / ....... 1. iter \
15 \‘ ——re 2 !ter
I \ lf == ==3.iter \
20 1 | | 1
0 60 120 180 120 60 0

0 (degrees)

150



0 ‘;'im‘?\\\\ ST

~ NN i =3
/

_5 / N VXA

& /
Full FDTD \\ 1 \
====0. iter \ “”

e N
....... iter \\ ‘
- == jter AT \;

"

G
Gain9 (dB)

1 ] u
3. iter 14
1 | \
| | 14 Pl
60 120 180 120 60
0 (degrees)
5
—_— e AR
‘\\ 'f‘ﬁﬂ.‘-.——-‘~:x
™y N~ ,!( “
: v
) \ / \
S R / \
3 ) ’jl ....... —===0. iter ‘\i\
O \\\ ’?I ....... 1 iter
\\...., === 200ter e _
\\ 1 3. iter ‘
! a a \
120 180 120 60 0
0 (degrees)
5
0 - P _— ‘rfa
/;)VM‘:“ /-- - \\S\\‘
// N3 / Y
8 _5 L4 \3\\‘\X \"\v
S ,I r \{ 'f’ \
(e) & M Full FDTD \:\ g \
o ===-0. iter k! ;/ \
. \
1. iter f \
- - 2. 1 e
fter j' \‘
3. iter 1] \
T 7'
120 180 120 60 0

0 (degrees)

Figure 4.36: Radiation pattern (Gaing) for yz-plane cut at frequencies: a) 230 MHz, b) 240
MHz, ¢) 250 MHz, d) 260 MHz, and e) 270 MHz.

151




(a)

(b)

~—
O
Nt

Gain¢ (dB)

¢

Gain, (dB)

Gain, (dB
a|n¢( )

!’ Full FDTD
iU ====0. iter
-40 ‘ ....... 1 Itel‘
45 —=r=2. iter
—==-3. iter
_50 | |
0 60 120 180 240 300 360

¢ (degrees)

BN A D -
- ’ S s
30 M / N . ’
\ / ~So o . I’
\ \ I SO\ A ,
_35 \ I \ \‘
|t I Full FDTD hY ‘o U
\ a 1
I —==-0. iter ‘\\ P /,
-40 i . ~ 1
ny 1. iter \\ /_‘ p
-45 ! === 2. iter A l, =
——=—-3.iter “\ ll
_50 I I V.
0 60 120 180 240 300 360
¢ (degrees)
-20 s X r\ /e'\
25 T +;
S /, \\ t—
\ y: \
-30 \ i <
\ A
\ / / ==
-35 1 l ! Full FDTD
\ .
40 1 .l ———'O.!ter
\ | 1 iter
45 1) === 2. iter
——=—-3.iter
-50 !
0 60 120 180 240 300 360

¢ (degrees)

152



-15
Full FDTD
220 e = ====0. iter 7
25 \ /ﬁ* A \ B 1. iter
T Cem= J =i Rl 0N ==-=2 iter -
% \\ \ 1 ,’ \\ \-:/ \'\)S. X ,’
~. 30 V.3 ¢ \ A 3.iter | A4 Lo
@ = o f \ S R ;
3 [z ( So - \‘\‘ /N
(D _35 NA M ‘\\ :j_ . ’
V™I > — * /
\"'I \\\‘\i ,, \\ //_.&
-40 v ~- ~
v
-45
0 60 120 180 240 300 360
¢ (degrees)
-15
'20 o5l Py P
; ’.- '\ -
25 s \ /—\‘“ SR /'/‘_
g 3 A /” ~\\Q‘«""/'\\ P ad
S - AY" 7 N \ /x/ XY A
(€) = ¥ Full FOTD |, % /7 A
@ 35 \ I \ ¢- : - —
o v | ===-0.iter \s A =
0 R s ISR 1 iter oo
-45 7 | (= G S—
3. iter
-50
0 60 120 180 240 300 360
¢ (degrees)
Figure 4.37: Radiation pattern (Gaing) for xy-plane cut at frequencies: a) 230 MHz, b)
240 MHz, c) 250 MHz, d) 260 MHz, and €) 270 MHz.
o] Y N
% \\ " '7" \..’
@ = L Full FDTD \\ ¥ VA
T 30 [T et : \ ; S o LIV A
O - —==-0.iter ;?, N <
....... 1 |ter :: ‘//
-35 —-=--2. iter
3. iter
-40 '
0 60 120

0 (degrees)

153



(b)

(©

(d)

Gain¢ (dB)

Gain, (dB
aln(l)( )

Gain, (dB
aln(l)( )

-15 w2,
-20 .07/*' ," ‘\\ ﬁ‘
B ’ LAY
ALty / R N
25 gy i S e 0 .
- / \ : :‘ ’f~
I Pt R4 Full FDTD | \ A AN
g —===-0. iter \ \ 7,.-__.. \ V/’
. N A =fr TR 7
o] IR S 1. iter \ e ~—
=== 2. iter \ ,’
\
40 3. iter N/
0 60 120 180 120 60 0
0 (degrees)
-15
-20 S A
/&ﬁ g NN
et “
— \
-25 >4 4 N
> /
’
L IR Full FDTD
-30 ¢ )
====0. iter
35 ....... 1 Itel‘
i —-=--2. iter
40 3. iter
0 60 120 180 120 60 0
0 (degrees)
-10
-15 x;;z"»‘-?—,\-\
20 / e
TSIy o0 // S
_25’{:{5-‘.»:"*5_ = 4 \ \ ‘ ‘;‘\\
o / Full FDTD | \ PNy \
-30/ ~e=l | ===-0.iter \\“'/./’/ ~ X. / : -
"""" 1. iter v N \\']' _-’
. \ I \‘ \"
-35 === 2. iter <7 N
40 3. iter
0 60 120 180 120 60 0

0 (degrees)

