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Homogenization of Thin Dielectric Composite Slabs:
Techniquesand Limitations

Henrik Kettunen, Jiaran Qi, Henrik Wallén, and Ari Sihvola

Department of Radio Science and Engineering
Aalto University School of Electrical Engineering
PO Box 13000, FI-00076 Aalto, Finland
henrik.kettunen@aalto.fi qgi.jiaran@aalto.fi henrik.wallen@aalto.fi ari.sihvola@aalto.f

Abstract —This paper compares different methods for
retrieving the transverse effective permittivity of peri-
odic composite slabs whose longitudinal thickness is
only a few unit cells. Two computational methods are
considered, one based on simulated scattering param-
eters (S-parameters) and the other one based on fiel
averaging by integration. The effect of frequency dis-
persion is studied by comparing the results with elec-
trostatic estimates given by analytical mixing formu-
las. Furthermore, the influenc of the slab thickness is
studied. We also discuss the boundary effects on the
interfaces of the slabs.

Index Terms Boundary transition layers, effective
permittivity, fiel averaging, S-parameters.

[. INTRODUCTION

Heterogeneous media, such as composite materi-
als, are often treated as effectively homogeneous ma-
terials [1, 2, 3]. The idea and the benefi of this ap-
proximative modeling is that the complex internal mi-
crostucture of the material can be forgotten and the
material characteristics are averaged into a macro-
scopic scale. That is, the electromagnetic behavior of
the material is described only by two (effective) pa-
rameters, the electric permittivity € and the magnetic
permeability ;. Such an approximation actually ap-
plies to all conventional bulk materials, as well. Natu-
rally, the condition of such homogenization is that the
inhomogeneities of the material are very small with
respect to the wavelengths of the impinging electro-
magnetic fields

Once being able to analyze the effective behavior
of composite materials, we can go the other way round

and see the possibility of synthesizing new artificia
materials with desired effective response. In theory,
it is possible to create materials even with properties
not readily existing in nature. These so called meta-
materials have lately been under major interest [4, 5].
However, the homogenization of many proposed ma-
terials very seldom goes without problems or doubts
[6, 7].

In this paper, we focus on a homogenization of
a very simple dielectric structure in order to investi-
gate some fundamental characteristics and limitations
of material homogenization. We consider a compos-
ite slab consisting of dielectric spheres arranged in a
periodic simple cubic lattice in vacuum. The slab is
infinit in the transverse plane but in the longitudinal
dimension it is only a few layers thick. The slab is
excited with a normally incident time-harmonic plane
wave (see Fig. 1). The structure is assumed non-
magnetic, i.e, 4 = g, which, for instance, is rea-
sonable when studying polymeric composite materi-
als [8]. Therefore, the only parameter we are retriev-
ing is the effective permittivity e, which is a dimen-
sionless number relative to the permittivity of vacuum
€. Moreover, the spheres are assumed dispersionless
and lossless.

In this article, we study the homogenization in a
dynamic case in order to see how quickly and strongly
the increase of the electrical size of the unit cell makes
the effective permittivity estimate deviate from the
(quasi)static value. Furthermore, an important objec-
tive of this paper is to study how the thickness of the
slab, i.e., the number of consecutive unit cell layers,
affects the retrieval results.

The simulations are performed using COMSOL

1054-4887 © 2011 ACES
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Fig. 1. The original composite medium consisting of
a periodic lattice of spherical inclusions is modeled as
an effectively homogeneous material.

MuLTIPHYSICS 3.5 (3D RF Module, Electromag-
netic Waves, Harmonic Propagation), which is a com-
mercial software based on the fnite element method
(FEM).

In parallel, another related homogenization study
is going on, where we more extensively consider the
effect of frequency dispersion for a composite slab
and an inf nite periodic lattice. In those simulations,
CST MICROWAVE STUDIO is used. The results of
this research are reported in [9]

[Il. COMPUTATIONAL MODEL OF THE
GEOMETRY

The composite slab consists of spheres in a sim-
ple cubic lattice, i.e, the unit cell is a cube with a
concentric sphere inside (see Fig. 2). The unit cell
side length is denoted by a. We consider a compos-
ite where the spherical inclusions occupy a volume
fraction of p = 1/4, i.e, the radii of the spheres be-
come r = a {/3/(167). The relative permittivity of
the spheres is ¢; = 10 and the background material is
vacuum with ¢, = 1.

Fig. 2. The unit cell is an @ X a x a cube with a
dielectric sphere inside.

We only consider the case where a linearly polar-
ized transverse electromagnetic (TEM) plane wave is
normally incident on the composite slab. In this case,
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the transverse periodical symmetry of the slab can be
modeled using perfect electric conductor (PEC) and
perfect magnetic conductor (PMC) boundary condi-
tions. To achieve the desired periodicity, PEC bound-
aries are placed perpendicularly and PMC boundaries
parallel to the chosen direction of the electric feld
vector. Due to the symmetry of the unit cells, with
normal incidence, only one quarter of the unit cells
needs to be modeled in the transverse direction, which
essentially reduces the computational cost. More gen-
eral periodic boundary conditions could also be ap-
plied, but in that case the whole cells must be mod-
eled. In the longitudinal direction, i.e., the direction
of the plane wave propagation, we have to model all
the consecutive layers of cells in the slab. We con-
sider three conf gurations, slabs with thickness of 1,
5, and 9 layers of unit cells. On both sides of the
slab, the width of two unit cells of free space is added
to ensure suff cient attenuation of possible evanescent
higher order modes. The computational domain is ter-
minated with ports, which give rise to the TEM plane
wave and allow the computation of the S-parameters.
Figure 3 presents the actual modeled geometry in the
case of 5 layers.

Fig. 3. Example of the modeled geometry with 5 lay-
ers.

The geometry is discretized with a tetrahedral
mesh. The accuracy of the mesh should remain
roughly equal for all geometry conf gurations, i.e.,
slabs with a different number of layers. For a cer-
tain slab, the same mesh is applied for all frequen-
cies, that is, when we perform a frequency sweep, the
mesh needs to be created only once. The feld so-
lution is constructed using quadratic vector elements.
In our simulations, for slabs with 1, 5, and 9 layers,
the meshes consist of 7949, 13997, and 21013 ele-
ments, yielding 55148, 97286, and 145626 degrees of
freedom, respectively. The simulations are run using
a desktop PC with Intel Core 2 Duo CPU 2.66 GHz
and 4 GB of RAM. For example, in the case of 5 lay-
ers, a sweep of 200 frequency points takes 2141 sec-



onds, which is a little less than 11 seconds per each
frequency point.

To validate our simulation results, we also mod-
eled the 5 layered case using the frequence-domain
solver of CST MICROWAVE STUDIO (MWS). The
geometry setup and the boundary conditions are the
same as described above. The unit cell side length
was chosen ¢ = 0.01 m. Figure 4 shows the absolute
difference between the obtained S-parameter results,
which in the considered frequency range is of the or-
der of 1073,

-2

10

0 0.5 1 1.5 2 2.5
f/ GHz

Fig. 4. The difference in simulated S-parameters be-
tween COMSOL and CST MWS.

We are considering an electrodynamic case where
a propagating wave interacts with the composite ma-
terial. However, the unit cells must be small enough
with respect to the wavelength for the material to be-
have as homogeneous, so, in that sense, we are near
the (quasi)static limit. For convenience, we choose a
reference frequency where the edge length of one unit
cell equals 1/20 of the wavelength, i.e., a = A/20.
The wavelength should not, however, be considered
the free-space wavelength but the reduced (effective)
one inside the material. Therefore, the corresponding
reference frequency,

c

Joo = s (1)

20a+/€ctr’

where c denotes the speed of light in vacuum, depends
on the effective permittivity, which is the unknown pa-
rameter we are solving. A reasonable a priori estimate
is considered in the following.
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[ll. ELECTROSTATIC MIXING RULES

In the electrostatic limit, the effective permittivity
of an inf nite lattice can be estimated by various ana-
lytical mixing formulas [10]. One of the most famous
and simplest mixing rules suitable for this case is
the Maxwell Garnett (MG) formula, which using the
above-mentioned parameter values (¢; = 10, ¢, = 1
and p = 1/4) gives

€ — €
€ + 2€. — p(éi - ee)

A more accurate estimate is given by the Lord
Rayleigh mixing rule

€eff = €c + 3Pee ~ 1.6923. (2)

3pee
—1.305 6‘46/31)10/3

~ 1.6989,

3)
and an even more accurate one by the mixing formula
derived by McPhedran and McKenzie [11], . ~
1.6990, which we will use as a static bulk reference
value in Eq. (1).

€eff = €et e+ 2e0

€i—¢€e

IV. S-PARAMETER RETRIEVAL

The widely applied S-parameter retrieval method
is based on measured or simulated refection and
transmission data, namely S1; and S2;. The method is
often referred to as Nicolson—Ross—Weir (NRW) tech-
nique named after its originators [12, 13]. Along with
the metamaterials research this method has required
certain modif cations [14, 15].

The normalized impedance z is obtained by

(1+ 511)2 — 5221
z==* , 4
\/(1 —Sn)? - 5% @

where the sign must be chosen so that the real part
of z is positive. The exponent function including the
refractive index n is then given by

So1

z=edmhod — 22 5)
1=Suzg z+1

where ko = w,/eouo is the free-space wave number
and d is the thickness of the slab. This method aims
at solving both ecir and pier by €ef = 1/2 and per =
nz. However, the solution is not unambiguous due to
the branches of the logarithm function. The refractive
index becomes

1
n=-—(nx+2rm), m=0,1,2,... (6)

kod

181



182

If both e and pesr are unknown, or the material is
strongly dispersive, determining the integer m may
become diff cult. However, as in our case the com-
posite is assumed non-dispersive and non-magnetic,
the correct value for the integer m can simply be ad-
justed by the condition peer = nz ~ 1.

1 layer
1.725 Slayers |
1.72 9 layers e e
_ = = = bulk, static )
\Uf 1.715
g om
1.705
1.7
1.695
0

f/f20

Fig. 5. The retrieved effective permittivity (real part)
for different number of layers.

1.01 T
1 layer
5 layers
1.005 Olayers |=i et o
—_ = = =Dbulk, static
é I : \
: : s~
0.995F e e Foefefreee SRR
0.99 ' . '
0 0.5 1 1.5 2
f/f

20

Fig. 6. The retrieved effective permeability (real part)
for different number of layers.

Problems appear, when the total effective thick-
ness of the slab becomes \/2, or any integer multiple
of it. At such frequencies, there occurs a Fabry—Pérot
type of resonance where the wave passes through the
lossless slab without any refection. Although the
Fabry—Pérot resonance is a natural response of the
slab, it should not affect the material parameter re-
trieval results. However, as S1; = 0 and |So1| = 1,
the impedance z cannot be solved correctly by Eq. (4),
which causes the resonances to transfer also to the

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011

retrieved parameters €. and pesr (see Figs. 5 and
6, respectively). Naturally, these resonances in per-
mittivity and permeability are not physical properties
of the studied material but a characteristic of the re-
trieval method. Moreover, the behavior of eqgr 1S anti-
resonant, i.e., near the resonance the permittivity de-
creases with increasing frequency, which violates the
principle of causality (see Fig. 5).

The retrieval also yields very small imaginary
parts for e and pesr (not plotted herein). At the res-
onance, their maximum level is of the order of 1074,
i.e, they are not numerically zero, but compared with
the real part they become negligible. However, the
imaginary parts may appear with incorrect sign, which
indicates a violation of passivity. Especially for meta-
materials, where the inclusions often are resonant and
lossy, the NRW technique tends to give unphysical
material parameters. This problem is discussed more
extensively in [7].

However, the refractive index n is not affected by
the Fabry—Pérot resonances remaining smooth over
all frequencies. This allows us to fght the problem
by demanding . = 1 and solving the permittivity
directly by e = n?. This modifed retrieval yields
smooth and physically reasonable estimates for e
(see Fig. 7).

1.725 T
1 layer
1.72 5 layers
9 layers
1.715f| = = = bulk, static

o)
53

L71p EEEREREEREE S

Real(e t)

1705F o L :

17 STSTTY SETEITTURLE SRIERRIRTRY

1.695
0

Fig. 7. The effective permittivity (real part) retrieved
by ecr = n? for different number of layers.

As a general observation, it can be seen that as the
frequency increases, the obtained permittivity starts to
notably deviate from the static reference. Also, the
number of layers affects the permittivity. The increase
of the number of layers makes the permittivity tend to
the bulk value at the static limit. With only one layer,
the retrieved permittivity is clearly higher.



V. FIELD AVERAGING BY INTEGRATION

1.725 L
1724 /5L totalavg.|..................~.
9L total avg.
1.715F = = =bulk, static | ="

Real(se ff)

L71fp = SRR R St
1705 oo R T
] LS AR SAL RS SRIEL ST
1.695 :
0 0.5 1 1.5 2
f/f

Fig. 8. The effective permittivity (real part) retrieved
by feld integration.

. 1L
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Fig. 9. The effective permittivity values retrieved by
feld integration in different unit cells.

Whereas the previous method observed the mate-
rial from the outside, another approach is to consider
the constitutive relation within the material. In each
individual point D(r) = e(r)E(r). Then, if averaged
over the whole material, the relation between the dis-
placement current D and the electric feld E is def ned
by the effective permittivity, (D) = ecfreo (E).

Field averaging is studied, for instance, in [16].
We, however, choose a very simple and straightfor-
ward procedure where the f elds are averaged by vol-
ume integration over each unit cell. Actually, due to
the symmetry and linearly polarized normally incident
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plane wave excitation, one quarter of a cell is needed.

The effective permittivity of a unit cell is obtained by
I (Dy) _ | Diav

cff co(Ey) e [EdV’

(7

where subscript ¢ refers to the component transverse
to the wave propagation. Finally, for the whole slab,
the permittivities of separate cells are averaged once
more over all consecutive layers. Figure 8 presents
the retrieved permittivities for different slabs.

This method allows us to investigate the permit-
tivity separately in each cell. It turns out that there
are only three different kinds of cells, as can be seen
in Fig. 9. In a one-layered case, the unit cells do not
have any neighboring cells around them. This situ-
ation yields the highest permittivity value. Another
case are the layers on the boundary that have neigh-
bors on one side and the third group are the cells inside
the slabs with neighbors on both sides. All the inte-
rior cells give the same permittivity, although only the
values of the midmost cells are plotted in Fig. 9. The
boundary permittivity is higher than the interior per-
mittivity. At the static limit, the interior permittivity
tends to the bulk value given by static mixing formu-
las. The values of the boundary and interior permit-
tivities do not depend on the number of layers.

These results support the theory of boundary tran-
sition layers, which suggests that the effective model
of the homogenized material should include separate
boundary layers with permittivity different from the
interior material [7]. This boundary permittivity be-
comes higher than the bulk value and the suff cient
thickness of the transition layer would be one unit
cell, which is in agreement with previous literature
[17, 18]. Also, [18] suggests a modif cation to the
Maxwell Garnett formula for computing the static
transverse boundary permittivity. Unfortunately, the
volume fraction p = 1/4 considered in our study is
too large for the MG formula, Eq. (2), to give ac-
curate results. Nonetheless, the predicted difference
between the boundary and the bulk permittivities be-
comes 0.006, which quantitatively agrees with the dif-
ference seen in Fig. 9 very well.

VI. COMPARISON BETWEEN THE
METHODS
Figure 10 presents the effective permittivities
retrieved by different methods. The original S-
parameter method (NRW) is suffering from the
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Fig. 10. Comparison of the retrieval methods for a
slab with 1 layer (top), 5 layers (middle), and 9 layers
(bottom).

Fabry—Pérot resonances that also contaminate the re-
trieval results. Increasing the slab thickess makes the
resonances shift lower in frequency. Despite the non-
magnetic nature of the original composite, the method
also yields effective permeability piesr, which, with in-
creasing frequency, starts to deviate from unity. More-
over, the retrieved parameters show unphysical behav-
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Fig. 11. The absolute error between the S1; (top) and

S21 (bottom) of the original 9-layered composite slab

and the homogenized model. The used models: mod-

ifed NRW with e.x = n? (black), feld averaging

method (grey), and boundary transition layer model

(light grey).

ior. Instead, assuming pefr = 1 and computing eqfr as
the square of the refractive index n gives smooth re-
sults that are very similar to the ones given by the feld
averaging method. In the static limit, all methods tend
to the same value. This value depends on the number
of layers.

Altogether, based on two different methods, we
have four ways to build the homogenized model for
the composite slab: the original NRW approach with
both €. = n/z and pesr = nz, the modif ed NRW
with pef = 1 and eqf = n?, the feld averaging
method with homogeneous e.¢ for the whole slab, and
the piecewise homogeneous model with separate tran-
sition layers with different permittivity. If the effec-
tive model is correct, it should also have the same scat-
tering properties as the original composite. It turns out



that the other models but the original NRW do not ex-
actly reproduce the original S-parameters.

Figure 11 presents the absolute differences be-
tween the simulated S-parameters of the original slab
and the different homogenized models in the case of
9 layers. The errors are anyway relatively small, yet
not numerically negligible, and they start to grow with
increasing frequency. Also, there are no signif cant
differences between the models.

VIl. CONCLUSIONS AND DISCUSSION

Two different computational methods for homog-
enization of thin composite slabs were considered and
compared, namely the S-parameter (NRW) method
and the feld averaging method. Both techniques also
offered modif ed ways to model the effective permit-
tivity, in S-parameter method by the non-magnetic
material assumption and in the averaging method by
using the boundary transition layers. The original
NRW method yielded both e.¢ and e resonant and
unphysical violating the principles of causality and
passivity. When pesr = 1 was assumed and the per-
mittivity computed as e.if = n?, the result was smooth
and similar to the one obtained by f eld averaging. The
feld averaging method, however, suggested a piece-
wise homogeneous model where the boundary layers
are modeled separately using slightly higher permit-
tivity.

When the frequency, i.e., the electrical size of
the unit cells, was increased, neither of the meth-
ods proved superior. However, important fundamental
conclusions can be drawn.

Firstly, for homogenization purposes, the electri-
cal size of the unit cell should be very small. As
seen in Fig. 11, with increasing frequency, the ho-
mogenized models fail to produce the same scattering
parameters with the original composite slab. Our re-
sults suggest that the unit cell size a ~ /20, where
A is the reduced wavelength inside the material, is a
limit, after which the material cannot safely be con-
sidered perfectly homogeneous. Futhermore, from
Figs. 5-10 we see that the cells must be extremely
small, a ~ A/100, before the (quasi)static state is
reached. Naturally, in practical experiments a certain
tolerance for an acceptable error must be defned. In
our case, the absolute differences are small numbers
and in many cases they may seem negligible. The fo-
cus of this paper is, however, to f nd fundamental lim-
itations of material homogenization approach in gen-

KETTUNEN, QI, WALLEN, SIHVOLA: HOMOGENIZATION OF THIN DIELECTRIC COMPOSITE SLABS

eral, and to discuss the characteristics of different ho-
mogenization methods.

Secondly, the value of material parameters should
not depend on the amount of the material. A suff cient
amount of layers is required for the slab to behave as
a bulk material. From Fig. 10, it is seen that not even
the 9-layered slab exactly converges to the bulk value.
This is explained by the effect of the boundary lay-
ers, which have higher permittivity than the interior
layers increasing the total average permittivity of the
slab. That is, a homogeneous material should include
enough layers in order to make the boundary effect
negligible. A slab with only one or two layers cannot
be considered a material at all.

Moreover, considering the applicability of the
original NRW method, we see from Fig. 10 that we
must operate with frequencies where the electrical
thickness of the slab remains below \/2. However,
at the same time, the thickness must be large enough
in terms of unit cell layers for the slab to resemble
bulk material. These two limitations roughly imply
that for reliable usage of the NRW technique, the slab
thickness should be at least 10 layers or more, which
means that the maximum unit cell size should be of
the order of A/50.

Furthermore, the current study is still restricted fo-
cusing only on dielectric composite and the normal
incidence. By considering oblique incidence from
different angles, possible effects of anisotropy and
spatial dispersion could be studied. Also, assum-
ing the composite non-magnetic, non-dispersive, and
lossless is quite an idealization. Moreover, especially
in metamaterials research, the inclusions are assumed
strongly dispersive and resonant having also negative
material parameter values. In these more complex
cases, extra care must be taken that the assumption of
effective homogeneity holds. Therefore, futher funda-
mental study is needed.
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Abstract—Engineered materials that demonstrate a specific
response to electromagnetic energy incident on them in an-
tenna and radio frequency component design applications are
in high demand due to both military and commercial needs.
The design of such engineered materials typically requires
numerically intensive computations to simulate their behavior
as they may have electrically small features on a large area
or often the overall system performance is required, which
means modeling the entire integrated system. Furthermore, to
achieve an optimal performance these simulations need to be
run many times until a desired solution is achieved, presenting
a major hindrance in arriving at a feasible solution in a
reasonable amount of time. One example of such applications
is the design of antireflective (AR) surfaces at millimeter wave
frequencies, which often involves sub-wavelength gratings in
an electrically large multilayer structure. This paper investi-
gates the use of field-programmable gate arrays (FPGAs) and
graphics processing units (GPUs) as coprocessors to the CPU
in order to expedite the computation time. Preliminary results
show that the hardware implementation (100 MHz) on Xilinx
Virtex4L. X200 FPGA is able to outperform a single-thread
software implementation on Intel Itanium 2 processor (1.66
GHz) by 20 folds. However, the performance of the FPGA
implementation lags behind the single-thread implementation
on a modern Xeon (2.26 GHz) by 3.6x. On the other hand,
modern GPUs demonstrate an evident advantage over both
CPU and FPGA by achieving 20x speedup than the Xeon
processor.