154



~—
()
N—r

Gain, (dB)

¢

-10

-15

Full FDTD

-==-0

. iter -
. iter

. iter
. iter

60

120

180
0 (degrees)

120

Figure 4.38: Radiation pattern (Gaing) for xz-plane cut at frequencies: a) 230 MHz, b)
240 MHz, c) 250 MHz, d) 260 MHz, and e) 270 MHz.

iter
1. iter
. iter
3. iter

Full FDTD

0 (degrees)

Full FDTD

===-0. iter

60

120

0 (degrees)

120

155



(©

(d)

~—
()
N—r

Gain¢ (dB)

¢

Gain (dB)

Gain, (dB
aln(l)( )

-5
10 BN /}’
\ - /
-15 | R ) LA LR Y NCR o e ‘1
~ \‘ \.%: \ L L7
-20 \\ XS.; < 7 \’ - fp.\;}.a-.’._
\ \ \\h » ortd
Y] —— . Full FDTD | "% Z 47\
v ! \ ,’ ====0. iter ‘ \ ]
-30 v/ A N ¥ - -
J \ /I """" 1. iter ‘ 2’
35 M == 20 ter ¥ \;,
3. iter I':R,
-40 !
0 60 120 180 120 60 0
0 (degrees)
-5
o
S . va
ek \ AN LN /
15 N\ \ Fy W { 'D L
\ L g / A\ i \ L jf /
220 \\ ‘--l-k“ /'/ 4 \‘ ?;‘3\\‘ /
- ry PN A 7, \1}'
. o \ AR /] b
===-0. iter } \ k \‘\; .7£ .
-30| ....... ; 7 LB T AR S h
1. iter N/ ¥ ] i
35| = == 2. iter k2 |‘
3. iter !f
-40
0 60 120 180 120 60 0
0 (degrees)
-5
10 3%
- %
Y e N
-15 \\ s,*» /‘ ‘A;\‘ ‘7
20 ) \ I/ \\7
- N -4 NN / / T /
25 Full FDTD |.... 7.4 Vi
. 1 v
====0. iter / 4
'30 ....... 1 |ter N '
35| === 2. iter AN
3. iter
-40
0 60 120 180

0 (degrees)

Figure 4.39: Radiation pattern (Gaing) for yz-plane cut at frequencies: a) 230 MHz, b)
240 MHz, c) 250 MHz, d) 260 MHz, and €) 270 MHz.

156



20

—— 230 MHz
— 4 - 240 MHz
-4+ 250 MHz
— W - 260 MHz

270 MHz

(@)

Error (%)

Number of lterations

—— 230 MHz
— - 240 MHz [
@ 250 MHz
— ¥ - 260 MHz

270 MHz

(b)

Error (%)

Number of lterations

|
—— 230 MHz
— - 240 MHz
-+ 4+ 250 MHz
— W+ = 260 MHz
270 MHz

(©

Error (%)

Number of Iterations

Figure 4.40: Normalized average errors for Gaing components in the three plane cuts: a)
xy-plane, b) xz-plane, and c¢) yz-plane.

157



(@)

(b)

(©

Error (%)

Error (%)

Error (%)

30

—l— 230 MHz

— - 240 MHz
-+ 4+ 250 MHz
— W - = 260 MHz

270 MHz

Number of Iterations

\\
X
10 F-

—— 230 MHz

— A= - 240 MHz |

-+ 4+ 250 MHz
— ¥ - 260 MHz

270 MHz -

Number of Iterations

—— 230 MHz
— A - 240 MHz
“+ 4+ 250 MHz
— "W+ -~ 260 MHz

270 MHz

Number of lterations

Figure 4.41: Normalized average errors for Gainy components in the three plane cuts: a)

xy-plane, b) xz-plane, and c) yz-plane.

158



4.5 Radiation from a Dipole Antenna in the Presence of

Three Objects

The geometry of a more complex radiation problem is shown as the fifth example
in Figure 4.42 to prove the idea of the IMR technique based on the FDTD method for three
scatterer subregions, where more coupling is involved between subregions. The problem
includes a 0.5 m dipole antenna and three scatterer objects which are a dielectric ellipsoid
with relative permittivity of 2.2, a conducting ellipsoid, and a conducting L-shaped box.
The semi-axes of the dielectric ellipsoid are 0.25 m, 0.5 m, and 0.25 m along the x, y, and
z directions, respectively. The dielectric ellipsoid is placed 0.5 m away from the antenna
on the x-axis and 0.5 m away from the antenna on the y-axis. The semi-axes of the
conducting ellipsoid are 0.25 m, 0.25 m, and 1 m along the x, y, and z directions,
respectively. The conducting ellipsoid is placed 0.5 m away from the antenna on the x-axis
and 0.5 m away from the antenna on the negative y-axis. The conducting L-shaped box is
placed 0.5 m away from the antenna on the negative x-axis and its dimensions are given in
Figure 4.42. 1t can be seen from Figure 4.43 that the IMR algorithm reaches the
convergence criterion after iteration # 3. Figures 4.44-4.49 show the radiation patterns
(Gaing and Gainy) of the configuration for the three plane cuts. Good agreement with the
full domain results is achieved after iteration # 3. The normalized average errors for Gaing
and Gainy in the three plane cuts at each frequency of interest are shown in Figures 4.50-
4.51, respectively. Simulation parameters and computer resources are summarized in Table
4-5. Results in the table show a considerable reduction in the memory storage requirements

and computation time.
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Table 4-5: Simulation parameters and computer resources used by the IMR and full

domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 27,027,520 437 — 9,390
IMR-FDTD 4 1,900,736 357 3 800
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4.6 Radiation from a Dipole Antenna in the Presence of Four

Objects

The geometry of another more complex radiation problem is shown as the sixth
example in Figure 4.52. The problem includes a 0.5 m dipole antenna and four scatterer
objects which are a conducting ellipsoid and sphere, a dielectric box with the relative
permittivity of 2.2, and a conducting box. The conducting ellipsoid is placed 1.5 m away
from the antenna on the x-axis. The semi-axes of conducting ellipsoid are 0.25 m, 0.25 m,
and 1 m along the x, y, and z directions, respectively. The conducting sphere with a radius
of 0.25 m is placed 0.5 m away from the antenna on the x-axis and 0.75 m away from the
antenna on the y-axis. The dielectric box is placed 0.5 m away from the antenna on the x-
axis and 0.25 m away from the antenna on the negative y-axis. The dimensions of the
dielectric box are 0.25 m, 1 m, and 1 m along the X, y, and z directions, respectively. The
conducting box is placed 0.5 m away from the antenna on the negative x-axis. The
dimensions of the conducting box are the same as those of the box-B in Figure 4.13b. It
can be seen from Figure 4.53 that the IMR algorithm reaches the convergence criterion
after iteration # 3. Figures 4.54-4.59 show the gain patterns (Gaing and Gaing) of the
configuration for the three plane cuts. Good agreement with the full domain results is
achieved after iteration # 3. To prove the convergence of the results of the IMR and the full
domain, the normalized average errors for Gaing and Gainy in the three plane cuts at each
frequency are shown in Figures 4.60-4.61, respectively. Simulation parameters and
computer resources are summarized in Table 4-6. Results in the table show a considerable

reduction in the memory storage requirements and computation time.
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Figure 4.52: Geometry of the sixth problem.
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Table 4-6: Simulation parameters and computer resources used by the IMR and full

domain simulations.

Number of | Total Number | Computation | Iteration | Memory
Domains of Cells Time (min.) | Number (MB)
Full FDTD — 40,333,376 1,065 — 14,750
IMR-FDTD 5 2,771,968 747 3 1,650
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25 \
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5 <,
0 \b\.
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Figure 4.53: Convergence () between iteration steps for the sixth problem.
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5 IMRALGORITHM AS HYBRID TECHNIQUE

In this chapter, integration of the method of moments (MoM) and the finite-
difference time-domain (FDTD) method into the iterative multi-region (IMR) technique is
presented. This hybrid method combines the desirable features of the MoM and the FDTD
method to solve large-scale radiation problems more efficiently. The idea of this hybrid
method based on the IMR technique is to divide an original problem domain into multiple
unconnected subregions and use the more appropriate method in each subregion. For
instance, if a problem domain is composed of a thin wire antenna and an arbitrary shaped
inhomogeneous scatterer, each of these objects can be placed in a separate subregion, the
thin wire antenna can be solved using the MoM while the other region can be solved using
the FDTD method, and their solutions can be combined in an iterative algorithm to achieve
the combined subregions solution. The interaction between the subregions is based on the
radiated fields due to current distribution on the antenna from the MoM region and
equivalent currents on the surface of a Huygens’ box from FDTD region. Since the FDTD
method is a time domain solver, the fields originated from the MoM region that excite the
FDTD region need to be converted into time-limited waveforms, which are achieved by
the aforementioned time-limited waveform construction (TWC) algorithm. The steady-
state solution for the interaction between the MoM and FDTD regions is obtained through
an iterative procedure by solving each region due to the excitations from the opposing
regions in each iteration until a convergence criterion, that indicates the convergence of the
global solution, is achieved. It is observed that convergence is achieved after several
iterations. The most prominent feature of this technique is the combination of MoM

simulations at multiple frequencies with single FDTD simulations by constructing time-
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limited waveforms. Furthermore, considerable reduction in the memory storage
requirements and computation time can be achieved especially with larger separation
between subregions. After developing the analytical background of this method, we present
some numerical results related to the three dimensional electrically large radiation

problems.

5.1 Hybrid (MoM/FDTD) Method

A hybrid method, which combines the MoM and FDTD method, has been
developed previously to analyze the radiation problems [35-39], where the solution is
achieved at a single frequency. In this chapter, we present a hybrid MoM/FDTD approach
to obtain solutions at multiple frequencies in a single hybrid simulation by taking the
advantage of the capability of the FDTD to analyze inhomogeneous bodies with arbitrary
material properties, and that of the MoM to model a thin wire antenna with less memory
storage requirements.

As an example, a problem domain as shown in Figure 5.1 is divided into two
subregions: one is the MoM subregion including a thin wire antenna, and the other is the
FDTD subregion including a dielectric object. The iterative procedure between subregions,
as shown in Figure 5.2, consists of iteration # 0 and iteration # k for {k=1, 2, ---, K} where
K is an integer depending on how many iterations are necessary.

In iteration # 0, the thin wire antenna in the MoM subregion is analyzed to obtain
the current distributions at all frequencies of interest on the antenna surface, using the well-

known matrix equation [41] of MoM:
[Kom(@)] = [Z7 (@) VF ()], {k = 0,1, K — 13, (5.1)
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where If,,, is the current distribution in iteration # k, Z~1 is the inverse of the moment
matrix, and V*(w;) is the total voltage vector in iteration # k. The details of the moment
matrix [42] and voltage vector, V°(w;), used for the current distributions calculation are
given in Appendix C. The current distributions at all frequencies of interest obtained in

iteration # O are used to start the iteration # 1.

CPML Boundary

Dielectric
object

Thin wire
Antenna

CPML Boundary
MoM Region

]II«SDTD (wp)

Ek ) and HE ;
Ik'loM(wi)A MOM(wl) . MOM(wl) -
due to Iyoy (@;) :
Dielectric
C ) _ object
Efprp(w;) due to
JErp(w;) and MEyrp (w;
o Forp (W;) Forp (W;) MI{SDTD (@)
Thin wire

antenna

(b)

Figure 5.1: Radiation from multiple objects: a) original problem and b) MoM and FDTD
subregions. (dotted line: imaginary surface, dashed line: TF/SF boundary)
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TWC algorithm
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Figure 5.2: Iterative procedure between subregions using the hybrid method.