Index Terms—Antireflective Surface, Engineered Materials,
FPGA, GPU, Parallel Computing, Reconfigurable Program-
ming, High-Performance Computing.

I. INTRODUCTION

The design of engineered materials that demonstrate a
specific response to incident electromagnetic energy often
requires the use of periodic structures with dimensions that
are much smaller than the wavelength for electrically large
structures (i.e., overall size of many wavelengths). As a result,
the accurate and fast modeling of these large scale structures
with fine features often becomes a major challenge. The
challenge is even bigger when these models have to be run
iteratively to identify an optimal solution. Recently, hardware
accelerated computing has been gaining momentum due to
its applicability to parallel computing while using a fraction
of the power requirement of the conventional microprocessors
and requiring much less cost in comparison to supercomputers.

The objective of this paper is two folds: (i) investigate the
use of FPGAs and GPUs as coprocessors to CPU in electro-
magnetic simulations, (ii) utilize the hardware acceleration in
simulating complex devices and optimizing their performance.
These objectives will be achieved in the context of the design
of antireflective (AR) surfaces with sub-wavelength gratings.

A common approach to the design of AR surfaces in
optical regimes is to coat the surface with multiple layers
of thin films with specific dielectric properties that result in
the desired performance. This approach is not practical at
millimeter wave frequencies as there is limited availability
of dielectric materials with the desired material properties.
For this purpose, alternative techniques using gratings in the
substrate can be used to simulate the same effect [1]. The
gratings in essence modify the effective dielectric property
of each layer. As a first order approximation, an effective
permittivity for each layer can be computed using the effective
media theory [2]. However, this approach is only suitable

1054-4887 © 2011 ACES
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Table 1: Comparison between FPGA and GPU

Criterion [ FPGA [ GPU
Power Consumption Low (Virtex4L.X200: ~10 W) High (GTX 480: 450 W)
Cost High (Virtex4LX200: ~$6,000) Low (GTX 480: $500)

Learning Curve Long Short

. Difficulty High (Use hardware discription language) | Low (Use high level language)
Programming | —go e High Tow
Portability Low High
Floating-Point Performance Low High

for gratings with dimensions that are much smaller than the
incident wavelength. For the case of sub-wavelength gratings
(i.e., resonant regime) considered in this paper, a more precise
approach is required as the assumptions of the effective media
theory are no longer valid.

This paper uses the rigorous coupled wave (RCW) algo-
rithm, which employs an eigenmode approach as described
in [3], to model the AR surface created with sub-wavelength
gratings. RCW algorithm applies to structures with periodic
gratings. The electric field and the periodic permittivity values
inside the structure are expanded into a Fourier series in spatial
harmonics, resulting in a matrix of coupled wave equations.
With this approach, the field inside the medium is expanded
in terms of the space harmonics in the periodic structure and
phase matched to the fields outside the grating. The fields can
be treated as waveguide modes in the grating region, and the
total field is expressed as a sum of all possible modes.

The remaining part of the paper is organized as follows.
Section II describes the underlying principles of hardware
acceleration and presents the features of FPGA and GPU
with particular attention to the systems used in this imple-
mentation. The details of the RCW algorithm are provided
and its numerically intensive components are identified in
Section III. Section IV describes the implementation of the
RCW algorithm on two different platforms: a state-of-the-art
reconfigurable computer, SGI Altix RASC RC100 [4], and
the NVIDIA GPUs (i.e., Tesla C1060 and GeForce GTX480).
The platform specifications for the hardware implementation
and the interaction between the CPU and the two hardware
platforms are also presented in this section. Significant per-
formance improvement has been achieved on both FPGA and
GPU platforms compared with the software implementation
on Intel Itanium 2 and Xeon E5520 processors. Finally, the
conclusion remarks are given in Section VI.

II. HARDWARE ACCELERATION ON FPGA
AND GPU

Parallelism and pipelining are in the essence of hardware
accelerated computing. A more conventional way of hard-
ware acceleration based on von-Neuman architecture, where
instructions and data are stored in the same memory, is
typically achieved by the use of multiple processors in a
system. In this approach, instruction stream programming can
be used as in any traditional computer. An example of such a
system is the Beowulf cluster [5]. As an alternative, this paper
focuses on a different kind of hardware acceleration, where a
coprocessor is used to support the CPU for specific tasks in an
algorithm. Traditional von-Neuman architectures tend to create

bottlenecks between the CPU and the main memory. The use
of a dedicated coprocessor with its own memory can accelerate
numerically intensive computations. One of the early uses of
such coprocessors is the digital signal processor (DSP), which
is a highly specialized form of a microprocessor. While the
use of DSPs was universal for hardware acceleration in its
early stages, the growing need for flexibility for many compu-
tationally intensive applications outstripped the functionalities
offered by these chips. As a result, FPGAs, which are a form
of highly configurable hardware, began entering the market.
FPGAs contain programmable logic components called “logic
blocks”, and a hierarchy of reconfigurable interconnects that
allow the blocks to be connected together to perform custom
computation. With the abundance of available transistors,
modern FPGAs are capable of carrying out big scientific
applications. Thousands of performance speedup has been
observed on reconfigurable computers [6].

While FPGAs are highly reconfigurable and energy effi-
cient, there is a prize for the flexibility offered by these
platforms, i.e., the difficulty in hardware implementation.
Typically, hardware description languages, such as Verilog and
VHDL, are required to program the FPGAs in order to achieve
desirable performance speedup.

Recently, another platform, i.e., graphics processing unit,
has been gaining popularity due to their relatively easier
learning curve. GPU was presented as early as in 1989 as
a stream computing engine [7]. Modern GPUs from both
NVIDIA and AMD consist of hundreds of stream processing
units and are capable of achieving remarkable processing
parallelism. Both companies provide SDK to facilitate the end
user use high level languages (e.g., C language) to program
the GPUs, therefore significantly lowering the programming
difficulty.

FPGAs and GPUs, have demonstrated the ability to speed
up a wide range of applications from image processing to
encryption, as demonstrated in previous work [8]-[12]. Each
technology has its advantage and disadvantage, as listed in
Table 1. In general, GPU provides the ease of use and higher
parallelism. On the other hand, FPGA consumes much less
power, has better programming flexibility, and provides deep
pipelining, which is very useful for many applications.

III. RIGOROUS COUPLED WAVE
ALGORITHM

The rigorous coupled wave (RCW) algorithm applies to
diffraction problems from multiple layers with periodic grat-
ings. It is based on an extension of enhanced transmittance
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matrix approach in [13] and adopts Lalanne’s improved eigen-  Floquet conditions as (6).
value formalism [14]. A detailed discussion on the RCW Ao
algorithm can be found in these references. We provide a brief ke, = ko <ﬂ1 sinflcosp —m (A)) ) (6a)
overview in this section in order to describe our motivations “
for the hardware implementation. ky, = ko <n1 sinfsinp —n (?)) . (6b)
Y

The stacked multiple layer in RCW algorithm can consist of
any number of gratings. However, all gratings must be periodic
with the same periodicity along a given direction on the plane.
The periodicity results in a spatially periodic permittivity (and
inverse permittivity) within each layer and can be represented
as a Fourier series expansion, as follows.

2mgr  2wh
i(w,y) =) Elgnexp (J Ag Ix y) , (G
g,h r v
_ 2mgx 2mh
El 1(§C,y) = ZAl,gh exp (J Ag +.7 A y) . (3b)
g,h v v

where €; g, and A; 41, are the Fourier coefficients for the [th
layer in the stack for the permittivity and inverse permittivity
respectively. The electric field inside the layers can similarly
be expressed as a Fourier series in terms of spatial harmonics.
Maxwell’s equations for the layered structure can be written
in terms of the tangential components of the electric and
magnetic fields, resulting in a coupled equation set in (1),
where S represents the amplitudes of the spatial harmonics
of the electric field in the [th layer, with subscripts = and y
denoting the directions of periodicity in the plane of the stack.
The parameters B and D in (1b) are matrices given as

B =kye; 'k, — 1,
D =kye; 'ky — 1.

(4a)
(4b)
The k, and k, in (1b) and (4) are diagonal matrices formed

by k., and &y as shown in (5), in which kg is the free space
wave number.

kg

km — m , 5
ko (52)
k

k, = ~¥~ 5b

"= T (5b)

ks, and k, are the wave vector components along x and
y, respectively. They are computed from phase matching and

Ay and A, in (3) and (6) represent the periodicity of the
gratings along z and y respectively. « in (1b) is a grating
geometry dependent parameter, which is a real positive number
between [0, 1] as introduced in [14].

Therefore, the coupled wave equation can be solved by
finding the eigenvalues of the matrix {2;, which is a function
of the stack properties. The rank of this matrix is M X N,
where M and N are the number of spatial harmonics retained
along the two dimensions of periodicity in the plane of stacked
layers. Ideally an infinite number of them are needed for an
exact solution but truncation with minimal error is possible.
Despite this truncation, the rank can be in the order of mag-
nitude of 400 or more for a typical application of AR surface
design. Hence, the most numerically intensive component
of the RCW algorithm is this eigenvalue computation. The
hardware platforms will be used to implement the eigenvalue
computations of the RCW algorithm to achieve acceleration.

A. QR eigenvalue algorithm

Given a square matrix A € C™*™, an eigenvalue A and
its associated eigenvector v are, by definition, a pair obeying
the relation Av = Av. Equivalently, (A — AI)v = 0 (where
I is the identity matrix), implying det(A — M) = 0. This
determinant can be expanded into a polynomial in A, known
as the characteristic polynomial of A. One common method
for determining the eigenvalues of a small matrix is by finding
the roots of its characteristic polynomial. However, a general
polynomial of order n > 4 cannot be solved by a finite
sequence of arithmetic operations and radicals. Therefore,
many numerical iterative algorithms have been proposed [15]
to solve the eigenvalue problem of high-rank square matrices,
such as power method, inverse iteration, Jacobi method, etc.
Among these, the shifted Hessenberg QR algorithm [16]-
[18] is accepted as a practical solution and adopted in most
applications to deal with general square matrices.

There are two phases in the practical QR algorithm, as
described in (2). In the first phase, the original matrix A is re-
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Fig. 1. Using FPGAs as coprocessors in general-purpose
computing.

duced to the upper Hessenberg form H using the Householder
transformation [19]. The second phase involves applying the
implicit QR iteration with shifts on the unreduced Hessenberg
matrix H until it converges to a triangular matrix, i.e., the
Schur form S. The eigenvalues of a triangular matrix are listed
on the diagonal, i.e., the ®s in (2), and the eigenvalue problem
is solved once this form is achieved. If the corresponding
eigenvectors are required, they can be calculated using Gaus-
sian elimination and back substitution after the eigenvalues are
available.

IV. HARDWARE IMPLEMENTATION OF
THE RCW ALGORITHM

Both hardware platforms (e.g., FPGA and GPU) will be
used as coprocessors to the CPU to accelerate the most
numerically intensive part of the RCW algorithm, which is the
eigenvalue calculation for the large matrices required in the
RCWA design. Promising results are demonstrated to prove
the efficiency of the hardware implementation compared with
the software implementation of the same algorithm in C. The
acceleration in computation time allows for the design and
optimization of complex AR surfaces as numerous iterations
can be run rapidly on hardware coprocessors.

A. Implementation on Altix RASC RC100 reconfigurable
computer

Reconfigurable computers (RCs) are traditional computers
extended with coprocessors based on reconfigurable hardware
like FPGAs. These enhanced systems are capable of providing
significant performance improvement for applications in many
scientific and engineering domains, such as the electromag-
netics [20], [21]. Due to the limited size of the internal
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block RAM memory, multiple SRAM modules are generally
connected to the hardware coprocessor for data storage, such
as the example shown in Figure 1(a).

The implementation of an application on a reconfigurable
computer consists of a hardware part and a software part. The
implementation on the hardware part requires the use of either
hardware description languages (e.g., VHDL, Verilog) or high
level languages, such as Impulse-C [22] or Mitrion-C [23], to
carry out the design in hardware. Multiple techniques, e.g.,
pipelining and single instruction multiple data (SIMD), can
be applied to take advantage of the hardware acceleration.
Multiple dependent tasks in an application can form a pipeline
so that the output of a producer can be forwarded to the
input of a consumer directly. Take the circuit in Figure 3(a) as
one example, multiple primitive operators form a pipeline to
accomplish an advanced operation. Another typical technique,
SIMD as shown in Figure 3(c), is to instantiate multiple
identical processing elements (PEs) so that multiple data items
can be processed in parallel. The theoretical performance of
N identical PEs is N times of a single PE.

Since the hardware implementation depends on the available
resources on the FPGA device (e.g., memory, built-in multi-
pliers, slices), it might be necessary to distribute the hardware
part into multiple FPGA configurations, each of which is
called a bitstream. Once the bitstreams are available, they can
be integrated into the software part, which is executed on the
CPU. From the point of view of a software programmer, a
bitstream can be treated as a software subroutine during the
integration process in spite of the fact that the functionality
is realized in hardware, as shown in Figure 1(b). The inte-
gration process always involves the use of vendor application
programming interfaces (APIs).

In the following text, the numerically intensive part of the
RCW algorithm, i.e., the eigenvalue solver, is described in
terms of the mathematical approach used for the implemen-
tation. This discussion is followed by the details of the im-
plementation of the eigenvalue algorithm on the Altix RASC
RC100 reconfigurable computer along with a description of
the system specifications and architecture of the platform.

1) The FPGA Platform: SGI's Altix RASC RC100 re-
configurable computer is a blade-based heterogeneous su-
percomputer in which NUMAIlink™4 interconnect is used
to connect different types of computing blades, as shown
in Figure 2(a). Each blade itself is a homogeneous node
consisting of the same type of processors, e.g., the CPU or the
FPGA coprocessors. The Altix 450 at The Catholic University
of America includes two CPU blades and one FPGA blade.
The CPU used in the system is Intel Itanium 2 (1.66 GHz).
The detailed architecture of a RASC RC100 FPGA blade
is shown in Figure 2(b). There are two FPGA devices on
a single RASC blade. Each FPGA device, Xilinx Virtex-
41.X200, is equipped with 5 banks of SRAM for local data
storage. The size of each SRAM bank is 8 MB. Every bank
has separate 64-bit read and write ports directly connected
to the FPGA device. Besides the local memory, each FPGA
device is capable of communicating with CPU blades through
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Fig. 2. Altix RASC RC100 reconfigurable computer.

NUMALIink™4 interconnect, achieving a theoretical 3.2 GB/s
on both directions at the same time. Since the two FPGA
devices have their separate network interface controller, their
communication with other components in the RASC system
is independent to each other. However, there is no direct
communication channel between the two FPGA device on the
same board. This limitation prevents an application from being
implemented on two devices, i.e., part of an application on one
device and part of the same application on the other device. In
other words, the hardware part of an application can be only
implemented on a single FPGA device.

There are several factors that can limit the problem size
an application can deal with when it (or part of it) is im-
plemented on FPGA device. The first one is the number of
basic lookup tables (LUTSs) or combined as slices on Xilinx
FPGAs. The bigger an application is, the more hardware
resource its implementation is going to take. The second one
is the number of built-in multipliers. Many scientific and
engineering applications involve the double precision floating-
point operations, particularly multiplications. Basic LUTs can
be used to construct double precision multipliers. However, a
more economic way is to use the built-in multipliers so that
LUTs can be used for other part of the application. The third
limiting factor is the size and the bandwidth of the off-chip
memory. The size of the memory will decide how much data
(including source, intermediate and result data) can be stored.
The bandwidth of the memory will decide the data processing
parallelism the logic can achieve. In this work, it is mainly the
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Algorithm 1: Hessenberg Reduction (Vector-based)

Input: A square complex matrix A with rank n
Output: The reduced Hessenberg matrix H
11 for k=0 to n — 3 do

1.2 V = House(AkH;n,Lk); /+*Step 1: See Alg. 2%/
13 Ak-‘rl:n—l,k:n—l =
Ak-‘rl:n—l,k::n—l - ZUk(U]tAk—i-l:n—l,k:n—l); /*xStep 2:
PyAxi1n—1,kn-1, P =1—2vv; %/
14 AO:nfl,lﬁLl:nfl -
Agin—1k+1:n—1 — 2(A0:in—1,k+1:n—1Vk)Vf: /*Step 3:
L AO:nfl,kﬁ»l:nflPk*/

Algorithm 2: House(x)

Input: A complex vector x
Output: The Householder vector v

21 o = 76““7”1 R /*p is the argument of xi=*/
22 u=1x —aeg =+ e*?||x||er; /xe1 = [1,0,...,0]T x/
23 U= o

flwll”

size of the memory that decide the maximum problem size the
application can deal with, as elaborated in the following text.

2) FPGA implementation of QR algorithm: The RCW al-
gorithm in the most general sense creates a square matrix with
complex entries. Both real part and imaginary part of a matrix
entry are represented in double precision (64-bit) floating-point
format. In the hardware implementation of QR eigenvalue
algorithm on FPGA device, we combine the two physical local
memory banks into a 128-bit wide logical memory bank so
that each memory entry can store one complete matrix entry.
Therefore, the real part and the imaginary part of a complex
value can be accessed simultaneously.

As described in Section III-A, there are two phases in the
QR algorithm. The first phase, i.e., the Hessenberg reduction,
is completely implemented in one FPGA configuration. Part of
the second phase in which the computation is close to the one
in Hessenberg reduction is implemented in another separate
FPGA configuration. Since the computation in both configu-
rations is close, we focus on the description of Hessenberg
reduction in this paper.

The first phase, Hessenberg reduction, is carried out by
applying the Householder reflection for n — 2 iterations (see
Alg. 1), where n is the rank of the original matrix A. Each
iteration comprises three steps, as shown in Table 2. Each step
further includes multiple sub-steps. In our hardware design,
Steps 1, 2, and 3 comprise 4, 3, and 3 sub-steps, respectively.
All iterations, the steps in each iteration, and the sub-steps
within every step have to be carried out sequentially due to
the data dependency among them. More specifically, the 10
sub-steps are carried out in a sequence during the execution.
The advantage of hardware implementation comes from the
pipelined processing within each sub-step. For example, Step
1.1 involves multiplication, addition, accumulation, and square
root operation to calculate the norm of a vector. In hardware



KILIC, HUANG, CONNER, MIROTZNIK: HARDWARE ACCELERATED DESIGN OF MILLIMETER WAVE ANTIREFLECTIVE SURFACES

Table 2: Calculation breakdown of iteration k in Hessenberg reduction

Step [ Sub-step [ Calculation Number of clock cycles for computation™

L1 [ el o] n—k-1

1 1.2 z1_r + |Jz]cos o, z1_; + [[z][sinp 1
1.3 [Tu n—k—1
1.4 w/lul] n—k—1
2.1 m =V Apyfiin—1kin—1 n—k)n—-—k—1) 2 2

2 12 T N=um (n—F)n_k_1) | oF —9nk+06n"—3n-2
2.3 Ak+1:n—1,k:n—l — 2N (n - k)(n —k— 1)
3.1 m = Apin_1,kt1n_1% n(n—k—1)

3 32 N =m/vf n(n—k—1)
33 A0:7L71,k+1:n71 — 2N’ TL(’I’L —k— 1)

*Ignoring all latencies.

MUX/  \MUX/

Wmultiplexer adder accumulator
multiplier subtractor divider
square rooter m register

MUi MUX y Ei all

MUX MUX MUX MUX

Wb WU ]
i

‘Mulg‘ \Muu\ ‘Muls‘ ‘Mule‘

Add,

(a)
Fig. 3.

Adds

(b) (©)

The computing blocks in the hardware implementation: (a) the computing block used in Step 1; (b) the computing

block used in Step 2.1, 2.2, 3.1, 3.2; (c) the computing block used in Step 2.3, 3.3. (Note: (1) all inputs and outputs are
connected to the local memory interface; (2) the control logic is not illustrated in the figure).

implementation, these four operations are carried out in four
operators, which are concatenated together to form a pipeline,
as shown in Figure 3(a). These primitive operators are all
fully pipelined in our design such that one new data item
can be fed into the pipeline every clock cycle. Therefore, it
will take roughly n — k& — 1 clock cycles to finish this sub-
step (if we ignore all potential latencies). Table 2 lists the
number of required clock cycles for each sub-step. By putting
all iterations together, the total number of clock cycles required
to reduce a matrix of rank n to its Hessenberg form can be
computed as:

n—3

> (3K — 9nk + 6n* — 3n — 2)

k=0

= §n3 — gnf 11.

2 2 @

The detailed hardware implementation of the computing
blocks is illustrated in Figure 3. Since multiple steps have
to be carried out sequentially, many basic computing units are
re-used to reduce the resource cost. For example, the pipeline
chain consisting of Muly, Mul,, Addy, Accy, and Sqrty are
re-used in Step 1.1 and Step 1.3 to compute |z| and ||y,

respectively. cosy and sin¢ are calculated on the fly by
using division, i.e., z1,/||z1] and x1;/||21]]. Therefore, the
outputs of Step 1.2 correspond to the output of Add, (i.e.,
z1 + ||| - 1, /]|71]]) and Adds (.e., z1; + ||| - 15/ ||z1]])-
The multiplication between matrix/vector and vector/vector in
Step 2.1, 2.2, 3.1, and 3.2 is realized using the pipeline chain
in Figure 3(b). Both the real part and the imaginary part of
a complex entry are computed simultaneously. The control
logic is not illustrated in Figure 3. It is mainly composed by
three components, i.e., (1) a finite state machine whose statuses
represent different steps and sub-steps, (2) the logic to generate
correct read and write address for memory access, and (3) the
logic to control the operations of the units in Figure 3.