At the beginning of iteration # 1, radiated fields, Ex;, 5 (w;) and Hy, 4 (w;), due to
current distributions, I, (w;), on the antenna are calculated on the field points of TF/SF
boundary in the FDTD subregion at all frequencies of interest, using the near field
formulation of a thin wire antenna [43—-44]. The details of near field formulation of the thin
wire antenna is provided in Appendix D. These fields are considered as the excitation fields
for the FDTD subregion. Since the FDTD method is a time domain solver, the excitation
fields originated from the MoM subregion need to be converted into time-limited
waveforms. Therefore, the TWC algorithm in section 2.3 is used to construct time-limited
waveforms which include the desired frequencies of solution with the required magnitudes
and phases in their frequency spectrums. The constructed time-limited waveforms imposed
on the TF/SF boundary start a FDTD procedure to capture the scattered fields on the
imaginary surface. Then fictitious electric and magnetic surface are calculated from the
scattered fields on the imaginary surface, using the equivalence principle. These fictitious
current values in the time domain are converted into the fictitious currents (Ji,rp and

M},rp) in the frequency domain, using the NFT in (2.5). For each frequency of interest,
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the NFT is performed with the corresponding frequency value. After the FDTD procedure
is completed, the induced voltages at all frequencies of interest on each segment of the
antenna are calculated from these fictitious currents, using the NF/NF transformation
provided in Appendix A. These voltages are considered as additional feeding voltages,

Viaaitionar(@i), and expressed as

Jiprp (@) >,t(r “r)). (5.2)

Vaaaitionat (@) = (Efprp (1' Moo (@)
where Eiprp (vlJiprp (), Miprp (@) is the electric field generated by the fictitious
electric and magnetic currents on the imaginary surface in the FDTD subregion, t(r — r,,)
is the m'" testing function of the MoM, and (r — r,) is the distance from each segment on
the antenna to the gap where the voltage source is placed. V.2, 1iiona: (@:) at €ach frequency
of interest is calculated by using the inner product of the electric field, Ey;, (w;), and the
testing function, t(r — r,,,).

In general, the additional voltages VX, . ;ona(@;) in iteration # k are added to the
voltage vector, V¥ 1(w;), used in the previous iteration to calculate the current
distributions. The total voltage vector, expressed in (5.3), is used for the next MoM
calculation. After the new current distributions at all frequencies of interest on the antenna
are calculated using (5.1), the iteration # 1 is completed. The procedure for the subsequent
iterations is the same as iteration # 1.

VE(wy) =V (wy) + Vc’fddttionaz(wi)- {k=12--K-1} (5.3)

Iteration # 1 is repeated K-1 times until a convergence (stopping) criterion is
achieved. The iterations are terminated when the Euclidean norm of the difference in the

current distributions at all frequencies of interest from one iteration to the next iteration is
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smaller than the convergence criterion. The calculation of convergence is defined as

follows:

k ) — k-1 .
1800 (@) IMoM(wl)IID % 100 %, (5.4)

e = averagei-s.. ([0S
where 1% ., (w;) is the current distribution at k™ iteration for w; frequency, and N is the
number of frequencies. Based on the numerical experiments, 1 % is found sufficient to

indicate that convergence is achieved since the current distributions at desired frequencies

do not change significantly for smaller values.

5.2 Numerical Results

In this section we demonstrate some examples to show the validity of the proposed
hybrid method. The problems presented here have been simulated in [37-38] to obtain
solution at a single frequency, whereas our proposed hybrid method provides solutions at
multiple frequencies instead of a single frequency in a single simulation. In all simulation
of the radiation problems, a 16.65 cm thin wire antenna with a radius of 0.27 mm is used.
The single thin wire antenna is performed to determine the frequency band in which it
radiates well. The frequencies 840, 860, and 880 MHz are found to be in the band of
operation. Figure 5.3 shows the magnitude of the reflection coefficient of the antenna. The
specifications of the computer used for the simulations are given in Appendix B.

In order to show the difference between the results generated by the MoM and the
FDTD method, the input impedances of the antenna at frequencies of interest are shown in
Table 5-1. The thin wire antenna is divided into 51 segments for the MoM simulation, and
the discretization of the thin wire antenna is 1.665 mm in all Cartesian directions for the

FDTD simulation.

192



Table 5-1: Antenna input impedances at frequencies of interest of a single thin wire.

Method\Frequency 840 MHz 860 MHz 880 MHz
FDTD 66.97 —j 21.19 72.14+j0.96 | 77.73 +j 23.17
MoM 67.63 —j 19.15 72.56 +j 3.03 77.82 +j 25.12
5
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Figure 5.3: Magnitude of the reflection coefficient of a single thin wire antenna.

5.2.1 Current Distributions on an Antenna in the Presence of an

Obstacle-1

Figure 5.4 shows the first problem that is used to validate the proposed hybrid
method. A thin wire antenna is placed a distance of 2 cm away from a dielectric sphere.
The dielectric sphere has a radius of 10 cm, relative permittivity of 43, and conductivity of
0.83 S/m. A cell size of the FDTD subregion that contains the dielectric sphere is 2.5 mm
in all directions in hybrid simulation, whereas a cell size is 1.665 mm for the full domain
FDTD simulation. Figure 5.5 shows the convergence of the IMR iteration calculated by
(5.4). It can be seen that the IMR algorithm reaches the convergence criterion (ex <1%)

after iteration # 4. The current distributions obtained using the hybrid method over the
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antenna surface at frequencies of interest are shown in Figure 5.6. The antenna input

impedances at frequencies of interest after four iterations using the hybrid method and the

conventional FDTD method are listed in Table 5-2. Comparison shows that the proposed

hybrid results are in good agreement with the conventional FDTD method results.

Simulation parameters and computer resources are summarized in Table 5-3. Results in the

table show a considerable reduction in the memory requirements and computation time.

radius = 10 cm

Thin wire antenna 5 o= 43 Dielectric
16.65 =
( cm) Q - —0.83 S/m sphere
Separation
2cm
Figure 5.4: The geometry of the first problem.
35
30 \
25 \
= 20
2N
&“ 15 \
10 \
i \\
0 -
1 2 3 5 7

Iteration Number

Figure 5.5: Convergence (ex) between iteration steps.

Table 5-2: Antenna input impedances at the frequencies of interest.

Method\Frequency 840 MHz 860 MHz 880 MHz
FDTD (Full Domain) | 40.44 —j 28.58 4315-6.74 | 46.09 +j15.21
Hybrid (MoM/FDTD) | 40.15-j24.04 43.05-j 5.29 44.00 +j 14.02
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Figure 5.6: Convergence of current distribution versus segment number at frequencies: a)
840, b) 860, and c) 880 MHz. (0-4): represents the iteration number.
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Table 5-3: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Total Number | Computation | Iteration | Memory
of Cells Time (min.) | Number (MB)
FDTD (Full Domain) 4,403,200 113 — 1765
Hybrid (MoM/FDTD) 1,560,896 87 4 540

The same geometry of the first problem illustrated in Figure 5.4 is simulated with

different separations (6, 8, 10 and 12 cm) between the antenna and the dielectric sphere.

The idea of this problem is to prove that the hybrid-IMR algorithm convergences fast when

the separation between the antenna and object is large. The antenna input impedances at

all frequencies of interest using the hybrid method and the conventional FDTD method are

listed for different separations in Table 5-4. Results in the table show that the hybrid

method results are in good agreement with the conventional FDTD method results.

Simulation parameters and computer resources are summarized in Table 5-5. Results in the

table show that a considerable reduction in the memory storage requirements and

computation time are achieved especially with larger separation between the antenna and

the dielectric sphere.

Table 5-4: Antenna input impedances at the frequencies of interest for different

separations.

Separation Method\Frequency 840 MHz 860 MHz 880 MHz
6 cm FDTD (Full Domain) 58.16 —j 7.48 | 63.64 +j 16.25 | 69.71 +j 40.04
Hybrid (MoM/FDTD) 57.45-j7.68 | 61.20+j16.83 | 66.92 +j 43.00
8cm FDTD (Full Domain) 67.51-)8.81 | 73.84 +j 14.19 | 80.77 +j 37.10
Hybrid (MoM/FDTD) 67.28 —j 7.23 | 72.56 +j 16.40 | 79.30 +j 40.43
10 cm FDTD (Full Domain) 72.91-j13.68 | 79.35+j 8.39 | 86.28 +j 30.25
Hybrid (MoM/FDTD) | 73.08 - 11.49 | 78.93 +j11.10 | 85.87 +j 33.50
12 cm FDTD (Full Domain) 74.25-)19.21 | 80.24 +j2.18 | 86.56 +j 23.36
Hybrid (MoM/FDTD) | 74.87 - 16.97 | 80.40 +j 4.78 | 86.64 +j 26.29
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Table 5-5: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Total Number Computation Iteration Memory
Separation Method of Cells Time (min.) Number (MB)
FDTD 5,171,200 132 - 1995
6 cm (Full Domain)
Hybrid 1,560,896 87 4 540
(MoM/FDTD)
FDTD 5,324,800 133 - 2100
8cm (Full Domain)
Hybrid 1,560,896 68 3 540
(MoM/FDTD)
FDTD 5,632,000 142 - 2210
10cm (Full Domain)
Hybrid 1,560,896 68 3 540
(MoM/FDTD)
FDTD 5,939,200 152 - 2330
12cm (Full Domain)
Hybrid 1,560,896 49 2 540
(MoM/FDTD)

5.2.2 Current Distributions on an Antenna in the Presence of an

Obstacle-2

The geometry of the second problem illustrated in Figure 5.7 includes the thin wire
antenna and a dielectric cube. The thin wire antenna is placed a distance of 2 cm away from
the dielectric cube. The dimension of the dielectric cube is 20 cm on a side. It can be seen
from Figure 5.8 that the results of the hybrid method converges after iteration # 4. The
current distributions over the antenna surface at frequencies of interest obtained using the
hybrid method are shown in Figure 5.9. The antenna input impedances at the frequencies
of interest after four iterations using the hybrid method and the conventional FDTD method
are listed in Table 5-6. Comparison shows that the hybrid method results are in good

agreement with the conventional FDTD method results. Simulation parameters and
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computer resources are summarized in Table 5-7. Results in the table show a considerable

reduction in the memory storage requirements and computation time.

Dielectric cube

> 20cm
Thin wire antenna g =43
(16.65 cm) 5 6 =0.83 S/m )
Separation
2cm
Figure 5.7: The geometry of the second problem.
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Figure 5.8: Convergence (ex) between iteration steps.

Table 5-6: Antenna input impedances at the frequencies of interest.