The hardware implementation of Hessenberg reduction oc-
cupies 56,520 (63%) slices on the target FPGA device and runs
at 100 MHz. The primitive operators, i.e., the double precision
floating-point adder, multiplier, divider, are generated by using
Xilinx CORE Generator. The accumulator is composed of
adders and FIFOs. The hardware design is coded in Verilog,
synthesized by Xilinx XST, placed and routed by Xilinx
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ISE 10.1. The operating frequency of the design is mainly
limited by the control logic. The hardware design is capable
of handling the matrix with a rank up to 480. The maximum
size of the matrix is limited by the size of the off-chip memory
in this case as a 480 x 480 complex matrix takes almost 8
MB to store its entries. The other off-chip memory is used
to store the intermediate result in the execution. During the
runtime, the rank of the object matrix is passed to the hardware
design as a parameter through a register. Before the FPGA
starts processing, the original matrix as well as its rank are
transferred from the host to the FPGA. After the processing
is finished, the upper Hessenberg matrix is transferred back to
the host memory.

B. Implementation on NVIDIA GPUs

General-purpose computing on graphics processing units
(GPGPU) is the technique of using GPUs to perform computa-
tion in applications traditionally handled by the microproces-
sors. GPUs are designed traditionally for graphics and thus are
very restrictive in terms of operations and programming. Due
to their nature, GPUs are only effective at tackling problems
that can be solved using stream processing and the hardware
can only be used in certain ways. More precisely, GPUs are
efficient to process the independent elements belonging to a
stream in a parallel fashion. Kernels are the functions that are
applied to each element in the stream. Figure 4 illustrates a
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general architecture of an NVIDIA GT200 GPU consisting of
many streaming processors (SPs).

We have implemented Alg. 1 on both NVIDIA Tesla C1060
and GeForce GTX 480 (Fermi) GPUs. The Tesla C1060 is
installed on a dual-socket Intel Xeon workstation, as shown in
Figure 5. The GTX 480 is installed on an Intel Core i7 work-
station. On both workstations, GPU communicate with CPU
through PCI Express 2 x16 bus. Tesla C1060 (architecture
code-named GT200) features 30 Streaming Multiprocessors,
each of which is further composed of eight single precision
floating-point CUDA streaming processors and one double
precision floating-point unit, with 16KB on-chip storage called
shared memory and 64KB of register windows for massive
threading. The total 240 (single precision) + 30 (double preci-
sion) floating-point processors can achieve an observed peak
performance of 78 GFLOPS for double precision operation.
The Tesla GPU is equipped with 4 GB GDDR3 memory on
board with the theoretical memory bandwidth of 102 GB/s.
The uni-directional bandwidth of the PCI Express 2 bus on
the platform is observed at 5.8 GB/s.

The latest GPU offered by NVIDIA is code-named as
Fermi, which takes a significant leap forward in architecture
highlighted by features such as improved double precision
performance and configurable cache hierarchy. The model
GTX 480 used in our experiments is composed of 15 newly
designed streaming multiprocessors (SMs). Each SM features
32 CUDA streaming processors and is capable of 16 double
precision fused multiply-add operations per clock, which is
an 8x improvement over the GT200 architecture. Another
key architectural difference is that Fermi has two instruction
dispatch units and most instructions can be dual-issued, which
is different from the HyperThreads used in the Intel Nehalem
processors. Two HyperThreads within a single core of Ne-
halem processors share a single instruction fetch and decoding
unit.

The GPU implementations are developed using CUDA [24].
The vector-based diagonal factorization is composed of a
major outer loop that factorizes one column/row per step.
Unfortunately, advanced features offered on the GPU such as
asynchronized communication/computation and concurrently
kernel execution cannot be used for such an algorithm, as
dependency exists among the outer loops and all inner steps.
Therefore the GPU implementation suffers from low occu-
pancy for small problem sizes. In order to optimize the GPU
implementation, firstly we managed to squeeze every inner
computation step except the Householder generator (i.e., Step
1 in Table 2) into the GPU to keep the entire matrix remained
in the GPU memory throughout the computation. In other
words, the Hessenberg reduction is a CPU-GPU co-design
on the hybrid platform as shown in Figure 5. Step 1 in
Table 2 is carried out on CPU and the remaining two steps are
executed on GPU. Fortunately the calculation of Step 1 only
needs the transportation of one column (or part of a column)
of a matrix. Therefore we managed to minimize the round
trip communication overhead to approximately 5% of overall
execution time. All kernels are further incrementally optimized



Table 3: Platform Characteristics

Criteria [ Xeon (Nehalem) [ Tesla C1060 [ GTX 480
Cores 4 240/30 480
Frequency (GHz) 2.26 1.3 1.4
Double Precision GFLOPs 36 78 672
Memory Bandwidth (GB/s) 25.6 102 177.4

through memory coalescing, using of shared memory and
assigning more work per thread. The configurable L1 cache
on the Fermi GPU introduces more design tradeoffs for users.
In our experiments, for kernels with limited or no usage of
shared memory, configuring the L1 to be 48KB can yield an
approximately 10% improvement on GTX 480. Moreover, we
found that the multi-dimensional threads and blocks configu-
ration can also affect the cache performance, especially when
the performance differences are examined on both GT200 and
Fermi. We achieved the best performance mostly at the thread
configuration of 32x8 for the Fermi GPU.

V. RESULTS

Due to the data dependency within the QR eigenvalue
algorithm, it is found that the first phase, i.e., the Hessenberg
reduction, is able to get significant performance improvement
through hardware acceleration technologies. Therefore, we
present the performance result of Hessenberg reduction on
different platforms in this section. In order to demonstrate the
benefit of FPGA and GPU implementations, we implemented
Alg. 1 on two CPUs as reference, i.e., Intel Itanium 2 (1.66
GHz) on the RASC RC100 platform and Intel Xeon E5520
on the Tesla C1060 platform.

A. Performance comparison

For comparison of acceleration over pure software based
implementations, we coded the Hessenberg reduction phase
in C++ on two software platforms.

The first platform is the RASC RC100 workstation with
Intel Itanium 2 at 1.66 GHz. The size of L1 cache and
L2 cache of the microprocessor is 16KB and 256KB [25],
respectively. The software implementation on Itanium 2 is a
sequential and direct implementation of Alg. 1. This sequential
implementation is handcoded in C++ and single-threaded.

The second platform is a dual-socket Intel Xeon (Nehalem)
system, as shown in Figure 5. The CPU is clocked at 2.26GHz
with 8MB shared L3 cache and 12GB DDR3 memory (total
24GB for the entire system). The theoretical peak double
precision floating-point performance is 36 GFLOP/S for each
CPU. We implemented both sequential and parallel versions on
Xeon. The sequential implementation is same to the one on
Itanium processor. The parallel version is parallelized using
OpenMP [26]. The critical computing intensive paths are
parallelized by multiple threads first then further vectorized
by the compiler utilizing the SSE units per core. These
optimizations are achieved by enabling compiler optimization
flags in GCC, such as -sse4.2 -mtune=core2. Furthermore,
in order to achieve better scalability on all eight cores of
both CPUs, we manually optimized our OpenMP code for
better data locality control and further applied numact! to
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Fig. 6. Performance comparison of the vector-based Hessen-
berg reduction.

bind threads to physical CPU cores to avoid the NUMA
penalty. Such an optimization significantly improves overall
performance on two CPUs for up to 60%.

Overall, the vector-based Hessenberg reduction has been
realized in 6 different implementations on three platforms as
follows.

o The FPGA implementation;

¢ The Tesla C1060 GPU implementation;

e The GTX 480 GPU implementation;

« The sequential software implementation on Itanium 2;

o The sequential software implementation on Xeon E5520;
o The parallel software implementation of OpenMP.

had another implementation by using Intel MKL library,
which runs 8 threads on the two Xeon processors. However,
the performance of the Intel MKL parallel implementation
is close to the OpenMP implementation. Therefore, the per-
formance result of MKL implementation is not included in
this paper. The comparison among these 6 implementations
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is illustrated in Figure 6, which includes both computation
time and the speedup against the software implementation on
Itanium 2. The computation time on both FPGA and GPU
is the end-to-end time including data communication time
and data processing time on the coprocessors. The FPGA
configuration time is not counted, however.

From Figure 6(b), it can be found that the FPGA implemen-
tation is able to outperform the Itanium 2 by 20 folds. Both
Virtex-4 and Intel Itanium 2 were technologies around Year
2005, and the FPGA implementation has the big advantage
than the CPU when the device was just released to the market.
However, the performance of the FPGA implementation lags
behind the state-of-the-art microprocessor and the GPUs with
a big margin. The inferior performance of FPGA is mainly
due to three factors. (i) The FPGA device is running at
a very low frequency, i.e., 100 MHz. If the FPGA device
is running at the same speed as the microprocessor, their
performance will tie. (ii) The direct implementation of Alg. 1
is a sequential process due to the data dependency. Although
we have tried to parallelize the hardware implementation to
the extreme, its performance is easily surpassed by modern
multicore processors with improved design on cache and SSE
when dealing with applications such as Hessenberg reduction.
(iii) The 5 local memory banks on the current platform become
the limiting factor to increase the parallelism in the hardware
implementation. More memory banks are desired to achieve
higher parallelism on FPGA device.

The state-of-the-art microprocessor used in the experiments,
Intel Xeon processor, demonstrates a remarkable performance
improvement than the Itanium 2. For example, the sequential
implementation on Xeon outperforms the sequential imple-
mentation on Itanium 2 for 50 folds. Putting multiple cores in
a single processor further improves its performance, which is
contributed mainly by two factors. First, the SSE extension in
modern processor provides the vector processing capability,
which fits the computation pattern in the target application
very well. Second, the target application is a streaming ap-
plication in which the computation can be distributed onto
multiple cores to parallelize the data processing. Due to the
data distributing overhead, the benefit for using multiple cores
can be achieved only when the problem size is big enough,
e.g., the rank of the matrix reaches 150 in Fig 6(b).

It is evident that it will be beneficial to implement the
application on GPU as the matrix rank increases. The Tesla im-
plementation surpasses the sequential software implementation
on Xeon at rank 260 and then approaches the parallel software
implementation afterwards. Fermi consistently outperforms
GT200 for approximately 4x. Two factors mainly contribute
to the performance improvement on GPU architecture. The
first one is the massive parallel computing capability provided
by the hundreds of streaming processors. As the rank of the
matrix increases, the occupancy of the streaming processors
improves accordingly as well as the speedup. The second
factor is the very high bandwidth provided by the graphics
DDR memory. As shown in Table 3, the memory bandwidth
on GPU is 7 times of the memory bandwidth on CPU. The
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Fig. 7. Performance scalability of vector-based implementa-
tions of Hessenberg reduction.

high bandwidth is very beneficial when the data need to be
frequently accessed from the memory.

B. Scalability

In the previous test, we limit the matrix rank at 480 because
it is the biggest size the FPGA design can accommodate due
to the size of the off-chip memory. In the meantime, it is
clearly demonstrated that GPUs are capable of outperforming
multicore CPUs as the matrix rank increases. In order to com-
pletely show the performance potential of GPUs, we compare
them with the sequential and 8-thread x86 implementations
on the Xeon platform (shown in Figure 5) with the matrix
rank up to 4,096. By observing Figure 7, the implementation
on Tesla C1060 is generally 2 times faster than the 8-thread
Xeon implementation. The main reason has been described
as above. The GTX 480 GPU outperforms all other versions
consistently with a big margin. The Hessenberg reduction is
a computation-intensive as well as communication-intensive
problem. The abundant streaming processors and the high
memory bandwidth on the Fermi architecture evidently give
the advantage of GTX 480 compared with other technologies.

VI. CONCLUSION

Using FPGAs and GPUs as coprocessors to CPUs in
parallel computing has been demonstrated in the context of an
engineered material design, where the numerically intensive
components of the RCW algorithm were implemented on
these hardware acceleration technologies. The performance
speedup on both coprocessors compared with software
implementations on modern microprocessors are very
impressive, proving both platforms are very suitable in
scientific applications.
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Diffraction of Obliquely Incident Plane Waves by an Impedance
Wedge with Surface Impedances Being Equal to the Intrinsic
Impedance of the Medium
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Abstract — Diffraction of plane waves by an
impedance wedge with surface impedances equal
to the intrinsic impedance of surrounding medium
is investigated for oblique incidence case. In the
oblique incidence case, the scattering problem
cannot be solved explicitly because of the resultant
coupled system of functional equations unless the
system is decoupled. Therefore under the assumed
condition on wedge impedance, these functional
equations are decoupled and the expression for the
diffraction coefficient is derived as well as the
diffracted fields.

Index Terms — Functional equations, impedance
wedge, Maliuzhinets theorem, Sommerfeld
integrals.

I. INTRODUCTION

In many practical applications, scatterers are
partly wedge shaped metallic structures covered
by dielectric materials or metallic structures with
finite conductivity which can be simulated with
impedance boundary conditions. Therefore, the
problem of diffraction by an impedance wedge is
investigated by a number of scientists and is very
important for both civil and military applications.

Diffraction by an impedance wedge was first
solved by Maliuzhinets for the normal incidence
case [1]. In this solution, the total field was
expressed by the integral of an unknown spectral
function. The unknown spectral function was
determined using the boundary conditions, the
edge conditions, and the radiation condition. The
fundamental contribution of the Maliuzhinets
method is the reduction of the integral equation

into a first order functional equation. But for the
oblique incidence case, the problem cannot be
solved explicitly, since the resultant equations
form a coupled functional equations system.

The solutions for the problem under
consideration are available only for some limited
wedge opening angles and only under some
assumption for the surface impedance of this
wedge [2-22].

In this study, applying the Leontovich
boundary conditions, a coupled differential
equations system is derived for the z-components
of the fields. Using the similarity transformation,
the relevant matrices are diagonalized assuming
that the surface impedance is equal to the free
space impedance.

The solution for the Helmholtz equation is
sought in the form of Sommerfeld integrals. In
order to solve the Maliuzhinets functional
equations, the Maliuzhinets theorem is applied to
the Sommerfeld integrals. Solving the functional
equations, the closed form solution is derived and
the uniform asymptotic solution is obtained by
applying the steepest descent path method to the
Sommerfeld integrals. The numerical results are
obtained for different wedge opening and
incidence angles and they are shown in Figs. 3
through 7.

II. FORMULATION OF THE PROBLEM

The problem under consideration is a wedge
with an opening angle of 2d, where the edge
coincides with the z-axis. The direction of
propagation of the incidence wave is specified by

the angles S and ¢, as shown in Fig. 1. The

1054-4887 © 2011 ACES
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incident field is determined by the z-components
of the electromagnetic field.

X N
(r,9)

Z,
Fig. 1. The geometry of the problem.

Due to the invariance of both the wedge
geometry and the impedance with respect to z, the
problem can be reduced to a two dimensional
problem and the z-components of the electric and
magnetic field vectors of the incident wave can be
represented as

H. = H.(r,p)exp(ikcos Bz), (1)
EL=EL(r,p)exp(ikcos Bz) ’ 2)
where
H! = Hyexp{—ikrsin fcos(p—g,)},  (3)
and

E; =E, exp{—ikrsinﬁcos((p—goo )} @

Using the Maxwell’s equations, the field

components can be expressed in terms of z-
components as follows:

Hy=—— [laEZ—ZocosﬂaHZJ,(S)
iZyksin” g\ r 0 or
and
j Z
E = (—OaHHcosﬂaEZj, (6)
ksin® g\ r O¢ or

where k = w,/g 1, 1s the free space wave number
and Z; is the free space impedance given by
Zy= 2. (7)
€0

On the surfaces of the wedge, the Leontovich
impedance boundary condition can be represented
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as

E—(RE)i=2,ixH . (8)
Applying boundary conditions result in a matrix
equation system defined as

OH
0 i H
1 oo = (1) iksin® pa| "2
r| OE, E,
5 K
¢ Sjpj ’(9)
OH
or
+cos /B
P OE,
61” S]
where sentence
3
2L 0
Z
A= , (10)
0 %
L
and
0o L
B-= Z |, (11)
Zy 0

and j=1,2. To obtain the unknown, this coupled
matrix system must be diagonalized. Applying
similarity transformation to matrix B can produce
a diagonal matrix system. To reach this aim the
transformation matrix can first be written as

Ha | pl 12
S e

where P is the similarity transform of matrix B,

and is defined as
B, B
p= { 11 12 } ' (13)
By Py
After the necessary manipulations P can be
rewritten as
;L
P= Zy |. (14)
Zy i
By using this similarity transform matrix, matrices
A and B are diagonalized as follows



Plap= ,(15)

and

-1 i 0
P~ BP= 0 il (16)
Within equation (15) the diagonalization condition
is observed as
Z, Z
2 i, a7
Z;, Z,
and finally the decoupled matrix system can be
written as

ou

1% _1 0 jHl ., .o U
;ﬂ —[0 J( 1) zksmﬂv

op 5;

Sj

.(18)
ou

0 ar
i || ov

orll¢.
Sj

The solutions for field components are sought in
the form of Sommerfeld integrals as

(u,v) =ﬁjg(a+¢)e"”“m/”°°wda, (19)

+cosﬂ[(l)

where v is the Sommerfeld double loops shown in
Fig. 2, and a is the complex planes variable. The
calculation of the unknown spectral functions
represented by f; is given in the section titled far
field solution.

Application of the Malyuzhinets’ theorem to
the functions u and v gives the following equations
for p=2®.

[sin(a=0)=(-1)’ | /i(a+ )

| , (20)
+[sin(a+6)+(-1)' | i (-a £ ®)=C/ sina
and
[sin(a+0)~(-1) | o (a £ @)
,@21)

)=C,'sina

#|sin(a=0)+(-1) | o(-ax
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where Hzcosl( .1 j
sin

Fig. 2. The complex o plane with Sommerfeld
double loops and the steepest descent paths
SDP(-n) and SDP(r).

II1. FAR FIELD SOLUTION
The homogeneous solutions f;o(a) and f,(a)

for the functional equations (20) and (21) can be
represented in terms of y, functions as follows

2 T 2 V4
a+D+60+ a-—®-60+—
”“’( 2]“[ 2)

fio(a ,
(a CD+6’—);(¢[0:+<D 9—2j
(22)
2 V4
X4 (a+CD 0+ j;{¢(a—d)+9+2j
f20 ’
X4 (a o - H—J;(¢(a+(b+¢9—2)
(23)
0+20
It is known that cos(ngu.
2) x4(0-20)

The functional equations for f;(e) should be
supplemented by an additional condition [13]

namely f;(a)-

Then, the solution can be represented in the
following form to satisfy the additional condition

is regular in |Rea|§d>.
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fil@)=Tp(a)og (@)si(a). (24

Here a new function is defined as
Fio(a)=fio(a)oy (). (25)
New unknown spectral functions ¢&;(a) are
introduced to facilitate the solution and o, (e) is

defined as
_ ucos(ugy)
sin(ya) — sin(y(ﬁo) ’

T4 () (26)

where 4 is equal to #Z% and &;(a) has no

poles and zeros in the strip |Rea|SCD.The

function T (a) satisfies the following relation
The known functions Fj, (a) satisfy equation
(20) and (21) as fjo(e). Then, &;(a) obey the

simple functional equations where 4 is wavelength
sentence.

$i(at®)-¢, (-a+d)=0. (28)

Since the residue of f; at a=¢, must give the
incident field, the following can be written

Res Fjo(oz)fj(0:)‘0(:?5O =1, (29)

where Res f (a)| is used for the residue of a

a=a)

function f'(«) ata point a . It follows that

1

£ () =—— . (30)

)= @)
So the solutions for the unknown spectral

functions are given by
o, (a)fi(a

fj(a)= ¢0( )./0( ) 31)

Fio(do)

By substituting (31) into (19) and by evaluating
the integral asymtoticly by the steepest descent
method gives
e*i%eiﬁefkrsinﬂﬂ%

U(r,p)~ e fi(p-7)~ fi(p+7)]

(r9) Jorkrsin B [fi(p-7)-fi(p+7)]

(32)

and
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iz L 7krsinﬂ7i£
e le‘e
V(rp)~ e[ fi(p—7)~ fi(p+7)]
(r.0) 27krsin B [fz((ﬂ 7)= L ”)]
(33)
When inverse transformation is applied to (32) and
(33), H, and E, are obtained as

1
H I —|u
2= Z . 34
Zy i
H _ is also written as
H.=iu +Lv. (35)
Zy

More specifically

- —krsinﬂ—i%
—l— 11— e

H(rg)=e 2e? Ny
x{ il:fl((p—zz)—fl((p+7r)]

e—kr sin

T D(p),
(36)

where D((p) is the diffraction coefficient given as

1
+Z—O[f2((/’—ﬂ')—f2((0+”)]}:

T
iz

e i —-7)= V4
Do) o Lhlo-n)-sloem]
ey Lhlo-5)- (o))
where f;(a) is defined in (24) and the related

functions fio(a), foo(@), og(a), and &;(a)
are given in (22), (23), (26), and (30), respectively.