Method\Frequency 840 MHz 860 MHz 880 MHz
FDTD (Full Domain) | 39.37-j15.71 | 41.68+j5.74 | 44.18 +j27.32
Hybrid (MoM/FDTD) | 42.47 —j 13.87 44,31 +j 5.46 44.70 +j 25.33

198



0.025

— ==~ Real(0. iter)
T | B Real(1. iter)
0.02 \\ === Real(2. iter)
< 0015 .":.\:". Real(3. iter)
@ g ~~. \\ Real(4. iter)
S oo1 TG = ===-Imag(O0. iter)
O \ “==v-++ Imag(l. iter)
0.005 %N \t\ == " Imag(2. iter)
bt i, L SN \;\; Imag(3. iter)
L PAS —_— .
0 Imag(4. iter)
1 6 11 16 21 26 31 36 41 46 51
Segment Number
0.025 E E E — — == Real(0. iter)
0.02 et i« SO NN AN NN | RLERIEY Real(1. iter)
—-—-=-Real(2. iter)
a 0.015 Real(3. iter)
b) = 0.01 . Real(4. iter)
o ' // N = === = Imag(0. iter)
3 0005 / z > ’\ --+v-++ Imag(l. iter)
0 / ,\\\ = ** "= Imag(2. iter)
S ENt ry e see s e b o ntresnsnay Imag(3. iter)
-0.005 HERA aanas i —— Imag(4. iter)
1 6 11 16 21 26 31 36 41 46 51
Segment Number
0.018 o — = === Real(0. iter)
// | . \\ ------- Real(1. iter)
0.012 (""__ff"’_"_"“~\\'\. — =+~ Real(2. iter)
< 0006 ,"., -~ \‘;:\ Real(3. iter)
(C) E /// ~~\\ Real(4. |.ter)
= 0 = === = |mag(O0. iter)
O oy L *eeves Imag(l. iter)
s%‘:-‘““ FEE e e R S e “"‘,,x;!yy === mag(2. iter)
-0.006 L (I Ty ot v e S D3> gl
o TR AR ORASS AR = Imag(3. iter)
0012 N —— Imag(4. iter)
1 6 11 16 21 26 31 36 41 46 51

Segment Number

Figure 5.9: Convergence of current distribution versus segment number at frequencies: a)
840, b) 860, and c) 880 MHz. (0-4): represents the iteration number.
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Table 5-7: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Total Number | Computation | Iteration | Memory
of Cells Time (min.) | Number (MB)
FDTD (Full Domain) 4,403,200 109 — 1740
Hybrid (MoM/FDTD) 1,560,896 88 4 585

The same geometry of the second problem, as illustrated in Figure 5.7, is simulated

with different separations (6, 8, 10, and 12 cm) between the antenna and the dielectric cube.

The antenna input impedances at frequencies of interest using the hybrid method and the

conventional FDTD method are listed for different separations in Table 5-8. Results in the

table show that the hybrid method results are in good agreement with the conventional

FDTD method results. Simulation parameters and computer resources are summarized in

Table 5-9.

Table 5-8: Antenna input impedances at the frequencies of interest for different

separations.

Separation Method\Frequency 840 MHz 860 MHz 880 MHz
6 cm FDTD (Full Domain) 53.80+j4.76 | 59.74 +j 29.31 | 66.21 +j 53.99
Hybrid (MoM/FDTD) 54.16 +j 3.86 | 57.06 +j 29.06 | 63.68 +j 57.23
8cm FDTD (Full Domain) 69.02 +j 3.76 | 76.36 +j 27.23 | 84.36 +j 50.60
Hybrid (MoM/FDTD) 69.54 +j5.12 | 75.28 +j 28.52 | 82.43 +j 53.28
10 cm FDTD (Full Domain) 79.86 —j 4.28 | 87.47 +j17.51 | 95.60 +j 39.02
Hybrid (MoM/FDTD) 79.98 —j 2.43 | 86.86 +j 19.97 | 94.86 +j 42.10
12cm FDTD (Full Domain) 83.97 —j 15.26 | 90.75+j5.18 | 97.80 +j 25.33
Hybrid (MoM/FDTD) | 84.60 - 13.07 | 90.70 +j 7.59 | 97.54 +j 28.31
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Table 5-9: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Total Number Computation Iteration Memory
Separation Method of Cells Time (min.) Number (MB)
FDTD 5,171,200 132 - 1995
6 cm (Full Domain)
Hybrid 1,560,896 88 4 540
(MoM/FDTD)
FDTD 5,324,800 141 - 2140
8cm (Full Domain)
Hybrid 1,560,896 88 4 540
(MoM/FDTD)
FDTD 5,632,000 149 - 2310
10cm (Full Domain)
Hybrid 1,560,896 87 4 540
(MoM/FDTD)
FDTD 5,939,200 157 - 2480
12cm (Full Domain)
Hybrid 1,560,896 67 3 540
(MoM/FDTD)

5.2.3 Antenna Input Impedance in the Presence of Two Obstacles

A more complex configuration is presented as the third problem in Figure 5.10 to
prove the validity of the proposed hybrid method for a problem which has multiple
scattering objects near to the thin wire antenna. A conducting box and dielectric sphere are
placed a distance of 5 cm and 15 cm away from the thin wire antenna on the x-axis,
respectively. The dimensions of conducting box are 5 cm in the x-axis and 10 cm in the y
and z-axis. The dielectric sphere has a radius of 10 cm with relative permittivity of 43 and
conductivity of 0.83 S/m. A cell size of the FDTD subregion that contains the dielectric
sphere is 2.5 mm in all directions in hybrid simulation, whereas a cell size is 1.665 mm for
the full domain FDTD simulation. Figure 5.11 shows the convergence of the IMR iteration.
It can be seen that the IMR algorithm reaches the convergence criterion (ex <1%) after
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iteration # 8. The antenna input impedances at the frequencies of interest after eight

iterations using the hybrid method and conventional FDTD method are listed in Table 5-

10. Comparison shows that the proposed hybrid results are in good agreement with the

conventional FDTD method results. Simulation parameters and computer resources are

summarized in Table 5-11. Results in the table show that a considerable reduction in the

memory storage requirements is achieved, but the computation time of the IMR algorithm

is more than that of the full domain because of small separation between the objects. The

computation time would be less and the memory gain would be more for problems that

have large separation between the objects and antenna.

Conducting box

Separation
5cm

A
(Dx=5 cm, and Dy= D,=10 cm)
Thin wire y
v

antenna o

<V>;----->X

%{—/
Separation
5cm

Figure 5.10: The geometry of the third problem.

Dielectric sphere

er=43
0 =0.83 S/m
radius = 10 cm

Table 5-10: Antenna input impedances at the frequencies of interest.

Method\Frequency 840 MHz 860 MHz 880 MHz
FDTD (Full Domain) | 25.01—18.74 | 26.68+j7.51 | 29.11 +j 34.55
Hybrid (MoM/FDTD) | 24.13-j20.10 25.87 +j 5.88 27.24 +j 33.67

Table 5-11: Simulation parameters and computer resources used by the IMR and full
domain simulations.

Total Number | Computation | Iteration | Memory
of Cells Time (min.) | Number (MB)
FDTD (Full Domain) 6,400,000 176 2660
Hybrid (MoM/FDTD) 1,884,352 269 1140
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Figure 5.11: Convergence (ex) between iteration steps.
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6 CONCLUSION

In this dissertation, the integration of the FDTD method into the IMR technique is
presented to solve large-scale electromagnetic scattering and radiation problems. The IMR
technique procedure is based on dividing the original computational domain into smaller
subregions, and analyzing each subregion separately, using the FDTD method. Then the
solutions of subregions, after following the iterative interaction process between
subregions, are combined to obtain solutions at multiple frequencies for the complete
domain. To prove the validity of the IMR technique integrated into the FDTD method,
numerical results of the scattering and radiation problems are presented. Two techniques
are proposed to speed up the calculation of the excitation fields between interacting
domains; the use of TF/SF formulation, and interpolation process at current points on the
imaginary surface and field points on the TF/SF boundary in each domain.

The most distinguished feature of this technique is to obtain solutions at multiple
frequencies in a single IMR simulation by constructing time-limited waveforms, using the
TWC algorithm. Furthermore, the considerable reduction in the memory storage
requirements and computation time is achieved especially if the separation between
subregions is large and coarser grids are used in some subregions.

To provide efficient and desirable solution to large-scale electromagnetic radiation
problems, a hybrid method is integrated into the IMR procedure by combining the desirable
features of the two different numerical methods: MoM and FDTD method. This procedure
starts by dividing the original computational domain into separated subregions where the
solution is easily performed using either the MoM or the FDTD method in each subregion

followed by an iterative interaction process between the subregions. The most prominent
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feature of this proposed technique is the combination of MoM simulations with single
FDTD simulations to obtain solutions at multiple frequencies by constructing time-limited
waveforms. Furthermore, considerable reduction in the memory storage requirements and
computation time can be achieved especially with larger separation between regions.
Finally, we believe that the integration of the FDTD method and hybrid method
into the IMR technique in this research will provide as efficient solutions at a number of

frequencies for the large-scale electromagnetic scattering and radiation problems.
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Appendix A

Near-Field to Near-Field (NF/NF) Transformation

The formulation for the NF/NF transformation [32] is derived here. A vector
potential approach is developed to compute the unknown near electric and magnetic fields
from the known fictitious electric and magnetic currents obtained by the scattered fields on
the imaginary surface. The expression for the radiated fields is obtained at a field point on
TF/SF boundary, as illustrated in Figure A.1, close to fictitious currents at all current points

on the imaginary surface.

current  J,(w;)

Ey(z (@), M (@) point M, (w;)
Hy (Jo(w;), My(w;))  field point

/ R=RR .k Y

Subregion-1 Y TE/SE
boundary

Subregion-2 Imaginary
surface

Figure A.1: NF/NF transformation between two subregions.

The magnetic vector potential A can be written in (A.1) in terms of the fictitious

electric current J and the Green’s function G(r, r").

e—jk|r—r’|

A@) = u[ff, 1@ G rydr' = u[ff, () dr, (A1)

4rt|r—r'|
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where r and r’ represent the coordinates of a field point on the TF/SF boundary and a
current point on the imaginary surface, respectively. Here, the magnetic field (H) that is

due to potential of (A.1) can be written

e—]kR ,

H(r) =%V><A(r) =Vx [ff, JGH—dr

(A.2)

where R = |r — r'|. Moving the curl operator under the integral sign and using the vector
identity
X [gF]l = (Vg) XF + g(VXF), (A.3)

we can write

H@) = —fff, @) x v (250) dr (A.4)

where V x J(r") = 0. Taking the gradient of the Green’s function yields

v (e_ij) =—(r-r1) (%) e JKR (A.5)

4TR

Using (A.5), we can write (A.4) as

H(r) = — [[f, [(r =) xJ@)] (F25) eTkRar, (A6)

47R3

which can be expanded into its rectangular coordinates. (A.6) can be written as

H,(r) = [[f, [z = 2], — (v =y Vo) Sor e T¥Rdx' dy'dz, (A.7a)
Hy () = [f, [(x = 2], — (z — )], 25 e T¥Rdx'dy' dz, (A.7b)
H, (1) = [[f, [0 =¥V — (2 — 2], | 25 e TR dx'dy'dz’, (ATc)

and using (A.8) the corresponding electric fields can written in (A.9)

E=—VxH, (A.8)

jwe

E.(r) = —fff [Gy ]y + Pi(x —x )Gz] = ax dy'dz’, (A.93)
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Ey(r) = - = [If, [G1)y + (Y —¥ )Gz] = dy'dz’, (A.9b)
E,0) = — [, [61). + Bz~ 2)G;] e;’,fR dx'dy'dz’, (A.9c)
where
Pj = (x - x,)]x + (y - y’)]y + (Z - Z’)]z: (AlO)
—1—jkR+k?R?
G, = ’T (A.11)
G, = ZHSKRKTRE (A.12)

R5
In the same manner, we can write the electric vector potential F in terms of the
fictitious magnetic current M and the Green’s function G(r, ') in (A.13).

eJ| |

4mlr—r'|

Fr)=€[ff, M) G@r,r)dr' =€ [ff, M(F")

dr’, (A.13)

The electric field (E) that is due to potential of (A.13) can be written as

E(r) = —=VxF(r) = -Vx [ff, M(r dr’, (A.14)

Then we can write (A.15) by moving the curl operator under the integral sign and using

the vector identity in (A.3).