IV.NUMERICAL RESULTS
In this paper, diffraction of obliquely incident
plane electromagnetic waves by impedance being
equal to the intrinsic impedance of surrounding
medium is considered. This study is the first to
investigate this case. Therefore, we reduced the
problem to the normal incidence case taking

£ =90° to be able to compare our results with the
known studies. In Figs. 3 through 5, it is obvious
that our results and the results obtained by lkiz

previously and by Biiyiikaksoy [17, 23] are very
similar.
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In Figs. 6 and 7, we represent the diffraction
coefficients for different values of incidence and
wedge opening angles.

10log,, |D~ o

Diffraction Coefficient

i i
-100 80 0 50 100
Observation Angle

Fig. 6. Diffraction coefficient 10log,, ‘D((o)‘

versus observation angle with ®=120°, $,=90° ,
B=30° (*), 45° (0), 60°.(»), 75° (D), 90° ().

10logy, | DI )|

Diffraction coefficient

i i
-150 -100 -50 0 50 100 140
Observation angle

b | i i i

Fig. 7. Diffraction coefficient 10log,, ‘D((o)‘

versus observation angle with ®=157.5°, ¢,=120° ,
B=30° (*), 45° (0), 60°.(»), 75° (D), 90° ().

V. CONCLUSION

The wedge surface impedance being equal to
the intrinsic impedance of the surrounding
medium, not only presents a convenient
mathematical problem, but it can also correspond
to a practical structure especially when it is
assumed that this condition can be satisfied by
choosing the appropriate ¢, and g values for any

composite material. From a mathematical point of
view, this problem should also be considered as a
first step for solving a wedge scattering problem
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with any surface impedance, with plane waves at
any random incidence angle.
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Abstract - In this work, the equivalent electro-
magnetic (EM) currents on the surface of stratified
homogeneous bi-anisotropic media backed by a
perfect electric conductor (PEC) layer are derived
and investigated. By using the representation of
Maxwell's equations with a first-order state-vector
differential equation, the tangential field compo-
nents and the corresponding equivalent EM cur-
rents at the interface between the outmost
bi-anisotropic media layer and the free space is
derived analytically and can be easily degenerated
into the single anisotropic and isotropic cases. This
work is considered as a further step in the study of
the EM characteristics of stratified complex media
and the obtained results may provide a way for
approximately fast calculation of the EM scattering
from PEC targets coated by stratified homogene-
ous bi-anisotropic media. Simulation results are
given to validate our analysis and conclusions.

Index Terms — Bi-anisotropic media, equivalent
electromagnetic current, high frequency method,
scattering.

I. INTRODUCTION

In modern warfare, stealth technology has been
becoming one of the most important technologies
for military targets. Besides shape stealth, coating
is the most commonly used method. The equipped
aircrafts and warships are usually coated with
one-layer or multi-layer radar absorption materials
(RAM), which are commonly anisotropic or
bi-anisotropic. To obtain the scattering character-
istics and the evaluation of these stealth targets,

several full-wave methods have been employed, in
which the finite-difference time-domain (FDTD)
method [1-3], the couple dipole approximation
method [4], the method of moments (MoM) [5],
and the finite element method (FEM) are the most
representative ones. However, these methods are
not suitable for electrically large EM scattering
problems owing to limited computational re-
sources. Asymptotic methods, such as the physical
optics (PO) method with its extension the physical
theory of diffraction (PTD), the geometrical optics
(GO) method with its extension the geometrical
theory of diffraction (GTD), and the shooting and
bouncing ray (SBR) method, can solve electrically
large problems at the cost of losing precision since
these approximate methods do not exactly capture
the EM characteristics of complex media. Our
work here concentrates on the hybridization of the
full-wave and the asymptotic methods based on the
generalized field equivalence principle. As we
know, the PO method utilizes the induced PO
currents on the surface of PEC objects to calculate
the scattered field based on the high frequency
approximation that the induced equivalent electric
current J ata certain point is solely determined by
the incident magnetic field H and the normal
vector 7 at that point with the formulaJ =2AxH .
Another assumption is also made in this approxi-
mation that each illuminated point is regarded as an
infinite plane without considering the curvature at
that point. Thus, the mutual coupling of two arbi-
trary induced currents is not taken into considera-
tion. This approximation is well suited for electri-
cally large EM scattering problems. So in this work,

1054-4887 © 2011 ACES



we inherit this approximation idea for the extrac-
tion of equivalent electric and magnetic currents on
the surface of an infinite stratified homogeneous
bi-anisotropic media backed by a PEC layer. These
analytical equivalence currents give us an alterna-
tive solution for fast approximate estimation of the
EM scattering from complex coated PEC targets
through asymptotic methods.

In 1950, Abeles [6] provided a solution called
characteristic matrix to solve the problem of EM
wave propagation in isotropic stratified medium in
a single direction. Later in the 1970s, Teitler and
Henvis [7] applied Abelés's characteristic matrix
method to the stratified anisotropic media. Then,
Berreman [8] introduced a 4x4 matrix technique
to solve the problem of reflection and transmission
of EM waves in anisotropic material. Graglia [9]
used integro-differential equations to solve the
scattering problem in linear, lossy, anisotropic
media. References [10] provided another approach
that employs a first-order state-vector differential
equation representation of Maxwell's equations
and uses a 4x4 transition matrix relating the
tangential field components at the input and output
planes of the anisotropic region to represent the
solution. References [11-13] provide several ana-
Iytical methods to the propagation problem in
stratified anisotropic media. All of the above works
only considered the reflection and transmission of
EM waves in the stratified anisotropic material.

In this paper, we focus on the equivalent EM
currents extraction on the surface of anisotropic or
bi-anisotropic media backed by a PEC layer, which
can be employed in the estimation of EM scattering
from electrically large PEC targets coated by
stratified anisotropic or bi-anisotropic media. In
Section Il and Ill, the EM wave propagation in
multiple layered infinite bi-anisotropic media is
studied, in which the tangential EM components in
bi-anisotropic material are derived from Maxwell's
equation in the form of a 4x4 matrix. After im-
posing the boundary condition that the tangential
EM components are continuous across the bound-
ary of two different media and the tangential elec-
tric field is zero on the surface of the PEC layer, the
relation of the tangential EM field components of
the outmost and inmost layer of the stratified
bi-anisotropic is obtained. Then the total tangential
EM fields on the surface of the outmost anisotropic
media layer are derived analytically and the
equivalent EM currents on the surface of the out-
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most layer of bi-anisotropic are obtained. Finally,
we show in Section Il that these equivalent cur-
rents can be easily degenerated into the single an-
isotropic and isotropic cases. Simulation results are
given in Section IV to validate our conclusions.

1. PROPAGATION EQUATION IN
STRATIFIED BIANISOTROPIC
MATERIAL

In this paper, the infinite stratified homoge-
neous bi-anisotropic coating is viewed as a
one-dimensional issue. As shown in Fig.1, that a
monochromatic plane wave is obliquely incident
from free space to an infinite stratified homoge-
neous bi-anisotropic media backed with a PEC
layer. Each layer is assumed to be infinite towards
x and y directions. The position of each layer along

the z directionissetasz=d, (n=012--N).
mEBL HyEnendy

% Bianisotropic;

L 1% Layer 1 2% Layer “ Media *N-Lth Layer *

E; (X
Freespace

6
) /

z=d,=0 z=d, z=d, z=d,, z=dy

Fig. 1. A monochromatic plane wave is obliquely in-
cident from free space to an infinite stratified ho-
mogeneous bi-anisotropic media backed with a PEC
layer.

Imposing the phase matching condition in each
layer, the x-component of wave vector K should

be equal and denoted by kK, , in which the subscript

n stands for the nth layer. Using the e’ time
convention, the phasor fields in the nth layer can be
written in a separable product form as below

E.(x.2)=E,(2)e ",
H, (x,2)=H,(2)e ™,
where k, =Kk, sin@ is the x-componentof k,. Kk,

M)

is the incident wave number in free space and & is
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the incident angle. For bi-anisotropic materials, the
source-free Maxwell's equations can be expressed as

-VxE, = jou, -H, +joc, E, ?
VxH, =joé -H, + josg, -E,,
where ?n, ﬁn are the dyadic permittivity and per-
meability, ?n Z are the dyadic magneto electric
parameters as follows:
€1 Cn2 s
?n =€ a2 €naz |
a1 Cnz2 €nm
Mot Moz Hnis
Ho = Haor Moo Hias |
Hozn Moz Hpas
i Sni1 Sni2 Snis |
Sh=|Sn21 Sn22 Sn
| Sn3t Sn32 Sn3z |
_ i é:nll §n12 §n13 ]
En =[G Snz §n23 : €))
é:nSl §n32 §n33_

Substituting Eg. (1) into Eq. (2) and canceling
the common exponential factor, six first-order dif-
ferential equations can be derived. By eliminating the
z-component of the EM field, the above six equations
can be reduced to four independent equations. If we
define a state vector in terms of the transverse field

components of E, and H,

¥P(z) | | Ex(2)
Y2 ()| |Ey@

D2 po) |7 Mo | “
l11514)(2) Hny(z)

the four independent first-order differential equa-
tions can be expressed as

9y (2)=r, ¥, ©)
dz

in which the complex elements of the 4x4 I" ma-
trix are given in Appendix(l).

The solutions of Eg. (5) have the form of
non-uniform plane waves as follow

¥, (2) =B,E A, (6)
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where E, = Diag[e™’, e*, e, e™*] , in
which ﬂnj (1=1,2,3,4) are the eigenvalues of the

I, matrix and can be easily found by solving the

roots of the unitary complex quartic equation in
Appendix (I1). B, is a 4x4 matrix with its

elements b =A; /A, (1,J=1,2,34)see A
in the Appendix (Ill). In general anisotropic or
bi-anisotropic case, /Inj (j=1,2,3,4) are two pairs of
conjugate complex roots, which represent the type
I and type Il waves going in the positive and neg-
ative z directions [19]. And the column vectors of

B, are the corresponding eigenvectors. In isotropic
cases, ﬂ,nj (=1, 2, 3, 4) are two identical pairs of
conjugate complex roots and B, has four linearly
independent eigenvectors. So, B, is always re-
versible in any case. A =

.
[ai(”), al”, alV, aﬁ”)] is the unknown column

vector to be determined, in which a™ (i=1, 2, 3,
4) are the unknown coefficients of the tangential
fields in the nth layer. It can be seen from Eq. (6)
that once the A, is known, the tangential compo-

nents of EM wave in the nth layer can be evaluated
analytically.

I1l. DERIVATION OF THE EM
FIELDS AND EQUIVALENT
CURRENTS ON THE SURFACE
OF STRATIFIED BIANISO-
TROPIC MEDIABACKED BY A
PEC LAYER
Imposing the boundary condition at the inter-
face between the nth and (n+1) th layer that the
tangential EM  fields are  continuous
Y, (z=d,)="Y,,(z=d,), the following matrix
equations can be derived

Bn ERnAh = B(n+1) EL(n+l)AYn+l)’

L ™
EL(1n+1) B(n1+1) Bn ERnAw = AYn+1)’
where
ERn — Dlag [elnldn ,eﬁ'nzdn , e’lmdn ,eﬂnzldn ]’ (8)

ELn — Diag [e)“nldn—l , eﬂﬂzdn—l , ej'nsdn—l , e]"nddn—l].
By using the boundary condition at N-1 interfaces



(fromz =d,toz =d, ,) repeatedly, the relation of

the tangential electric fields between the outmost
and inmost layers can be derived as

Eljlil BﬁlB(N—l)ER(N—l) EE;BZ_lBlERlAi = AN
©)

On the surface of the PEC layer, tangential electric
fields are naturally set to zero that B ,Ez\ Ay =0,
in which B, is a 2x4 matrix with the ele-
ments from the first two rows of matrix By. Thus,
we can getC x A =0, where
C= BN/ZERN EI:I:\LI B&lB(N—l) ER(N—l) EI:;BnglERl
(10)
isa 2x4matrix.
From Maxwell's equations, the transverse EM
fields in the left half free space can be expressed as

the sum of the incident wave and the reflected
wave

E (x,2) =E; (x)e” ™ + E, (x)e’,

+ - jk,z - jk,z
E,(x,2)=E (x)e ™ +E (x)e",
H, (x,2) =m[-E] (x)e” ™ + E, (x)e’],

— + -jkz _ - ik,z

H, (62) =7,[E; (e ™ ~E, ()e"], ),
where E; (x) = Ejie ™™ E] (x) = Ej,e ™ are
the transverse electric fields of incident wave at
z=d,=0 , which are known, and
E, (X) = Ege™*, E,(x)=E, ™" are the re-
flected electric fields, which are unknown.
k, =k, cos@ is the incident field wave propaga-
tion vector in the z direction.

n, =1/(n,cos6), n,=1207Q is the wave

impedance in free space. By using the boundary
condition that the tangential electric fields must be
continuous across the interface (z=0) of free space
and the outmost layer of the stratified
bi-anisotropic media, the following matrix can be
obtained

BE,A =[E,(x,2=0),E,(x,2=0),

H, (x,2=0),H,(x,z=0)".

Considering Egs. (10 and 12) and through some
matrix operations, the unknown E, (X) and

n, =cosf/n,,

(12)

E, (X) can be expressed as
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- af [ E/(X) ]
aj’ E; (X)
aél) _A-L _771E; (X)
Y I
E, (X) 0
Ew] | o |
_b111 b112 b113 b114 -1 0 1
b121 b122 b123 b124 0 -1
Q- by By By By 0 -7 , (13)

by By B B 7w, O
Cll ClZ ClS Cl4 0 0
_C21 CZZ C23 C24 0 0 i
and C; (i=1,2;j=1,2,3,4) are the elements of
matrix C in Eq.(10).

Finally, the relation between the incident and

reflected tangential electric fields can be simpli-
fied as

{E;(x)Hsﬂ su}r:(x)} "
Ey(X) Sy Sy E;(X)

where

Sy = (G +772q2)/|Q|, S, = (ds +771q4)/|Q|'
Sy = (05 +772q6)/|Q|1 Sy, = (0; +717,05) /|Q|’
and ¢;(j=1,2---8) can be found in Appendix
(1.

So far the reflected tangential EM fields on
the surface of the outmost layer are obtained,
which can be added to the incident fields to obtain
the total tangential EM fields on the surface of the

outmost layer. Thus, the equivalent EM currents
can be derived as follows:

J,=AxH_ |,o= Y[-S,E; (X)

+(1-5,,)E; (X)]m,

t X[ - $11) Ex (%) =8, E; ()], 15)
Jins = Bugar XM ],= YI(L+5,)E; (X)

+8,E; ()], — X[, E; (X)

+(1+58,)E; ()7,

Equation (15) can also be written in the following
general forms
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js = é\L[_SZlE/i/ cos @+ (1_ Szz)El]@

0

~ i S i1
+€,[A-s,)E), - ﬁ EL]U_O' (16)

jms = éi[(1+ S11)E/i/ CosO+s, EIL]
—€ [s,,E, cos@+(L+s,,)E! ],

where € '=nxe, , E, and E| are the incident

electric fields those are parallel and perpendicular to
the incidence plane, respectively, as shown in Fig. 1.

Observing Eq. (16), the relations between Js and

Jms can be expressed as

jms = _Uoﬁ X (Z=s : js)! (17)
where
Z.=Z 6% +Z.e.e, (18)

is the normalized dyadic surface impedance to the
free space and
_ (I+s,)E| +s,E, cosd
t [@-s,,)E! —s,E] cosf]cosd’
_[(@+s5,)E) cos@+s,E! Jcos @
- S11) E/I/ cosé - Sp2 EJI_ (19)
We remark that Eq. (16) - Eq. (19) give the
final results of the equivalent EM currents on the
surface of stratified homogeneous bi-anisotropic
media backed with a PEC layer, which can be de-
generated into the single anisotropic and isotropic
cases easily.

Now, we consider the single anisotropic case
when the PEC layer is coated with stratified uni-
axial or biaxial anisotropic material and the per-
mittivity ?n and permeability ﬁn are diagonal
matrixes
&, = &, x Diagey,, £, 151,

11

= H r r r (20)
Ho = to < Diag[ o, tngy  Hya]-
In this case, the matrix B, can be simplified as

[17, 18]
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1 0 0
1 1
A A
Bn = 0 O = = ’ (21)
Fn23 Fn23
j’nl Z’HZ O O
_Fnl4 Fn14 i
where Fnij (i, j=1,2,3,4) is the element of matrix
I', inEq. (5).

If there is only one anisotropic layer, the fol-
lowing expressions can be obtained that

s, =(Z,, —cosb)/(Z, +cosb),

S,, =(Z,cos60-1)/(Z, cos6+1), (22)
S, =5, =0,

tan(k,dy/ eher, — &n sin 01 £ ) 1\ ehels

Z, = tyy g

tan(k,dv 1)L, — 12, Sin% 01 w1ty ) 1\ syt —sin? 0.
(23)

Then Eq. (16) can be simplified as
J,=e.T E\ /(n,Z,)+(xe)T,E; [ (,Z,),
‘Tms =€ T,E, —(nxe )T E],

(24)
where T,=2Z,cos0/(Z, +cosd), and
T, =2Z cos@/(Z, cosd+1).

Comparing Eq. (24) with the Eq. (17) and Eq.
(18) in [14], we can observe that our generalized
form of equivalent EM currents can be degener-
ated into the single anisotropic case naturally. By
comparing Eqg. (24) with Eqg. (12) and Eq. (13) in
[15], we can see that our results can also be de-
generated into the isotropic case easily. This
equivalent EM current can be employed for RCS
prediction of coated targets in free space and half
space [16].

IV.VALIDATION AND SIMULATION

RESULTS
In this section, several simulation results are
given for validation of the deduced analytical

equivalent EM currents J_and J__ . We remark
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that only the four s parameters (S, S, S,, S,,) are
calculated for comparison considering that the s
parameters are identical to J andJ __ if the in-

cident fields are known based on Eq. (15).

First, we consider a two-layered isotropic
lossy media case and a two-layered anisotropic
lossy media case. The parameters of isotropic
lossy case is as follows

d, =0.002m,

_1 =¢g,x Diag[15- j4,15- j4,15- j4]

U, x Diag[2-j1.2,2—- j1.2,2—- j1.2];

, =0.006m,

, =&, xDiag[4-]0.8,4-)0.8,4—-j0.8]

i, = u, x Diag[1.5- j0.4,1.5- j0.4,1.5- j0.4];
and the parameters of the uniaxial anisotropic
lossy case is as follows, the frequency is 10 GHz

M| '}\” |
Il Il

X

d, =0.002m,
?1 =&
xDiag[10- j2,10- j2,29.39 - j0.94],

B = i,
xDiag[2.24 — j1.68,2.24 — j1.68,3.52 — j16];
d, = 0.006m,

&, =&,

xDiag[25.59 — j3.89, 25.59 — j3.89,8.19 — j1.30],
ﬁz = Hy
«Diag[2.16 — j1.68,2.16 — j1.68,1.39 — j0.56];

In both of these two casess,=s, =0.
When the incident wave is TE wave, E; (x)=0,
E, (X) =s,E (X), when the incident wave is
T™ wave, E/(x)=0, E, (x)=s,E/(X), the
simulation results of the modulus and phase of

S;., S, changed with the incident angle 6 are

shown in Fig. 2 and Fig. 3 for comparison with
HFSS. It is obvious that our results agree quite
well with those of HFSS and the analytical calcu-
lation in this paper takes no time while the nu-
merical results obtained by HFSS takes more than
5 minutes even calculating one incident angle.

10k T T T T T T T
09 e Simulation
08|
07}
06 |
05|
04F
03}
02}
01}
00|
0.1
0

S11,S22 Module

1 1 1 1
50 60 70 80 920

40
6[drgrees[]

(@)

1 1 1
10 20 30

T T T T
HFSS
e Simulation|

By BB8888 8

S11,S22 Phase

&egrees)

180

160 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 EY

6(degrees)

(b)
Fig. 2. Comparison of the s parameters (Sy; and s,y)
simulated in this paper with HFSS in the two lay-
ered lossy isotropic case. (a) Module and (b)
phase.

Then, we consider a single layered
bi-anisotropic case, the parameters are as follows,
the frequency is 10 GHz,

d, =0.006m,
= _ex
Diag[25.59 - j1.68,25.59 — j1.68,8.19 — j1.30],
Hy = o

Diag[2.16 - j1.68,2.16 — j1.68,8.19— j1.30],
G, =&t x Diag[L.5- j1.2,1.5- j1.2,1+ j0.2],
& = Jé,11, x Diag[1l— j0.8,1- j0.8,1.1- j0.5].

As shown in Fig. 4, s, and s,,is not zero in

this case for bi-anisotropic media is rotational,
which causes cross polarization.



212

HFSS
09 - e Simulation

S11

0 (degrees)

(@)

——HFSS
® _Simulation

si1
N
2

0 10 20 30 40 5 60 70 8 9
0 (degrees)

(b)
Fig. 3. Comparison of the s parameters (Sy; and s,y)
simulated in this paper with HFSS in the two lay-
ered lossy uniaxial anisotropic case. (a) Module
and (b) phase.

V. CONCLUSIONS

In this work, the analytical expressions of
equivalent EM currents on the surface of stratified
homogeneous bi-anisotropic media backed by a
PEC layer are derived, which can be degenerated
into the single anisotropic and isotropic cases.
Some simulation results are given to validate our
conclusions. These equivalent currents are straight
forward and very general for derivation and cod-
ing, which can be employed in the quick approx-
imate estimation of EM scattering from electri-
cally large PEC targets coated by stratified iso-
tropic, anisotropic, or bi-anisotropic material.
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Abstract — In a tire pressure monitoring system
in which a pressure censor and a transmit antenna
are contained in a tire, -electromagnetic
simulations of radiations from carcass embedded
tires are requested. However, it is difficult to
accurately determine these shielding effects.

In this study, methods for performing accurate
electromagnetic simulation by adopting the MoM
scheme are determined. In the study of the
electric fields inside a tire, calculated results are
compared with the theoretical distributions in a
coaxial cylindrical resonator. In the case of a
dense carcass arrangement, simulation results are
in good agreement with theoretical results. In the
study of electric fields penetrating carcass wires,
the results of the MoM scheme are compared
with those obtained using the finite element
method (FEM). The adequate mesh size of the
tire rubber in the MoM scheme for which the
accuracy of the simulation results is guaranteed is
established. Finally, electromagnetic simulations
of an actual carcass tire model are performed.

Index Terms — Carcass tire, method of moment,
normal-mode helical antenna, tire pressure
monitoring system, tire rubber.

I. INTRODUCTION
In order to ensure safety in cars, tire pressure
monitoring  systems (TPMSs) have been
introduced in the USA and Europe [1]. In Japan,
the AIRwatch system for passenger cars has been
developed [2, 3] by The Yokohama Rubber Co.,
Ltd. However, in the case of large vehicles, tires

are reinforced by carcass wires. In such cases, the
transmission of radio waves becomes very
difficult. Therefore, a small normal-mode helical
antenna (NMHA) that has a high antenna gain
was developed [4]. In order to develop an
efficient TPMS for carcass tires, the electric field
distributions inside the tire and the radiation
characteristics need to be determined by
performing electromagnetic simulation. However,
the structure of a tire rubber with densely
embedded carcass wires is difficult to simulate in
method of moment (MoM) simulations. Although,
the NECBSC code seems effective [5], authors
selected the FEKO simulator because of the
excellent ability of simulations for large scale
objects.

In this study, the accuracy of the simulation of
the effects of carcass wires in tire rubber is
determined by comparing simulation results with
exact values. In section II, an outline of the TPMS,
a simulation model of a carcass tire, and the
electric characteristics of the NMHA are
summarized. In section III, the accuracies of the
simulation of the shielding effects of carcass
wires are discussed by adopting the theoretical
electric fields in a coaxial cylindrical resonator as
an exact reference. In section IV, the accuracies
of MoM simulations of the effects of tire rubber
on electric field distributions are discussed by
comparing MoM results with the accurate results
obtained by using the finite element method
(FEM). In section V, simulation results for an
actual carcass tire model are shown. The
computational costs of simulation, electric field
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distributions around a tire, and radiation
characteristics from a tire are presented.

II. OBJECTIVE SYSTEM AND
SIMULATION MODEL

The AIRwatch system is illustrated in Fig. 1 [3].

Transmitters connected to tire pressure sensors
are mounted on the wheels. A receiver unit is
placed on the dashboard. A receiving antenna
(film antenna) is attached to the windshield. Each
of the sensors modulates continuous waves of 315
MHz with air pressure data using a frequency
shift keying (FSK) scheme. The modulated waves
are radiated from a transmit antenna in the sensor.
The receiving antenna collects all the transmitted
waves. The pressure levels are indicated on the
receiver unit.

air pressure data (315MHz)
receiving antenna small transmitter

(tire pressure sensor)

receiver unit

Fig. 1. The AIRwatch system.

The structure of the carcass tire to be analyzed
and the position of the antenna in the tire are
shown in Fig. 2. In an actual tire, a dense-mesh
reinforcing structure called a tire belt is embedded
in the tread of the tire. In the simulation, the
model has a thin metal plate instead. Moreover,
tires of large-sized vehicles are equipped with
thin wires, called carcass, to reinforce the radial
directions. The antenna inside the tire is almost
enclosed by metal structures. The area within the
broken lines corresponds to the tire model of Fig.
11, which is used to study the rubber effects.

Figure 3 shows the NMHA, which is used as
the transmitting antenna [4]. This antenna is well
known for having an electric current source (I)
and a magnetic current source (J), as indicated in
the figure. The magnetic current source achieves
efficient radiations in a metal proximity use.
Radiated electric field components from the
magnetic and electric current sources are
indicated by E; and E,, respectively. In order to
contain this antenna inside a transmitter box,
antenna size of 12.5 mm (0.01 wavelengths)
diameter is determined. Since the input

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011

impedance becomes very small, a tap structure
has been added to the NMHA in order to achieve
impedance matching at 50 Q2.

Magnetic
current source—>J! '[+— Electric current source

Fig. 3. Structure of a NMHA.

Radiation characteristics of the NMHA on a
small metal plate are shown in Fig. 4. The tap is
positioned opposite the metal plate. The E;
component becomes dominant. Antenna gain of
-12.3 dBd (relative value to the half wave length
dipole antenna) is achieved. A rather high antenna
efficiency is achieved.

Fig. 4. Radiation characteristics of a NMHA.



II1. SHIELDING EFFECTS BY
CARCASS WIRES

A. Electric fields inside a tire

By taking into account the tire structure of Fig.
2, electric fields inside a tire are determined by
metallic boundary conditions of a tire belt, wheel,
and carcass [6]. Moreover, the tire rubber will
affect the field distributions. In this section,
affects of carcass are mainly investigated as the
first step. Therefore, the rubbers are removed in
the calculations. In order to evaluate the accuracy
of the determined effects of carcass wires, the
electric fields inside the tire were compared with
that of a coaxial cylindrical resonator of a similar
size to the tire. The structure shown in Fig. 2 is
employed as the tire model in the simulation. The
MoM code of FEKO is used. The structure of the
cylindrical resonator is shown in Fig. 5. The outer
and inner cylinders and the two side plates are all
made of metals. In the sizes of actual tires,
electric fields characterized by TEM and TE;,
modes are dominant inside the coaxial cylinders.
In particular, the TEM mode is the simplest
because it only has radial electric field vectors.
On the other hand, the TE,;; mode has complex
electric field vectors of radial and circumferential
components. To determine if the simulation is
adequate, it is appropriate to use the TEM mode.
The resonance frequency of the TEM mode is
given by the following equation.

L=sA,/2, (1
where s is the mode variable. When s = 1, L =
475.8 mm gives a resonance frequency of 315
MHz.

A detailed view of the theoretical electric field
distributions in the TEM mode is shown in Fig. 6.
Here, R; = 515.0 mm and R, = 242.8 mm were
used. In Fig. 6(a), all the electric field vectors are
directed toward the radial directions. In Fig. 6(b),
the electric fields vanish at the side plates. The
electric field distributions inside the carcass tire
are shown in Figs. 7 and 8. Figures 7 and 8
correspond to 288 and 36 carcass wires,
respectively. In Fig. 7(a), the electric field vectors
agree well with those in Fig. 6(a). In Fig. 7(b), the
electric fields are confined to the inside of the tire.
As for field intensities indicated beside the tire,
electric fields on carcass wires become almost

zero. This distribution agrees well with that in Fig.

6(b). Therefore, in this carcass number, carcass
wires function like a complete shielding wall,
which is the same as the side plate in Fig. 6.

In Fig. 8(a), deformations of the electric field
vectors are observed. In Fig. 8(b), expansion of
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the electric fields outside the tire is observed. In
electric field intensities indicated beside the tire,
intensities on the carcass wire do not vanish.
Electrical field distributions in the case of sparse
carcasses seem reasonable.

In conclusion, the simulation results inside the
carcass tire are considered adequate.

horizontal
plane

N

vertical plane

side plate

0 En

—— =

S A

(a) Vertical plane.

(b) Horizontal plane.

Fig. 6. Theoretical electric field distributions in
the TEM mode.

outside tire

outside tire

(a) Vertical plane.  (b) Horizontal plane.

Fig. 7. Electric field distributions inside the tire
(carcass wires: 288).

B. Radiation from a tire

The tire rubber is excluded from the structure
shown in Fig. 2, and this structure is employed as
the tire model in the simulation [6]. The MoM
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code of FEKO is used. Radiation characteristics
from a tire are shown in Fig. 9. In Fig. 9(a), a tire
without carcass is shown. The electric fields in
the TEM mode radiate through the apertures of
the tire. The main beams exist in the direction of
the Y axis. The maximum power becomes -4.2
dBd. In the direction of the X axis, a fairly strong
beam is observed. Figure 9(b) shows a case where
the number of carcass wires is 288. The main
beam decreases by 32.5 dB. Figure 9(c) shows a
case where the number of carcass wires is 36. The
main beam decreases by 14.4 dB. Because the
main beams in Figs. 9 (a), (b), and (c) are directed
toward the Y axis, the powers at the receiving
antenna, as depicted in Fig. 1, will deviate in
accordance with the tire rotation. Actually, the
severe fading caused by surrounding reflections is
taken into account in the system design. The level
deviation based on tire rotations will be taken into
account as one of the fading factors. Antenna
input impedances in the case of Fig. 9 are shown
in Fig. 10. It is clarified that input impedances are
not influenced by the presence of carcass wires.

outside tire

outside tire

(a) Vertical plane. (b) Horizontal plane.

Fig. 8. Electric field distributions inside the tire
(carcass wires: 36).

IV.SIMULATION METHOD OF A
DIELECTRIC PLATE WITH
EMBEDDED CARCASS WIRES

As for the structure of a dielectric plate with
carcass wires inside, there were no study
examples in FEKO simulation. Therefore, it is
very important to ensure that the simulation is
accurate. In order to investigate the fundamental
effect of rubber, the effect on the electric field
penetrations through carcass wires are considered.
When the model shown in Fig. 2 is used in the
calculation, the calculation load is very high. The
simplified model shown in Fig. 11 that
corresponds to the area within the broken lines in
Fig. 2 is constructed. As for the radiator, a very
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small dipole antenna placed inside tire is
employed for ease of calculation. This antenna is
oriented in order to produce the E; field
component of Fig. 4 (parallel to the carcass wire).
In accordance with the parallel electric field
vectors, carcass wires are arranged in parallel
wires of separations s. The observation planes are
set perpendicular to the carcass wires. In order to
eliminate the effects of edge currents, rather large
values were selected for the sizes of the tire belt
and wheel.

Gain_Tot[dBd] 42 dBd
-0.0 ’

'-10.0

s

» >

ey
442 dBd
(b) Carcass wires: 288.

-18.8dBd

(c) Carcass wires: 36.

Fig. 9. Radiation characteristics from a tire
(without rubber).

To assess the adequacy of the calculations,
results obtained with MoM are compared with
those obtained via FEM. Usually, the FEM results
were considered to be the correct results.
Comparisons of results are summarized in Table 1.

Firstly, the shielding effects of carcass wires
are clearly shown by the HFSS simulation results.
In the case where rubber was removed, electric
fields passing through spaces between the wires
gradually fade toward the outside. This result
agrees very well with the physical behavior of
parallel wires. Therefore, the HFSS result can be
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Fig. 10. Input impedance of the NMHA.

tirerubber (t=12 mm)

; 272 mm ./ carcass (d=0.7 mm)
. P very smalldipole
outside tire y P
( :)/X antenna (for E))
no carcass NS i (insidejtire)
= |
500mm | F :
———— e
————tea| 8
x ___-ip-
observation plane

Table 1: Electric field distributions in the observation plane

Fig. 11. Simplified simulation model.

Electric intensity distribution (dBV/m)

Computation costs

FEM
(HFSS)

memory: 3.5 GB
time: 1631 sec

Without rubber element size of air
space between
carcasses : M/75

With rubber memory: 3.3 GB

(thickness= 12
mm, €= 1091

time: 1634 sec
element size of

MoM
(FEKO)

tand = 0.14) rubber : A/75
With rubber memory: 6.8 GB
FEM |(thickness=12 time: 18,889 sec
(FEKO) jmm, &, = 10.91 element size of
tand = 0.14) rubber : A/75
rubber mesh size memory: 0.2 GB
tM25 time: 4481 sec
unknown: 4240

cell number: 2000

rubber mesh size
1 M50

N LQJ)lh,/ﬂ NN

memory: 1.5 GB
time: 7868 sec
unknown: 10,079
cell number: 4156

rubber mesh size
t M5

memory: 5.0 GB
time: 16,696 sec
unknown: 18,374
cell number: 6999
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considered adequate. In the case where rubber
was retained, electric field penetrations into the
carcass wires seem to be enhanced. The electric
field intensities at the outside increase by about 1
dB compared to their counterparts when rubber
was removed. As a reference, the FEM result by
FEKO is also obtained. Almost the same result to
HFSS is achieved. On the basis of good
agreement of FEM results by HFSS and FEKO, it

is concluded that the FEM simulations are correct.

To assess the calculation accuracy of MoM,
mesh sizes of the dielectric plate (tire rubber) are
changed. In the FEKO simulation, the surface
equivalent principle (SEP) algorithm is applied to
dielectric plate calculations. In the case of mesh
size A/25, irregular electric field distributions are
observed. For mesh size A/75, almost regular
electric field distributions are achieved. Data on
electric field intensities are in good agreement
with the results of HFSS. Therefore, it is
concluded that accurate results can be achieved
with a mesh size of A/75.

V. SIMULATION RESULTS OF AN
ACTUAL CARCASS TIRE

A. Fundamental data

As the example of an actual carcass tire, the
structure of Fig. 2 is employed. Simulation
parameters are summarized in Table 2. The most
important parameter is mesh size. In particular,
finding out the adequate mesh forms for tire
rubbers requires a lot of thought. The result is
shown in Fig. 12. Mesh configurations of the tire
rubber are matched to the shapes of the spacing of
wires. In circumferential directions, three small-
sized meshes are used. In radial directions, rather
large mesh sizes are selected. In this case, the
number of wires used is 36. The wire spacing in
the inner and outer rims are 42 and 90 mm,
respectively. Observation planes indicated by A
and B are oriented perpendicular to the wires.

Mesh sizes of the tire rubber are shown in Table
2. At the inner rim, mesh size A/67 is selected.
The unknown number becomes 17,644.
Calculation time of more than 2 hours is needed.
In this case, the number of carcass is only 36. In
the actual tire, because a large number of carcass
wires are used, a more efficient simulation
method is required.

Electric field distribution at observation points
A and B are shown in Fig. 13. In Fig. 13(a),
electric fields outside the tire are suppressed by
about 5 dB. In Fig. 13(b), electric field
suppressions become 3 dB. In accordance with s

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011

increase, suppressions become small. These
results are physically appropriate. Therefore,
these calculated results are reliable.

Fig. 12. Mesh configuration of tire rubber.

Table 2: Simulation parameters

CPU clock Intel® Xeon® CPU 3.00 GHz
memory 16.0 GB RAM
simulator FEKO (MoM)
Frequency 315MHz
Antenna N600
near antenna AM100
wheel
other A10
) tire belt AM10
mesh sizes
carcass ( number, 36) M15
rubber|radial direction| A/14
(SEP inner rim| A/67
method) outerrim| A/32
total mesh 7,496
number
unknown 17,644
memory usage 2.33 Gbytes
calculation time 7,571 seconds (2.1 hours)

B. Electric wave characteristics

Electric field distributions and a radiation
characteristic of a carcass tire are calculated. The
electric fields inside the tire are shown in Fig. 14.
These planes are just 1 mm inside the rubber
inner surface. Electric fields with the rubber as
shown in Fig. 14(b) become larger compared to
those in Fig. 14(a). As for directions of electric
field vectors, almost the same directions are
achieved in strong field regions. However, small
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(a) Plane A. (b) Plane B.

Fig. 13. Electric fields at observation planes.

changes of vector directions are produced in weak
field regions by the presence of the tire rubber.
Next, electric fields in the cross-sectional planes
of the tire are shown in Fig. 15. In comparing Fig.
15(a) and (b), the electric fields spilling over to
the outside of a tire are increased as a rubber
effect. Finally, the radiation power levels of a
carcass tire are shown in Fig. 16. The highest
levels appear in the side of the tire, reaching a
value of -15.6 dBd. This level is 3 dB larger than
the result shown in Fig. 9(c). As a conclusion, the
presence of rubber increases the electric fields
inside a tire and the radiation levels from a tire.
By taking into account that a tire rubber is a lossy
material, the increase in radiation level is
surprising.

(b) With rubber.
Fig. 14. Electric field distributions inside the

VI. CONCLUSIONS
The accuracies of the simulation of electric
fields in a carcass tire using the MoM scheme of

FEKO are determined. The important

contributions of this study are as follows:

1) The electric fields inside a tire are compared
with those of a coaxial cylindrical resonator
chosen as theoretical references.

2) FEM- and MoM-based methods for 5
determining the effect of wires embedded in a 75
dielectric plate are investigated. L7 tap

3) The adequate mesh sizes of the tire rubber in 42
MoM are determined. -100

4) Adequate mesh configurations of the tire
rubber between carcass wires are developed.

5) By using an actual carcass tire model, the
electric fields inside a tire and the
characteristics of radiation from a tire are
established. wheel

tire.

Electric field [dBV/m]

wheel shaft
N\ carcass

'19.2

, outsid \

(a) Without rubber.
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Fig. 15. Electric field distributions in the cross-

sectional planes.

-15.7dBd -15.6dBd

-20.0dB

Fig. 16. Radiation pattern.
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Abstract — A redundant loop basis is proposed and
applied as the solenoidal part of the recently
developed multiresolution (MR) basis for closed
surfaces at low frequencies. By keeping all loop
basis functions, the “symmetry” of the MR
solenoidal basis can be maintained for closed
surfaces. As a consequence, the convergence of
iterative solvers for the expanded MR basis can be
effectively improved by using the redundant loop
basis without disturbing the accuracy of results.
Since the expanded MR basis functions are linear
combinations of standard Rao-Wilton-Glisson
(RWG) functions, it can be applied to the existing
MoM codes easily. The positive behavior of
redundant loop basis on MR basis for closed
surfaces is analyzed and discussed in detail in this
paper. Numerical results demonstrate that the
expanded MR basis performs better than the
original MR basis and has significant advantages
over the traditional loop-tree basis for 3D
electromagnetic scattering of closed structures in
the low frequency range.

Index Terms — Electromagnetic scattering, low
frequency, method of moments (MoM),
multiresolution techniques.

I. INTRODUCTION
The method of moments (MoM) solution of
the electric field integral equation (EFIE) is
always  preferred for analysis of 3D
electromagnetic scattering problems [1]. However,

the EFIE suffers from the low-frequency
breakdown problem when using the well known
Rao - Wilton—Glisson (RWG) basis [2], which is
associated with the poorly-conditioned MoM
matrix when the frequency tends to zero. As a
consequence, the MoM matrix is hard to get
convergence and even not solvable with iterative
solvers. The solution to prevent the low-frequency
breakdown problem is to extract the solenoidal
part of the current [3-10], thus the loop-tree/star
basis 1is proposed for this purpose. The
multiresolution (MR) basis developed in recent
years provides a more effective basis than the
loop-tree/star basis [11-14]. More recently, an
alternative MR basis was proposed for analysis of
low-frequency problems [15, 16]. Compared with
the MR basis in [11-14], the MR basis in [15, 16]
can be constructed much easier and provides more
direct physical meanings.

A simple and direct way of generating the
solenoidal MR basis is taking the loop basis in the
loop-tree/star basis as the solenoidal MR basis
[12]. In the loop basis, each loop basis function
corresponds to an interior vertex of surfaces.
However, the loop basis is “asymmetry” for closed
surfaces, since one loop associated to one arbitrary
vertex must be eliminated. As pointed in [14], this
“asymmetry” of loop basis for closed surfaces will
cause the bad conditioning of the corresponding
MoM matrix. To remedy the shortcoming of the
loop basis, a novel, symmetrical solenoidal basis
was proposed in [14]. The proposed solenoidal
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basis is generated by applying the singular value
decomposition (SVD) to local small “charge”
matrices and it generates a well-conditioned MoM
matrix. Alternatively, we propose a simple way to
improve the conditioning of the loop basis for
closed surfaces, i.e. taking a redundant loop basis
as the solenoidal part of the MR basis. By keeping
all loop basis functions, the “symmetry” of loop
basis is kept. Also, as pointed in [18] that the
redundant loop basis gives more freedom for the
solution of flux to converge. Therefore, the
application of the redundant loop basis to MR
basis gives better convergence.

II. MULTIRESOLUTION BASIS

Due to the fact that MR basis possesses some
degree of Fourier spectral resolution, the condition
number of the corresponding MoM matrix can be
drastically reduced with a diagonal
preconditioning [17]. Therefore, MR basis has
significant advantage than the classical loop-
tree/star basis for analysis of low-frequency
problems. Since the improvement of the MR basis
in [15, 16] for closed surfaces is mainly concerned
in this paper, the essential concepts of the MR
basis are briefly described in this section.

A. Generalized mesh and generalized RWG
basis

As proposed in [12], the generalized mesh and
generalized RWG (gRWG) basis is the two basic
concepts in generating the MR basis. The MR
basis functions are constructed on the hierarchical
generalized meshes and generated as the linear
combinations of the gRWG basis functions. The
hierarchical generalized meshes are generated via
a grouping algorithm (e.g. a sophisticated
algorithm in [13]) and starts from the level-0
mesh, i.e. the input triangular mesh. In the
subsequent procedure of the grouping algorithm,
each cell of level-/ (/1) mesh is constructed by
grouping about four near cells of level-(/-1) mesh.
Finally, the mesh of the highest level is decided by
the size of its cells, i.e. the size of the cells should
be smaller than the wavelength of the incident EM
wave. An example of four levels of hierarchical
generalized meshes generated by the grouping
algorithm is depicted in Fig. 1. The gRWG basis
functions of each level are defined on the mesh of
the corresponding level. Similar to the RWG basis
function, each gRWG basis function of level-/
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mesh is defined on a pair of cells of level-/.
Denoting a gRWG basis function of level-/
with R/ (), the divergence of the gRWG basis

function is given as

0ja,  rec,
Vo R(F)=4-1,/4',  Fel, (1)
0 otherwise,

where 4', and 4',6 are the area of the two
adjacent cells C!, and ', and ¢! is the common

side of the two cells.