E(m) = [ff, M(r')xv( )dr (A.15)

where V x M(r") = 0. We can write (A.16) by taking the gradient of the Green’s function.

E(r) = [ff, [ =) x M@)] (F2) e TRar, (A.16)

which can be expanded into its rectangular coordinates. (A.16) can be written as

E.(r)=—[ff, [(z=2zM, - (y —y)M, ]1+]kR “JRdx'dy'dz’, (A.17a)
Ey(r) = — [ff, [(x = x WM, — (z = 2 )M, | =L e /*Rdx'dy'dz’,  (A.17b)
E,(r) =— fffv [(y -y M, — (x —x )My] 1+]kR e JkRdx'dy'dz’, (A.17c)
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and using (A.18) the corresponding magnetic fields can be written in (A.19)

H=--VXE,
jou

e—JkR
dx'dy'dz’,

He(r) = = [fJ, [G1My + Pr(x = x")Go]

e

ij ! ! A
— dx'dy'dz’,

Hy(r) = [, [G:M, + Pu(y — ¥)G2] %,

jkR
dx'dy'dz’,

e
41

H,(r) = = [, [GiM, + Pn(z — 2)G;]
where G, and G, are given by (A.11) and (A.12), and

Bp=G—x)My+ @y —-y)IM, + (z—2z")M,.

(A.18)

(A.19a)

(A.19b)

(A.19c)

(A.20)

Therefore, the radiated fields at any field point close to fictitious electric and

magnetic currents can be calculated numerically using (A.7), (A.9), (A.17), and (A.19).
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Appendix B
The Computing System Information

All of the simulations presented in this dissertation are done with a system whose

specifications are given in Table B-1 below.

Table B-1: The computer specifications.

Memory Intel(R) Core (TM) i7-4770 CPU @ 3.40 GHz
Processor 32.00 GB

System Type 64-bit Operating System, x64-based processor
Operating System Windows 8

Programing Language Matlab Version 7.5.0.342 (R2007b)
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Appendix C
Moment Matrix of a Thin Wire Antenna

In this appendix, the moment matrix and the voltage vector used in the calculation
of the current distribution over a thin wire antenna are expressed. The antenna is divided
into 51 segments. When piecewise sinusoids are chosen as expansion functions and point
matching is used for testing function, the moment matrix and the voltage vector can be
found analytically given in [42].

The moment matrix is expressed as follows:

_ —j30 (eTJkR1  oikR2 oJkr
Zmn_sin(kd)( Ry R, 2cos(kd) r )’ (C.1)

where

r=+va?+h? R, = /a? + (h—d)% and R, = \/a? + (h + d)?,
where R4, R,, and r are defined for each segment of the thin wire antenna as illustrated in
Figure C.1, d is the length of a segment of the wire, a is the radius of the wire, and k is the
wave number.
The delta gap source model used as thin wire excitation assumes that the impressed
electric field in the gap between the antenna terminals can be expressed as

Ei=2 (C.2)

v
A,
where A, is the width of the gap, and V is set to unity. This is shown in Figure C.2. For the
thin wire excited in the i interval, the voltage vector (V°) used for iteration # 0 in (5.1) is

defined as
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0
Vo = [E] (C.3)
0

that is, all elements zero except the i, which is equal to source voltage.
Once the moment matrix in (C.1) and voltage vector in (C.3) are calculated, the

current distribution (I,,,) is determined using the matrix equation of MoM in (5.1).

ZA

— _> a

+ 23}«
T
A, Ej ttt
—

Figure C.2: The delta gap source model with impressed field.
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Appendix D

Near Fields of a Thin Wire Antenna

A thin wire antenna can be considered many wire segments connected end-to-end.

A single wire segment with current (1), as illustrated in Figure D.1, is considered as an

electric dipole (ideal dipole) that is electrically small (dz <« A1) and very thin (radius<«< A).
The amplitude of the current is assumed to be constant and given by

1(z") = a,l,, (D.1)

where [, = constant.

Figure D.1: The electric dipole (ideal dipole).

The near electric and magnetic fields at point P generated by a single electric dipole

are expressed in [43] and [44] as follows

E, = Iodz nokz cos(9) [ - 43] e JkTo, (D.2a)

k212 k31

Ey = IOdZ = —1ok? sin(6) [— - ;3] e Jkmo, (D.2b)

2 3
k21 k31¢

Ed) =0, H-,- =0, Hg =0, (DZC)
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Hy = Iodz k? sin(0) [ ;] e Jkro, (D.2d)

k2rd
where n, = \/m is the intrinsic impedance of the free space, k = 2m /A is the wave
number, and dz is the length of the electric dipole. The components of electric and magnetic
fields are valid under the conditions,
dz LK rpand dz < A. (D.3)
Similarly, the total near electric and magnetic fields at point P generated by the thin

wire antenna can be expressed as follows

Eytotar = - E; and Eg total = 6- E;, (D.4q)

E¢,total =0, Hytota1 = 0, and Hg totar = 0, (D.4b)
I;d 1

Hy totar = 1 nZ %sin(6;) [ Zr z] e kT, (D.4c)

where N is the number of the segments on the thin wire antenna and

E = YN . Ldznok? (— cosb; [kz 5 — 3];3] + %sinei [kirl + kzlr? — ;3]) e JkTi (D.5a)

3
i k>,

=/ (z — 2;)? + r2sin20, cosH; = T and sinf; = rs:w’ (D.5b)
f; = Zcos; + ésinb;, and 0; = écos6; — Zsiné;, (D.5¢)

=
N>

zZ

where z; is the z coordinate of the location of the i™" electrical dipole and é =

T
N>

z
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