Fig. 1. An example of four levels hierarchical
generalized meshes. (a) Level-0 mesh, (b) level-1
mesh, (c) level-2 mesh, (d) level-3 mesh.

B. Generation of MR basis
The MR basis is split into the solenoidal and
nonsolenoidal  parts. The solenoidal and
nonsolenoidal functions of the MR basis span the
same space as for the loop-tree/star basis. For a
general 3-D surface, the number of solenoidal
functions Ng and the number of nonsolenoidal
functions Nx of the MR basis are given by [12, 16]
Ny =V + Ny —1, @)
N, =F-1, 3)
where Vi, Nr, F denote the number of internal
vertices, separated boundary contours, and
triangular faces, respectively. Obviously, the
number of the solenoidal functions equals the
number of the vertices minus one for closed

surfaces.
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1). Solenoidal Basis

A simple way of constructing the solenoidal
part of the MR basis is taking the traditional loop
basis as the solenoidal basis, since a non-
hierarchical loop basis suffices to obtain well
conditioned MoM matrices for low-frequency
problems [12]. However, one loop basis function
should be eliminated for closed surfaces according
to (2).

2). Nonsolenoidal Basis

The nonsolenoidal part of MR basis is a
hierarchical basis constructed on the hierarchical
meshes. The nonsolenoidal basis first proposed in
[12] is constructed via a rank-revealing QR
decomposition. However, this approach requires
the cells of the structure to be finally grouped into
a single big cell. As a consequence, the
regularizing property of the MR basis may be
destroyed. To remedy this problem, a different
approach is proposed in [13, 14], where the
nonsolenoidal basis is constructed using SVD on
small charge matrices and the cells of the highest
level are smaller than the working wavelength.
Nevertheless, the above approaches in generating
of the MR basis rely on the indirect mathematical
operations. Alternatively, a nonsolenoidal basis
can be much easier to construct and comprehend
in theory as proposed in [15, 16].

The generation of the nonsolenoidal functions
of the highest level (level-L) is different from the
functions of the other levels. Similar to the
generation of the tree basis in the classical loop-
tree basis, the nonsolenoidal functions of level-L
are generated by connecting all the cells of level-L
mesh in a tree. An example of the level-L
nonsolenoidal functions is shown in Fig. 2 (a), in
which the nonsolenoidal functions are depicted
with bold black lines. The nonsolenoidal functions
of level-l (/<L) are the union of the functions
constructed on the trees in all the level-(/+1) cells.
An example of the nonsolenoidal functions of
level-/ is shown in Fig. 2 (b).

@ )

Fig. 2. Examples of the nonsolenoidal functions.
(a) the level-L nonsolenoidal functions, (b) the
level-/ (I<L) nonsolenoidal functions.

III. REDUNDANT LOOP BASIS

Although the MR basis in [12, 15] is very
effective for analysis of low-frequency problems,
the “asymmetry” is still remained in the solenoidal
part of the MR basis for closed surfaces. To
maintain the “symmetry” of the solenoidal MR
basis, all loop basis functions are proposed to be
kept in the solenoidal MR basis, i.e. no solenoidal
MR basis function associated to the interior vertex
of closed surfaces need to be eliminated. As a
result, the conditioning of the MoM matrix of the
expanded MR basis can be improved. The
redundant loop basis’ property and its application
to MR basis are investigated in this section.
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=
=
=
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=
8
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1 L
0 500 1000 1500 2000 2500

Number of unknowns

Fig. 3. The 2-norm condition number of MoM
submatrices of a metallic sphere (radius = 1 m)
discretized with different number of unknowns
using different solenoidal bases at 1| MHz.
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A. Property of redundant loop basis

Firstly, the 2-norm condition number of MoM
solenoidal submatrix of different solenoidal bases
with different discretization density is analyzed.
As an example, the 2-norm condition number of
MoM submatrices (after diagonal preconditioning)
of a metallic sphere with a radius of 1 m
discretized with the number of unknowns from
about 200 to 2200 at the frequency of IMHz is
shown in Fig. 3. The LSV and SVD depicted in
Fig. 3 represent the solenoidal bases generated
from local SVD and SVD operations on charge
matrices, respectively [14]. The 2-norm condition
number of the redundant loop basis (denoted with
r-loop in Fig. 3) is stated as the ratio of the largest
singular value to the smallest nonzero singular
value here. It can be found from Fig. 3 that the 2-
norm condition number increases very fast as the
number of unknowns increases for loop basis,
while it performs more stable for the other
solenoidal bases. The same phenomenon of the
above solenoidal bases (except the redundant loop
basis) is reported in [14], where the worse
behavior of loop basis is explained. It is very
interesting to be observed from Fig. 3 that the 2-
norm condition number of the redundant loop
basis is even smaller than that of SVD solenoidal
basis. It is reasonable, since SVD solenoidal basis
functions are not really orthogonal to each other
although their divergences do.

To give a more direct illustration of the
performance for the above solenoidal bases, Fig. 4

gives the eigenvalue distribution of MoM
solenoidal submatrices (after diagonal
preconditioning) in the case of the sphere

discretized with 216 unknowns. It can be found
from Fig. 4 (a) that the eigenvalues of SVD
solenoidal basis are more closely clustered than
that of LSV solenoidal basis, which indicates the
MoM submatrix of SVD solenoidal basis has
better conditioning than that of LSV solenoidal
basis. By comparing Fig. 4 (a) and (b), it can be
found that the eigenvalues of loop basis are more
closely clustered than that of SVD solenoidal basis
except there is an eigenvalue very close to zero.
The eigenvalue of loop basis closest to zero is
supposed to be the origin of the worse condition
number for the matrix of loop basis compared with
that of SVD solenoidal basis. Luckily, the
redundant loop basis removes this eigenvalue to
zero. As a result, the conditioning of the MoM
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solenoidal submatrix can be greatly improved. An
explanation of the relation between the eigenvalue
distribution of a matrix and the convergence of
iterative solvers in solving the matrix can be found
in [19].
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Fig. 4. The eigenvalue distribution of MoM
solenoidal submatrices of the sphere discretized
with 216 unknowns using different solenoidal
bases at 1 MHz. (a) SVD and LSV solenoidal
bases, (b) loop and redundant loop bases.

From the above discussion for the property of
the redundant loop basis, it can be concluded that
the redundant loop basis can remove the
eigenvalue of its corresponding MoM submatrix
closest to zero to zero and hence to form a well-
conditioned MoM submatrix.

B. Application of redundant loop basis to MR
basis

It has been discussed in Section II-B that the
MR basis can take loop basis as its solenoidal part.



In order to improve the conditioning of the MoM
matrix of the MR basis for closed structures, the
redundant loop basis is proposed to be taken as the
solenoidal part of the MR basis. To demonstrate
the performance of the redundant loop basis in MR
basis, it is compared with the MR bases which
take the other solenoidal bases as their solenoidal
part. Also, the application of the redundant loop
basis in the MR basis is compared with its
application in loop-tree basis.
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Fig. 5. The 2-norm condition number of MoM
matrices of the sphere discretized with a different
number of unknowns using different bases at 1
MHz.

Firstly, the 2-norm condition number of the MoM
matrices of MR bases with different solenoidal
parts and the loop-tree bases with loop or
redundant loop solenoidal part is analyzed. The 2-
norm condition number of the MoM matrices of
these bases in the example of the sphere described
above is depicted in Fig. 5. It can be observed
from Fig. 5 that the 2-norm condition number of
the MR basis with redundant loop solenoidal part
is much lower than that of the MR basis with loop
solenoidal part, while the 2-norm condition
number of the loop-tree basis with loop solenoidal
part (denoted with loop-tree in Fig. 5) is almost
equal to that of the loop-tree basis with redundant
loop solenoidal part (denoted with r-loop-tree in
Fig. 5). It can also be observed from Fig. 5 that the
2-norm condition number of the MR basis with
LSV solenoidal part is lower than the loop-tree
basis and the MR basis with SVD solenoidal part
is lower than the MR basis with LSV solenoidal
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part. However, the SVD solenoidal basis is
generated by the SVD operations on the large
charge matrix formed from all unknowns, which is
prohibitive for a large number of unknowns due to
the huge computational cost.
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Fig. 6. The eigenvalue distribution of MoM
matrices of the sphere discretized with 216
unknowns using different bases at 1 MHz. (a)
Loop-tree bases with loop or redundant loop
solenoidal part, (b) MR bases with LSV or SVD
solenoidal part, (¢c) MR bases with loop or
redundant loop solenoidal part.

Since the convergence behavior of iterative
solvers in solving a MoM matrix is mainly
determined by the eigenvalue distribution of the
MoM matrix, the eigenvalue distribution of MoM
matrices of the above bases are investigated. An
example of the eigenvalue distribution of MoM
matrices (after diagonal preconditioning) of the
sphere discretized with 216 unknowns using
different bases at the frequency of 1 MHz is
shown in Fig. 6. It can be observed from Fig. 6 (a)
(see also Fig. 9 (a) for a block) that there are a lot
of eigenvalues of the loop-tree bases close to zero,
which explains why it has trivial effect on the
conditioning of the corresponding MoM matrix by
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taking the redundant loop basis as the solenoidal
part of the loop-tree basis. By comparing Fig. 6 (a)
with Fig. 6 (b) and (c), it can be found that the
number of eigenvalues of the loop-tree bases
nearby zero is much larger than that of the MR
bases, which explains why the conditioning of the
MoM matrices of the loop-tree bases is worse than
that of MR bases. It can be observed from Fig. 6
(b) that the eigenvalues of the MR basis with SVD
solenoidal part is more closely clustered than that
of the MR basis with LSV solenoidal part, which
explains why the MoM matrix of the MR basis
with SVD solenoidal part has a well condition
number. It can be observed from Fig. 6 (¢) (see
also Fig. 9 (b) for a block) that the eigenvalues of
the MR bases with loop or redundant loop
solenoidal part are well distributed except there is
a eigenvalue of the MR basis with loop solenoidal
part very close to zero. Also, the smallest
eigenvalue whose absolute value is about 1.3x107
is removed to zero by taking the redundant loop
basis as the solenoidal part of the MR basis.
Namely, the smallest eigenvalue is replaced by the
previous second smallest eigenvalue whose value
is about 0.15 by keeping the redundant loop basis
in MR basis. As a result, the ratio of the absolute
values of the largest eigenvalue to the smallest
non-zero eigenvalue is improved which explains
why the redundant loop basis can improve the
conditioning of the MoM matrix of the MR basis
effectively.

From the discussion given above, it can be
concluded that the application of redundant loop
basis in MR basis can improve conditioning of the
MoM matrix of MR basis effectively, while it has
trivial effect on the conditioning of the MoM
matrix of loop-tree basis.

C. Solvability of expanded MR basis with
iterative solvers

A similar phenomenon has been reported in [18],
where a redundant volume loop basis is used to
speed up the convergence of solutions in solving
the volume integral equation and a proof is given
to validate that the MoM matrix of the redundant
volume loop basis can still be solved with an
iterative solver without losing accuracy. The proof
of the solvability of the MoM matrix of the
expanded MR basis, which taking the redundant
loop basis as its solenoidal part, can also be proved
similarly. Alternatively, it can be proved easily by
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using a theorem in [19].

The expanded MR basis functions can be
represented by the RWG basis functions via a
basis-changing matrix [7]]

|:J;MR:|=[T]T |:R0:|, (4)
where the number of RWG basis functions and
MR basis functions is N and N+1 respectively, and
the matrix [7] is a row full-rank matrix. Then the

corresponding MoM matrix equation can be
written as

[ZMR]'[IMR] = [bMR]7 (5)
[bue]=[77 [b].  [1]=[7][1,s].  and
[Z,x]=[T] -[2]/[T] in which [Z] is a full rank
matrix formed from the RWG basis. It can be
concluded that [b,, ] belongs to the range space of

where

[Z,x], since the rank of matrix [Z,,] and [Z] is

equal and [7] is a row full-rank matrix. It has been
pointed out in [19] that a square linear system Ax =
b has a Krylov solution if and only if b belongs to
the range space of 4. Therefore, the MoM matrix
of the expanded MR basis can still be solved by
Krylov iterative solvers. The bistatic RCS of a
sphere (radius = 1 m) discretized with 3009
unknowns at 1 MHz is taken as an example and
shown in Fig. 7. It can be found from Fig. 7 that a
good agreement is obtained between the exact Mie
series and the expanded MR basis.
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Fig. 7. Bistatic RCS of a sphere (radius = 1 m)
discretized with 3009 unknowns at 1 MHz with
the exact Mie series and the expanded MR basis
with redundant loop solenoidal part.
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Fig. 8. The convergence behavior of GMRES(30)
as a function of frequency for a block using the
loop-tree bases and MR bases.

IV.NUMERICAL RESULTS

To validate the performance of the redundant
loop basis applied in the MR basis, two examples
will be analyzed in this section. The restarted
GMRES(30) algorithm was chosen as the iterative
solver. The examples were simulated in double
precision with a relative residual of 10°. All the
results with different bases were obtained after
applying a diagonal preconditioning to the MoM
matrix.

The first example is a metallic block
(ImxImxIm) with 1998 unknowns. The
convergence behavior of GMRES(30) for the
block using the loop-tree and MR bases over a
frequency range of 0.1-50 MHz is shown in Fig. 8.
It can be found from Fig. 8 that the redundant loop
basis can further improve the performance of the
MR basis while it has trivial effect on the loop-tree
basis. Also, the LSV solenoidal basis performs
more stable than the loop basis for the MR basis.
However, the LSV solenoidal basis doesn’t
perform as well as the redundant loop basis as
shown in Fig. 8. The eigenvalue distribution of
MoM matrices of the block using the above bases
at 20 MHz is shown in Fig. 9. It can also be
observed from Fig. 9 that the eigenvalue closest to
zero is removed to zero by taking the redundant
loop basis as the solenoidal part for both loop-tree
basis and MR basis. However, there is only one
eigenvalue very close to zero for MR basis which
explains why the redundant loop basis can
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improve conditioning of the MoM matrix of the
MR basis effectively.
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Fig. 9. The eigenvalue distribution of MoM
matrices of a block using different bases at 20
MHz. (a) Loop-tree bases with loop or redundant
loop solenoidal part, (b) MR bases with loop or
redundant loop solenoidal part.

The second example is a more complex
metallic plane model, whose length, width, and
height is given by 9.3 m, 12.1 m, and 2.2 m,
respectively. As shown in Fig. 10, the airplane
model is nonuniformly discretized with 5034
unknowns. The number of iterations of the
GMRES(30) using the above bases over a
frequency range of 0.1-16 MHz is shown in Fig.
10. Obviously, the results of Fig. 10 also indicates
that the redundant loop basis has significant
advantage over the loop basis for MR basis. Also,
the LSV solenoidal basis performs much better
than the loop basis for the MR basis.
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Fig. 10. The convergence behavior of GMRES(30)
as a function of frequency for a metallic airplane
model using the loop-tree bases and MR bases.

V. CONCLUSION

A redundant loop basis generated by simply
keeping all loop functions is applied in MR basis
to improve the convergence of MR basis for
closed structures. The properties of the MoM
matrices using the loop-tree and MR bases which
take the loop or redundant loop basis as their
solenoidal part are analyzed. It is found that the
eigenvalue of the MoM matrix of the MR basis
closest to zero is removed to zero by using the
redundant loop basis, i.e. keeping the redundant
loop basis moves the smallest eigenvalue to zero.
As a consequence, the expanded MR basis taking
the redundant loop basis as its solenoidal part has
significant advantage than the MR basis with the
loop basis in convergence for iterative solvers for
closed surfaces at the low frequency range.
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Abstract - In this paper, we proposed an effective
technique to enhance the anti-interference performance
of the adaptive antenna arrays. The null depth in the
direction of interferers determines the anti-interference
performance of an adaptive antenna array. However,
the null depth generated by the conventional virtual
array transformation (VAT) algorithm is usually not
sufficient. By introducing the interference direction
information into the transformation matrix, we can
effectively improve the level of null depth; in turn, the
anti-interference performance of the adaptive antenna
arrays is significantly enhanced. The numerical
experiments are employed to validate the proposed
approach.

Index Terms - Beam forming, null depth, SINR
transformation matrix, virtual array.

I. INTRODUCTION

Generally speaking, the number of interference
signals processed by an antenna array should be less
than the degrees of system freedom [1, 2]. In the
practical applications, the size and number of array
elements are finite; however, frequently the number of
interferers is much larger than the number of array
elements. Obviously, some of the interferers will not
be effectively inhibited when the number of interferers
exceeds the degrees of system freedom. Friedlander
[3] has proposed a virtual array transformation (VAT)
method that the number of virtual array elements can
be increased to be more than the degrees of system
freedom so that all the interferers can be processed.

When Friedlander’s method is used in the beam
forming of an adaptive antenna array, the null depth is
relatively shallow compared to the real antenna array.

Consequently, the output signal to interference and
noise ratio (SINR) will be decreased; in turn, it is not
suitable for the applications that require the higher
communication quality. The existing improvement
techniques with regarding to the VAT performance [4-
6] are concentrated on the applications in the
estimation of interference arriving direction. Shubair et
al. combined the least mean mixed norm (LMMN)
algorithm and initialization using sample matrix
inversion (SMI) to control the error norms and offer
the extra degrees of freedom [7]. In order to achieve
the better virtual array performance, the influence
generated by the transformation area selection on the
beam forming is analyzed in the literature [8]. The
literature [9] proposed a method to transform an
arbitrary shaped array into a virtual uniform linear
array (ULA) and then suppress multiple coherent
interferences through the spatial smoothing technique.
Based on the conventional VAT beam forming
algorithm, an improved VAT method is presented in
this paper, which can be effectively applied to raise the
inhibition gain by improving the null depth. By
projecting the transformation matrix on the
interference space that enhances the interference
components in the virtual covariance matrix, a higher
interference inhibition gain can be achieved.

II. VIRTUAL ARRAY TRANSFORMATION
THEORY
Considering an array with N elements [10], when
M far field narrow band signals are incident on an
antenna array, the received data X can be expressed
as follows:

X =AS(t)+N(), (1)
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where S(t) =[s,(¢),s,(t),+,s,, ()] is a vector
containing the complex signal envelops of M
narrow-band signal sources. (O)T denotes the
matrix transposition.
N(@) =[n,(t),n,(t),---,n, ()]" is a vector of
zero-mean spatially white sensor noise of
variance o . A =[a(6,),a(6,),---a(d,,)] is an
array manifold vector, where
a(6,),(k=1,2---,M) represents a steering
vector in the @, direction.

If an antenna array with N elements is uniform
and linear, we have:

2rd . . 27d .
—j———sin6) —‘/(N—I)Tsm@( T

a(ak):[lae ‘ 57, € ] P (2)
where d is the space between two adjacent
elements. If both the signal and noise are
linearly independent, the data covariance can
be represented as:

R=E{XOX" (1)} = AR A" +071, (3)
where E(e) denotes the mathematical
expectation. R, = E {S(t) s” (t)} represents the
autocorrelation matrix of signal complex
envelops. o is the noise power. I is the unit

matrix, and (O)H denotes the matrix conjugate

transposition. The array covariance matrix is
estimated using the finite snap data X(7):

R= %gxmxlf OF

where K is the snap number. In the array
interpolation operation, the real array manifold
is transformed on a preliminary specified
virtual array manifold over a given angular
sector ® , namely, an interpolation matrix B
is designed to satisfy:

Ba(f)~a(0),v0e0, 4
where a(d) and a(@) are Nx1 and NxlI
steering vectors of the real and virtual arrays,
respectively; N is the number of virtual
clements; virtual array manifold a(6)
corresponds to a uniform linear array (ULA).

The computation of interpolation matrix
B is carried out by choosing k representative
directions 6,,6,,---,6, from the interpolation
sector ® , and minimizing the sum of

quadratic  interpolation errors in these
directions:
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k 2 _
F(B)=) ||Ba(6)-a(@)| =[BA-A| . (5)
i=1
where A and A are the real and virtual array
manifold vector matrixes, respectively; and

|| ||F denotes the Frobenius mold. The

optimal minimum variance obtained from (5)
is:

B=AA"(AA")". (6)
After transformation, the covariance of virtual
array becomes:

R=BRB". (7

Through the noise-prewhitening process [3],
the optimal weight can be obtained by using
the minimum variance distortionless response
method:

W, =aR'a(6,), (8)

opt
where a(6,) represents a virtual array steering
vector in the desired signal direction; and the

coefficient o =[a" (6,)R'5(0,)] -

III. NULL DEEPENING
TECHNIQUE

Compared to the real array with the same
parameters, the null depth formed by a virtual
array in the Friedlander’s VAT method is
relatively shallow. To improve the null depth,
we project the transformation matrix B on the
interference space, and thus, the constraint
information of the interference direction can
be imported into the transformation matrix to
enhance the interference components in the
sampling covariance matrix. The detailed
procedure is described as follows:

If the interference directions are

91’92""’91\4' and the number of interferers is

M, the virtual array steering vector in the
interferer  directions 5(91),5(92),---,5(9M.)
can be calculated. Define a projection matrix
C as:

C=(Zﬁ(@)ﬁ”(@)] . ©)

Projecting the transformation matrix on the
interference space, we have:

B=CB. (10)
Now the covariance matrix of virtual array
becomes:

R=BRB” =CBRB”C” =CRC". (11)
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After the mathematical operations, the
information of the interference direction has
already been involved in the transformed

virtual covariance matrix R , and the
interference components is strengthened.

IV. THEORETICAL ANALYSIS
According to Schmidt’s orthogonal
subspace resolution theory, using the

eigenvalue decomposition from (7) R can be
expressed as [11]:

R=UZU", (12)
where U is an eigenvector vector of

covariance matrix R, the diagonal matrix X
constituted by the corresponding eigenvalues

1
—j27ding,
aOut0)= ¢, "
i i :
N 2 J .
o J(N- 1)%dsm¢9i
i _27dg;
1 e ]Tsmﬁi
_27dg; _
474 sin 6, j2
= e A t ) e

Substitute (15) into (9), we can obtain the expression of projection matrix C:

2Ldsin0i
,

—(N-)27dsing, - j(N-1+1)27dsing. - j2(N-1)27dsing,
e 200 e 200 2 o
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is:

r= , ) (13)
Ay
If a virtual array with N elements is ULA,

the steering directions can be written as:

27d sin 6, —j(]V—l)—zzd sin 6,

a@)=[Le * e 1", (14)
where d is the space between two adjacent
elements. We have:

_'Zﬂd' ] _.—_ZLJ. '
]Tsmq"”,e J(N-1) 2 sind)

’[1,8 ]

— j(N-1)27d sing,

e A
— j(N-141)27d sinp.
e A

b

A

o (15)

_2rdsing, - j(N-1)22dsing, (16)
I 1 , e A ! KRR A !
M M| —j2zdsing.  —j227dging, — j(N—1+1)27d sing.
—IN"a aH - L L. l H
C=Ya@ut©) =3 ¢ A, TN e 7 |
izl l:1 : : cee N
_i(N-]2xdsi —i(N—=14D)27d s —_i2(N=)2xd i
. J(N l)TsmHi e J(N- 1+1)Tsmt9l.,m’e J2{N I)Tsmel.
Substitute (12) and (13) into (11), then we have:
1 (17)

R=CRC¥ =C-(Ui‘.fjﬂ j.cH O RTAC |

U CH.

=

Substitute C into (17), ﬁ can be expressed as:



1,

',IIUH
™

_i27d sing.
1 o ]Tsmﬁl

, KR

e

I\

(18) can be further simplified as:
M2-2

1+ A

1+

2})\1 3

where U is the eigenvector matrix

A
corresponding to R , T= 2,2
11\7

the diagonal matrix  constituted by the

eigenvalues of R . From (19) it is obviously
observed:
A>A,i=1,2,--,N. (20)
The eigenvalues of the covariance matrix
obtained by wusing the improved VAT
algorithm are bigger than those obtained from
the conventional VAT algorithm.
Next, we briefly introduce the minimum
variance distortionless response (MVDR)
beam forming method [12]. In the direction of

—j27dsing. — j(N-1)27d sing, -
. 75 s1n6’l o J(N-1) s sm6’l
b b

|\ _2xdging. - i0227dsing. — {(N=141)27d sing. _
M B 75 sm&l e j2 z sm&l e J(N-1+1) g sm&l A

_i(N=D27d i
e J(N- 1)%sm9i

—j(N-1)2zdsing, - j(N-1+1)22dsing.  —j2(N-1)22dsing,
e A 1 ,e A l,. --e A 1

2

—j227dsing —j22xdsing | .
e’ lteete 75770

—j2(N-1)y22dsing
e 72 ) A | SRS
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,'.’, 2ﬂ'é' ,'.’, 27d ;i — i2(N-1)27xd i A
o J(N I)Tsmﬂi e J(N- 1+1)Tsm9i’”"e J2{N- I)Tsmﬂi ‘N

M fj%sinﬁi efj~2-%sin9i o efj(NflJrl)%sinHi (18)

2

2
—_i2(N=1)2xdsi _
o Jj2{N I)TsmﬁM, %N

(19)

the desired signal, the gain is constrained to be
1, and the array output power is ensured to be
minimum, namely, the interference and noise
will generate the minimum output power.
Applied to the virtual array, the weight vector
of the MVDR beam forming is the solution to
the following problem:

arg min EUWH)_((/{)F }
wHa(g,)=1 (21)
= arg min W/RW,

wHa(g,)=1

Wior =

where the  arg min[ | represents the

wHa(g)=1
optimal solution which can minimize the
function value in [ ] and satisfy the equality

w'a@, -1 . The arg represents an inverse
function. It can be solved using Lagrangian

multiplier method:
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R™'a(9)

a’ (0)R"a(6,)

which is equivalent to (8). The characteristic
of the MVDR method in the desired signal
direction is that the gain is restrained to be 1
and the simultaneously array output power is
ensured to be minimum. The higher the
interference power in array is, the stronger it’s
inhibited in these directions. By introducing
the constraint information of the interference
direction into the transformation matrix B in
the improved VAT algorithm, the new
eigenvalues of the covariance matrix become
bigger, and the signal components
corresponding to them are strengthened.
Therefore, in these directions the inhibition
gains will increase by the the MVDR method,
namely, the null depths will be deeper as
showed in the beam pattern.

Woior =

V. SIMULATION VERIFICATION

The original array with 5 elements is
uniform and linear, and the element space is
A. The expected signal illumines from the 0°
direction. The signal to noise ratio is
SNR=0dB. Three independent interferers come
from -60°, -40°, and 50° directions,
respectively. The signal to interference ratio is
SIR =—-40dB . The wvirtual array with 8
elements is wuniform and linear, and the
element space is A/2 . The virtual
transformation area is [-65°, 55°]. The step-
size is 0.1°. The number of snapshots is 200.
Figure 1 shows the gain comparison obtained
by using the MVDR beam forming through the
real array method, the conventional and
improved VAT algorithms. Figure 2 shows the
eigenvalue comparison of covariance matrix
obtained using three methods. Figure 3 shows
the comparison of output SINR obtained by
three methods.
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Fig. 1. Beam patterns using the different
methods.

It is observed from Figures 1 to 3 that
when the number of independent interferers is
not larger than the number of the array
elements, the nulls of the beam forming using
the real array, conventional VAT, and the
improved VAT algorithm are generated
precisely in the interferer directions, and the
main lobe is pointed to the desired signal
direction. The inhibition gain using the real
array and conventional VAT algorithms is
about -35 dBi and -45 dBi, respectively.
However, the inhibition gain using the
proposed algorithm can reach up to -150 dBi.
The eigenvalue of the covariance matrix has
been significantly improved in the proposed
method. Similarly, the output SINR has been
significantly improved as well in the proposed
method.
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Fig. 2. Eigenvalues of the covariance matrix in
the different methods.
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Fig. 3. Output SINR using the different
methods.

Next, we use an example to validate the
proposed method, in which the original array
with 5 elements and space A between the
adjacent elements is uniform and linear. The
desired signal incidence comes in the 0°
direction. The signal to noise ratio is
SNR =0dB and five independent interferers
come in -60° -40° 20° 50° and 70°
directions, respectively. The signal to
interference ratio is SIR =—-40dB . The virtual
array with 8 elements and space A /2 between
the adjacent elements is uniform and linear.
The virtual transformation area is [-65°, 75°]
and the step size is 0.1°. The number of
snapshots is 200. Figure 4 shows the
comparison of the MVDR beam forming using
the different methods. Figure 5 shows the
eigenvalue comparison of the covariance
matrix using the three methods. Figure 6
shows the comparison of output SINR using
three methods.
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Fig. 4. Beam forming of five independent
interferers using the different methods.
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Fig. 5. Eigenvalues of five independent
interferers using the different methods.
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Fig. 6. Output SINR of five independent
interferers using the different methods.
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It is observed from Figs. 4 to 6 that when
the number of interferers exceeds the freedom
of original array, the nulls in the real array
method cannot be generated in these
interference directions. The virtual array with
8 elements cannot process all the interferers,
but the nulls precisely point to these
interferers. The inhibition gain using the
conventional and proposed VAT algorithms is
about -30 dB -120 dB, respectively. The
eigenvalue of the improved algorithm has
significantly improved, as well as the SINR.

VI. CONCLUSIONS

An improved VAT method has been
presented in this paper, compared with the
conventional approach; the null performance
of beam forming is significantly improved.
The nulls pointing to interference directions
can be more steadily generated, and
interference inhibition gains are much better
and ensure a higher output SINR. Compared to
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the conventional algorithm, the proposed

method only needs one more matrix
multiplication operation.
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Abstract - Parallel technology is a powerful tool
to provide the necessary computing power and
memory resources for the FDTD method to
simulate electrically-large and complex structures.
In this paper, a high performance parallel FDTD is
developed for multi-core cluster systems. It
employs  Winsock to achieve efficient
inter-process ~communication as well as
multi-threading to make full use of the hardware

resources of multi-core processors on a PC-cluster.

Key steps for parallel FDTD such as
synchronization, data exchange, load balancing,
etc., are investigated. An experiment simulating
the scattering of an incident electromagnetic wave
form of a computer case is presented which shows
that the proposed parallel FDTD achieved
speedup of 25.1 and parallel efficiency of 83.7%
when 10 processors with 30 cores are utilized, and
outperforms traditional parallel FDTD based on
MPI or MPI-OpenMP, which gained speedup of
22.9, 24.9 and parallel efficiency of 76.3%, 83.1%
respectively under the same circumstances.

Index Terms — FDTD, multi-threading, parallel
computation, PC cluster, Winsock.

I. INTRODUCTION
As one of the most popular numerical methods,
finite-difference time-domain (FDTD) has been
widely used to solve various electromagnetic
problems [1, 2]. However, the implementation of

FDTD for simulating electrically-large and
complex structures requires intensive computation
and large amounts of memory resources, which is
not possessed by a single machine. A highly
efficient solution is to implement the FDTD
algorithm in a parallel computer system, such as a
PC cluster [3, 4, 5].

The FDTD method is conducive to parallel
computation due to its structured mesh, regular
data structures, and localized calculation [3, 6]. A
common method to parallelize the FDTD is to
divide the computation domain into many
sub-domains that are calculated in different nodes
of a cluster, and because the workload of each
sub-domain is far less than that of the whole
computation space, the memory, and time
consumption is greatly reduced [4, 5, 7, 8]. Up till
now, message passing interface (MPI), a library
specification for message-passing [9, 10], is by far
the most popular parallel programming
environment for the FDTD to realize operations
such as data exchange, synchronization, and etc.
[3,4,6,7,8].

Today’s PC clusters have employed multi-core
processors, which integrate multiple execution
cores on the same chip and thereby introduce a
new level of parallelization. Many of the previous
researches [3, 4, 5, 6, 7, 8] on the parallel FDTD
have not taken multi-core processors into
consideration. To take advantage of the computing
capability of multi-core processors, it is necessary

1054-4887 © 2011 ACES

241



242

for a parallel computation to carefully take both
the intranode communication and the internode
communication into account. Some
implementations of MPI have made efforts to it.
For instance, MPICH2-1.3.1 offers multi-core
support by integrating a low-level communication
subsystem called Nemesis to minimize the
overhead for intranode communication by using
lock-free queues in the processes and other
optimizations such as a fastbox mechanism to
bypass the queues [11,12]. However, in
comparison with MPI that uses messages to
perform intranode communication, creating
threads to make data accessible through shared
memory is a more natural method and supports
greater bandwidth [13, 14].

A few studies [15,16] utilize open
multi-processing (OpenMP), a shared memory
parallel programming interface [17, 18], together

with MPI to enhance shared-memory performance.

However, a straight-forward integration of
OpenMP constructs into the MPI program often
does not give good speedup results [19].
Optimization techniques like minimizing OpenMP
parallel overhead, aggregating messages, CPU
affinity and cache-line alignment are usually
necessary for a better performance. Thus, it
requires programmers to have relatively
substantial experience in tuning an OpenMP code.

In this work, a novel parallel FDTD algorithm

based on Winsock and multi-threading is proposed.

To fully exploit the computation capacity of a PC
cluster with both multi-processor and multi-core
features, it utilizes the efficient, low-level
Winsock programming rather than MPI to realize
the message passing between processors, creates
threads, and maps them to cores by using Win32
thread application program interface (API), so the
sub-domain computation is carried out in each
core. Data exchange between threads is performed
by shared variables being directly written by one
thread and read by another. Meanwhile in this
parallel FDTD, only magnetic field values on the
sub-domains’ interfaces need to be transmitted by
using an overlapping scheme, an efficient
synchronization mechanism is used to impose
constraints on the execution order of threads, and
the different workload of various cells (such as
ordinary and perfectly matched layer (PML) [20])

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011

are taken into consideration in the domain
decomposition phase to achieve better load
balancing.

A numerical experiment has been conducted to
estimate the efficiency of the proposed FDTD
parallelization strategy. In the experiment, three
parallel FDTD codes based on the proposed
method, MPI, and MPI-OpenMP, respectively, are
developed to simulate the same electromagnetic
model in parallel on a PC cluster, and their run
time, speedup, and parallel efficiency are
compared and analyzed.

The remainder of this paper is organized as
follows: Section II briefly introduces the FDTD
method, while Section III describes the essential
elements of the parallel FDTD based on Winsock
and multi-threading. The experimental results are
presented in Section IV and finally conclusions in
Section V.

II. ABRIEF INTRODUCTION TO
THE FDTD METHOD

Since Kane S. Yee’s paper in 1966 [1], the
FDTD has developed into a widely-used
numerical simulation method. In Yee’s difference
scheme, the computation domain is discretized to
space grids in Cartesian Coordinates. The FDTD
update equations are then obtained by discretizing
Maxwell’s  two  curl  equations  using
central-difference approximations to the space and
time partial derivatives. The updated equations
for Ex and Hx [6] are as follows:

Bt = 8020 i Ly
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thus only adjacent cells are needed for the

computation. Similar equations can be written for
the other electric and magnetic field components.



III.A PARALLEL FDTD BASED ON
WINSOCK AND
MULTI-THREADING

A. Parallel programming model

In a PC cluster, processors are in a distributed
address space while cores in the same processor
are in a shared address space. The address space
has a significant influence on the data exchange
[21]. To accommodate the hybrid address space of
a PC cluster, the parallel FDTD algorithm in this
work employs a two-level programming model, as
shown in Fig. 1. The upper level consists of
processes created by the main console and
assigned in processors while the bottom level is
composed of threads created by each process for

cores in a Processor.

Upper Level

Bottom Level
S 3
|ﬁ |E N S |% o
— S} =] — &) =] TCP
;_ ; ; ; ;_ ; (———eee
'3 F‘D 3 F‘D '3 a connection
ar A 2 R g
o o

pinls il

Fig. 1. The two-level programming model for the
parallel FDTD.

w
=
8
a
8
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This work adopts Winsock rather than MPI to
realize an inter-process message passing. Winsock
defines a standard interface between a Windows
TCP/IP client application and the underlying
TCP/IP protocol stack [22, 23]. As shown in Fig. 2,
a connection using the transmission control
protocol (TCP) is established to a specific socket
separately on both sides. Once the connection is
set up, they ~can pass messages by
calling send () and recv() .

Explicit threading is employed in the bottom
level of the programming model, directly splitting
up the computation. The key steps using the
Win32 thread API [13] to multi-thread are as
follows:

a. A process starts with a single thread of
execution. This is called the main thread.
b. This is followed by
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_beginthreadex() being used to create
new sub-threads. Those sub-threads can
now start their own computation tasks.

c. During the computation, shared variables
are used and data exchange is performed
by write or read accesses of the threads.
Meanwhile, synchronization both
coordinates  thread execution and
manages shared data.

d. When the computation task is finished,
each sub-thread calls _endthreadex() to
terminate.

#2 Process
socket() \

#1 Process i
| socket() ||

A
closesocket() | |closesocket()]

Fig. 2. The flow chart of Winsock programming.

For a better efficiency, a fixed mapping from
the threads to the execution cores is employed by
calling SetThreadAffinityMask() . This prevents
threads from migrating to other cores during
program execution.

B. Domain decomposition

Figure 3 shows the spatial parallelism used in
this work that divides the whole computation
space into sub-domains. Each sub-domain is
assigned to one process for parallel computation.
In each sub-domain, additional pages, called
expand pages, are introduced to store field values
from neighbors’ interface for data exchange.
Every process creates threads according to the
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number of execution cores employed in the
parallel computation, splits a sub-domain further
into smaller sub-domains, and then assigns them
to each thread. For threads in the same process,
field values stored in shared variables are
mutually directly accessible, thus eliminating the
need for expanded pages.

Expand page
1
Z y ...4? ...4?...
s L l L
#1 Sub domain #2 Sub domain
#1 Process #2 Process
|lt \ﬁ \ﬁ |'qs ‘,*5 \%
N B = o000
“ENE “ENE
o | o o Q| o a
D | ) 2|8 ©
o o o o o i

Fig. 3. Domain decomposition.

C. Synchronization

At each time step of FDTD, the update of the
electric and magnetic fields are executed
sequentially. Execution of threads in the wrong
order may produce unwanted outputs. Figure 4
illustrates the synchronization mechanism adopted
in this work, where N is the number of
sub-threads, and count is defined as a volatile
integer. InterlockedIncrement 64(&count)
increases by 1 the value of variable count as an
atomic operation, and
InterlockedExchange64(&count,0) sets
variable count to 0 as an atomic operation as well.

#n sub thread
InterlockedIncrement64| | | InterlockedExchange64
(&count) (&count,0)
@ O
No Yes Yes

Fig. 4. The synchronization mechanism.

D. Data exchange

According to the FDTD updated equations,
for cells on the interfaces between two adjacent
sub-domains, the field data on the neighboring
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threads are required, necessitating the execution of
data exchange. For threads on the same processor,
data exchange is done by
shared E and H variables directly written by one
thread and read by another. As for threads on
different processors, messages
containing £ and H values are passed by explicitly
calling the Winsock APIL: send() and recv()
[23].

Data exchange is one of the main factors
affecting the parallel efficiency, along with
synchronization and load balancing. This work
utilizes an overlapping scheme [7], i.e. the
interface of adjacent sub-domains assigned to two
processes is overlapped, on which the electric
field components are updated in both neighboring
threads created by separate processes, shown in
Fig. 5. Although the electric field components on
the interface are calculated twice, only magnetic
field components are transmitted at each time step.
However, the overlapping scheme does not apply
to the threads created in the same process due to
the use of shared variables; otherwise data race
occurs, leading to calculation errors.

Updated in #n
process and
transmitted to
#(n+1)

process as
expand page

Updated in
#(n+1) process
and transmitted
to #n process as

17 expand page

Updated in both
#n process and
#(nt1) process

i

ot 4

@ i ®

5 ot
z Hz® ®

Ti» X Hy A i A
| i I

#n Process Interface #(n+1) Process
Fig. 5. The field exchange configuration

employing the overlapping scheme.

E. Load balancing

Load balancing is a critical issue for a parallel
computation to achieve high efficiency [24]. For
the parallel FDTD, a good load balancing strategy
should suitably divide computation space so that
every thread is equal in actual execution duration
between any two succeeding operations of
synchronization, avoiding idle conditions owing



to mutual waiting. One of crucial factors affecting
load balancing is various cells such as ordinary
cells and PML cells, due to the different
workloads that they possess. However, no specific
rule exists for evaluating this factor in the domain
decomposition, just experience acquired from
repeated experiments. Our experiments show that
a PML cell requires approximately 2.6 times more
computing time than that of an ordinary cell. So a
PML cell is evaluated as 2.6 ordinary cells when
the whole space is divided into sub-domains.

F. The thread execution

A thread carries out the actual FDTD
calculation, as illustrated in Fig. 6. Electric and
magnetic fields are updated sequentially, each
followed by a synchronization operation. If a
thread possesses a sub-domain interface between
neighboring nodes, exchange of the magnetic field
components with neighboring processes, through
sending and receiving operations, is performed
upon update of the magnetic field.

Thread starts v

Initialize
computation and map
to a specific core

Send and receive
magnetic field
components

‘ Update electric field ‘

‘ Synchronization ‘

Reach the last time
step?

Yes

Thread ends

Fig. 6. The flow chart of the thread execution.

Update magnetic
field

IV.RESULTS AND ANALYSIS

To estimate the parallel performance of the
proposed method, three parallel FDTD codes
based on the proposed method, the MPI library,
and MPI-OpenMP, respectively, are developed in
Visual Studio 2010. The implementation of MPI
used in this paper is MPICH2-1.3.1, the latest
version supporting the MPI 2.0 standard and
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optimizations for multi-core processors. The MPI
based code creates a process binding to each
execution core, and the data exchange between
two cores is realized by calling MPI Sendrecv(),
just like that between two processors. Channel
Nemesis is chosen to optimize intranode and
internode communication. The MPI-OpenMP
based code is similar to the pure MPI code. It
creates a process in each processor, and employs
OpenMP to automatically parallelize to the
computing loops [15, 19], shown in Fig. 7.
The parallel pragma is hoisted outside the loop
of time steps to minimize threading overhead.
When synchronization is not a necessity at the end
of a parallel loop, nowait is specified with
the for directive. Thread binding is achieved by
calling SetThreadAffinityMask() .

Do initialization work;
#pragma omp parallel private (...)

{

for timestep=0 to timestep_max

{

#pragma omp for private (...) nowait
computation loops;

#pragma omp master

{
MPI_Sendrecv();

}

#pragma omp barrier
}
}

Fig. 7. MPI-OpenMP algorithm.

As depicted in Fig. 8, an electromagnetic plane
wave with a frequency of 1GHz propagates to a
computer case, and the three parallel FDTD codes
are employed to simulate the scattered field of the
computer case. For this scattered field problem, its
whole  computation  space is  discreted
into 720*170*330 cells alongx,y, and z axis,
respectively, withdx =dy =dz =0.001m .
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The experiment is carried out on a PC cluster
comprising Intel Q6600 processors interconnected
by a fast 1000Mb/s Ethernet. Each processor
possesses 4 cores; in the experiment, one core is
left to process system work and up to three cores
can be used for the parallel FDTD computation.

Fig. 8. The computation model.

The scattered field simulated by the three
parallel FDTD codes agrees well with the
simulation by computer simulation technology
(CST) Microwave Studio. Table 1 demonstrates
the tested run time and memory consumption of
the three parallel FDTD codes, which drop
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quickly upon introduction of more
threads/processes. One can see that the proposed
method always costs less run time in comparison
with both the MPI based and the MPI-OpenMP
based parallel FDTD, and three codes consume
the same amount of memory.

Table 1: Run time (in seconds) and memory
consumption (in MB)

Number of

1 6 12 18 24 30
threads/processes
The proposed
7092 | 1257 | 648 | 444 | 344 | 282
Run method
time MPI 7092 | 1292 | 661 | 468 | 377 | 309
MPI-OpenMP | 7092 | 1268 | 655 | 449 | 346 | 284

Memory
2950 | 1500 | 775 | 412 | 231 | 140

Consumption

Figure 9 gives the measured speedup and
parallel efficiency for the three parallel FDTD
codes. Here, speedup is the ratio of sequential
implementation execution time and parallel
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Fig. 9. Speedup and parallel efficiency.



execution time, while parallel efficiency is equal
to speedup divided by the number of cores
employed. One can observe that the speedup and
parallel efficiency of the proposed method is
considerably higher than that of the MPI based
FDTD and the discrepancy becomes even larger
with the increase of the number of cores.
Compared with the MPI-OpenMP version of
FDTD, the proposed method’s speedup and
parallel efficiency is slightly bigger, but it is worth
noting that the former is more difficult to optimize
because it needs a careful fine tuning to achieve
good performances. When 30 cores are utilized,
the proposed method’s speedup rises to 25.1 with
parallel efficiency of 83.7%, while the MPI
application’s speedup is 22.9 with parallel
efficiency of 76.3% and the MPI-OpenMP
application’s speedup is 24.9 with parallel
efficiency of 83.1%.

V. CONCLUSION

Today’s PC clusters have improved remarkably
in their computation ability by utilizing powerful
new hardware, such as processors integrated with
multiple cores. Parallel FDTD should be carefully
designed to make full use of PC clusters’
multi-processor and multi-core features. This
paper presents a high performance parallel FDTD
method using Winsock and multi-threading to
parallelize the FDTD computation. Threads are
created to do the sub-domain computation in each
execution core. Neighboring threads that are on
the same nodes directly access each others’
memory during data exchange. Winsock sets up
TCP connections between neighboring threads
that run on different nodes to pass messages.
Meanwhile, some techniques have been utilized to
improve the parallel FDTD’s synchronization,
data exchange, load balancing, and etc.

A numerical experiment of simulating a
scattered field problem on a PC cluster with
multi-core processors has been conducted to
verify the wvalidation and efficiency of the
proposed method. In the experiment, the proposed
method exhibits higher speed up and parallel
efficiency than the FDTD wusing MPI or
MPI-OpenMP. Moreover, the proposed method is
natural and easy to implement for a good
performance due to its explicit and direct
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threading. Those features make the method widely
usable in numerical simulation problems.
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Abstract - This paper reports the negative index of
refraction in planar metamaterial consisted of only a
traditional single split-ring resonator (SRR), which is
proved to exhibit simultaneously negative
permittivity and negative permeability without the
use of assistant metallic structures by retrieving the
effective electromagnetic parameters. With the aid of
current distributions investigation, it is demonstrated
that within the left-handed band the negative
permittivity is generated in a way analogous to the
case of dual parallel cut-wire metamaterial, and
negative permeability arises from the asymmetric
second-order magnetic resonant mode.

Index Terms - Negative index reflection, negative
permeability,  negative  permittivity,  planar
metamaterial, single SRR.

I. Introduction

In 2001, the fantastic negative refraction was
accomplished by a prism made of left-handed
material (LHM) [1, 2], which had been previously
predicated by Veselago [3]. Since then, various kinds
of LHMs have been constructed, such as
SRR-shaped [4], Q-shaped [5], brick-wall-shaped [6],
cut-wire-shaped [7], S-shaped [8, 9],
right-angle-shaped [10], H-shaped [11],
chirality-shaped [12] resonators, and so on. Typically,
these LHMs designs can be classified into two
categories: one, like those reported in [1 and 4], is
realized from separate arrays of periodically
arranged split ring resonators that exhibit negative
permeability and metallic wires that exhibit negative
permittivity; the other, as proposed in [5—12], only
uses sub-wavelength structures which incorporate
traditional wires and SRRs into different combined
patterns with simultaneous electric and magnetic
resonances. However, most of these LHMs share

certain defects. For example, most metallic patterns
are printed on both sides of the substrates [1, 5-8],
and some lumped active elements (such as varactor
diodes) are added in the design [8, 9], both of which
increase the complexity of design and application;
some LHMs resort to composite metamaterial units
[10] or bear too long unit length along the electric
polarized direction [11, 12], whose unit cell takes up
too much space accordingly.

Given that their performances are qualitatively
similar to those of double split-ring resonators
(SRRs) [13], single SRRs have been utilized to
design different kinds of metallic metamaterials,
recently. As their electric resonance properties are
just like cut wires, they have already seen
applications in  fabricating planar electric
metamaterials [14-16]. On the other hand, being able
to generate circulating currents, they have also been
used to realize magnetic resonances [17-22].
Generally, a LHM could only function on the
condition that the negative electric and magnetic
responses are modulated to a common frequency
band [1, 3]. However, since an ordinary single SRR
has a much lower fundamental magnetic resonance
frequency than that of the electric resonance, it is
impossible to achieve a common frequency band
after modulation. Therefore, no LHM composed of
single SRR units have been reported yet.

In this paper, after a thorough numerical
investigation of the resonance characteristics of a
single SRR, we propose one new method to design
LHM with a single SRR unit. In the design, we
utilize the magnetic resonant frequency in
asymmetrical second-order mode, and the electric
resonant frequency in fundamental electric resonant
mode. The two frequency bands, after subtle
adjustment of unit dimension, are accommodated to

1054-4887 © 2011 ACES



overlap very well; thus, contributing to the
accomplishment of our expected LHM. It is of
interest that, without resorting to additional lumped
active elements or metallic cut wires, the proposed
LHM unit is easily achieved and boasts a simple and
uniform configuration.

II. NUMERICAL INVESTIGATION ON
AN ORDINARY SINGLE SRR

The unit cell of an ordinary metallic single SRR
metamaterial is schematically shown in Fig. 1. The
single split ring with a thickness of 0.0017 mm is
placed in the center of the cube with the dimensions
L XL xL=15mmx15mmx15mm, and the cube is
filled with Rogers RT/duroid 5880 with relative
dielectric constant €=2.2. The detailed geometry of
SRR is: the gap of ring g=1mm, the outer radius
R=6mm, and the width w=1.1mm.

The numerical simulations are all performed using
the finite-element method (Ansoft’s HFSS), whose
accuracy has been already confirmed by its good
agreement with experimental results as in literatures
[23, 24]. A theoretical model based on an artificial
waveguide with the transverse boundaries of two
ideal magnetic conductors and two ideal electric
conductor planes is employed. This enables the
model to be equivalent to an infinite layer medium

illuminated by a normal incident plane wave [25-27].

To be specific, input/output ports are imposed in
x-direction, and perfectly electric conducting (PEC)
and perfectly magnetic conducting (PMC) boundary
conditions are imposed in »- and z- directions,
respectively. It is noted that, the electric component
of the electromagnetic wave perpendicular to the
split bearing side of the ring (along y-axis) is
adopted for the sake of eliminating the undesired
bi-anisotropic effect via asymmetry [27, 28].

At first, we discuss the condition in Fig. 2. As
sketched, the single SRR is placed where the
electromagnetic wave propagates (in the x-direction)
perpendicular to the SRR face (in the yz-plane) and
external polarized magnetic field (in the z-direction)
is parallel to its face. Shown in the simulated
transmission spectrum, the SRR can be electrically
excited around 7.35GHz (i.e., in the fundamental
electric resonant mode), in agreement with the
theoretical analysis in literature [29]. Further, the
induced current distribution at 7.35GHz is presented.
Obviously, the charge accumulates symmetrically on
opposite arms of the ring, and the ring is in analogy
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to the dual parallel connected cut-wires of the same
dimensions. Thus, the ring can be viewed as two
parallel LC resonant circuits operating in the
fundamental modes. Owing to the same dimensions
of the two arms, the two LC resonances are both
operating in the same fundamental electric resonant
frequency band.

Fig. 1. The unit cell of the metallic metamaterial
designed with single SRR.

Then, we rotate the SRR around y- axis for 90° in
xz plane, shown in Fig. 3. In this simulation, the
single SRR is placed where the electromagnetic
wave propagates (in the x-direction) parallel to the
SRR face (in the xy-plane). An external polarized
magnetic field (in the z-direction) is perpendicular to
its face, which can induce magnetic response in
addition to electric response. The corresponding
simulated transmission spectrum is, also, presented
in Fig. 3. There are three dips appearing within this
frequency region. As is aforementioned, the third dip
at 7.35GHz results from the external electric
excitation. Therefore, the other two dips (including
2.7GHz and 6.35GHz) could only be caused by
external magnetic excitation, since the bi-anisotropic
effect has been eliminated [28].

In order to confirm its resonance mechanism, the
current distributions at each dip are demonstrated in
Fig. 4. It is obvious that the circling current is
induced by the external magnetic field, which incurs
a magnetic response in fundamental mode around
2.7GHz in Fig. 4(a) [22]. Naturally, the
corresponding second-order mode (i.e., the dip at
6.35GHz in Fig. 3) could occur at a higher resonant
frequency. For clarity, the current distributions at the
higher mode are demonstrated in Fig. 4(b). It is
noted that, the current distribution in second-mode is
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non-uniform and asymmetric [30]. This can be
ascribed to the following two main reasons; one is
that there is no intrinsic symmetric even-mode
current distributions existing based on magnetic
excitation in this type of SRR. As is well known, the
polarization currents are directly contributed by
external magnetic field [13, 31], whenever the SRR
is excited at the arbitrary-order magnetic resonant
modes. It can be assumed that, if the magnetic
resonances in even-modes were symmetric, the
current distributions should also be symmetrically
distributed at the two arms (just like aforementioned
electric resonance in fundamental mode in Fig. 2).
Eventually, it would lead the sum of the even-mode
response for the external magnetic field to be zero,
i.e., the external magnetic field would make no
contribution to the overall SRR magnetic response.
The other reason is that, the other kind of response
(electric response in the fundamental mode at
7.35GHz) is quite near to the magnetic response in
the second-mode 6.35GHz in Fig. 3, and those
nearby responses could exhibit mutual coupling
between each other, which disturbs current
distributions. For the electric resonance in the
fundamental mode, because of the influence of
nearby magnetic excitation, the current distributions
induced by the external electric field in the two
paralleled arms depicted in Fig.4(c) are apparently
not as symmetric as in Fig. 2

Syq (dB)

-50
0.0 05 1.0 1.5 20 25 3.0 35 4.0 45 50 55 6.0 65 70 7.5 80 85

Frequency (GHz)

Fig. 2. The simulated transmission spectrum and
current distribution (at the dip 7.35GHz), when the
single SRR is only electric excited.
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III. NEGATIVE INDEX OF REFRACTION
ENABLED BY SINGLE SRRS

As is known, negative permittivity can be
achieved by the electric resonance, and negative
permeability can be ensured by magnetic
resonance analogously. It is aforementioned in
Section II that the ordinary single SRR would
usually exhibit electric resonance and magnetic
resonance at different frequencies, as shown in
Fig. 3. However, negative refraction requires a
negative  permittivity and a  negative
permeability at a common frequency range,
which overlapping
frequency range of the electric resonance and
magnetic resonance frequency of single
SRR.

necessitates certain

Sy (dB)
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Fig. 3. The simulated transmission spectrum on the
condition that the single SRR is both electrically and
magnetically excited.

Considering the electric resonant frequency in
fundamental mode is near to the magnetic
resonant frequency in second-order mode, a
parametric study is carried out in order to make
the two resonance frequency bands closer by
adjusting the SRR dimensions as shown in Fig.
5. Firstly, the effect of the split gap (g) is
numerically studied. From Fig. 5(a), it is
observed that the split gap has little impact on
the distance between the two resonance
frequency bands. When the split gap becomes



larger, the electric resonance frequency goes up
in accordance with the two magnetic resonance
frequencies. The main reason is that the
enlargement of split gap results in the reduction
of the effective electric length along the
E-polarized direction induced by an external
electric field, and the decrease of the effective
circulating current path and split capacitance
induced by an external magnetic field. This
leads to the increase of electric resonance
frequency (w.,) and each magnetic resonance
frequency (). The effect of the SRR width (w)
has also been studied in Fig. 5(b). As mentioned
above, the single SRR is in analogy to the dual

(b) 6.35GHz

(a) 2.7GHz

(c) 7.35GHz

Fig. 4. Current distributions at three different resonant
dips. (a) The fundamental magnetic resonant frequency;
(b) The second-order magnetic resonant frequency; (c)
The fundamental electric resonant frequency.

parallel connected cut wires. Hence, by
decreasing the width of SRR (which is
equivalent to the effective radius of cut wire in
literature [32]), the corresponding @,., drops
distinctly. Meanwhile, its influence on the @,
can be neglected except a little variation due to
the small difference in split capacitance.
Therefore, in Fig. 5(b) it is of our interest that,
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when w goes narrower, the above two resonant
frequencies get closer. Especially, the two
resonant frequency regions occupy overlapping
band (in the dotted zone) when w=0.2mm,
leading to a narrow passband centered at
6.4GHz occurrence. Thirdly, the effect of the
radius (R) of metallic SRR on the resonance
frequency has been investigated shown in Fig.
5(c). When the radius (R) goes up, both of the
Wz and wy, are simultaneously dropping. We
ascribe this phenomenon to that, the increase of
R brings about the corresponding enlargement of
the effective electric length along the
E-polarized direction induced by an external
electric field, and also the increase of the
effective circulating current path induced by an
external magnetic field, simultaneously.
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Frequency (GHz)

(c)
Fig. 5. The effect of metallic SRR dimensions on the
resonance frequency; (a) the split gap (g), (b) the width
(w), the radius (R).

Furthermore, in order to judge the existence
of the electric resonance around 6.4GHz in Fig.
5 easily, we also rotate the SRR around y- axis
for 90° in xz plane, with the electromagnetic
environment the same as Fig. 2. Fig. 6(a)
demonstrates that the SRR provides a stopband
near 6.1GHz, exhibiting strong electric response
(according to the current distribution on the two
arms at the dip 6.1GHz) in analogy with the
simulated result in Fig. 2. It verifies that there is
also a strong electric resonance occurring within
the passband. Logically, the magnetic resonance
also exists in the passband to ensure negative
index of refraction. Moreover, Fig. 6(b) shows
the effect of SRR width (w) on the resonance
frequency, when the single SRR is only electric
excited (i.e., it is placed in the same
electromagnetic environment as that in Fig.
6(a)). Apparently, when the W goes narrower,
the electric resonance frequency (w.,) drops
distinctly (from 7.24GHz to 7.10GHz), which is
in good accordance with the results in Fig. 5(b),
thus confirming the validation of our
aforementioned theory [32].

To further confirm the effectiveness of our
proposed LHM design, a retrieval calculation is

performed to obtain the effective permittivity e,

and the effective permeability u.; from the
scattering parameters S; and S;; of the proposed
SRR metamaterial. According to literature [33],
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Fig. 6. The simulated transmission spectrum when the
single SRR is only electric excited; (a) the transmission
spectrum and the current distribution (at the dip
6.1GHz), (b) the effect of SRR width (w) on the
resonance frequency.

in order to attain electrometric parameters
(including permittivity and permeability), the
refractive index (n) and the wave impedance (z)
is firstly obtained from Equations (1) and (2),
respectively, and then the electrometric
parameters are acquired from Equations (3) and
(4), respectively.

(D

(2)




gz%. (3)

U =nz. (4)

It is noted, in the retrieval procedure the
Kramers—Kronig applied to
achieve the uniqueness of their values here
[34]. The retrieved results in Fig. 7
demonstrate  that, within the negative
refractive index frequency band, the ¢, and
Uey are simultaneously negative corresponding
to the passband region from 6.34GHz to
6.45GHz, which is also the overlapping region
between fundamental electric  resonant
frequency band and second-order magnetic
resonant frequency band. Thus, the retrieved
datas are consistent with the results concluded
earlier. Also, Fig. 7 shows the imaginary parts
of permittivity and permeability are relative
smooth and almost zero, which indicate very
weak anti-resonances and low losses of our
proposed LHM unit in spite of its very simple
configuration [35]. However, it is also worth
mentioning that, our proposed LHM can only
provide a much narrower bandwidth (with
only 3.4% fractional bandwidth) with negative
index of reflection than LHM proposed in
literature [33].

relations 1s
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~
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Fig. 7. Retrieved electromagnetism parameters of the
metamaterial composed of SRRs from the scattering
parameters in Fig. 5 where both electric and magnetic
excitations provided (w=0.2mm); (a) refractive index,
(b) permittivity, and (c) permeability.

In addition, the current distributions under
different excitations at different phases have
been compared and discussed in Fig. 8. Figs. 8(a)
and (b) present the current distributions, when
the SRR is excited by time-varying external
electric field and magnetic field, respectively
[31]. As is well known that, the different
resonances come from in phase and out of phase
responses of the structure with the driving
incident field, due to the different excitations. It
is further attested in Fig. 8(a) that the relatively
symmetric charge distribution at both arms of
SRR is observed when there is only electric
excitation, while the majority of charges are
accumulated at only one arm when only
magnetic excitation provided in Fig. 8 (b). And
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it deserves to be mentioned that, the electric
response is more significant at phases 90°, and
135°, while magnetic response is more
significant at phase 45°. In Fig. 8 (c), the
majority of charges accumulate at two arms in
approximately symmetrical distribution at phase
135°, just like that in Fig. 8 (b). Meanwhile, the
majority of charges accumulate at only one arm
at phase 45° also like that in Fig. 8 (a),
exhibiting  distinctly  asymmetric  current
distributions. This phenomenon that there is also
most of the asymmetric current distributions on
the two legs at 90° in Fig. 8 (c), can be ascribed
to the strong mutual coupling between the
magnetic and electric responses centered at the
nearby phases (shown in Fig. 8 (a) and 8 (b),
respectively). The above phenomenon further
validates the existence of the simultaneously
electric and magnetic responses, and confirms
the accomplishment of the LHM design.

O
45

45

90° 9 90

o

-

< 135° > 135° 135°

‘ 180° ’ 180° 180°
(a)

(b) ()

CCO
oloe

Fig. 8. Current distributions at different phases within
half of a period. (a) Only electric excitation at the dip
7.35GHz in Fig. 2; (b) second-order magnetic
excitation at the dip 6.35GHz in Fig. 4(b); (c) both
electric and magnetic excitations at 6.53GHz for
proposed LHM unit.
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IV. CONCLUSION

We have numerically investigated the
left-handed response in metallic metamaterial
comprised of single SRRs. It is learned from
simulation data that the electric response in the
fundamental mode and magnetic response in
second-mode for the traditional single SRR is
very near. By adjusting the geometric
parameters of the SRR configuration, a simple
LHM without using additional metallic wires
can be easily realized.
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Abstract — We considered the influence of
multilayer structure parameters which are the
index contrast, the period’s number and the
reference wavelength on the transmission
spectrum of a deformed structure. Deformation
was introduced by applying the power law
y = x*** We revealed that the higher optical index
contrast enhance the deformation effect on
transmission properties of the structure at normal
incidence. This work is a detailed study of the
effect of the deformation introduced in the
multilayer stack according to the mentioned law.

Index Terms— Deformation, index contrast,
multilayer structure, period’s number, reference
wavelength, transmission properties.

I. INTRODUCTION

The photonic crystals (PCs) are beginning to
have a profound effect on the development of
nanoscale devices because they can significantly
enhance the interactions between light and matter
[1-3]. The properties of photonic crystals are not
based on absorption or emission transitions.
Instead they are determined by the index of
refraction periodicity which can be scaled from
submicron dimensions (to control UV/VUV light)
to the centimetre scale (to control microwaves)
[4,5]. The idea of photonic crystals is to introduce
periodicity comparable to the optical wavelength
in such a way that a photonic band gap (PBG) is
formed. Different users need PCs with different
PBG widths. So, flexibility and tunability of the
PBG of PCs is crucial for flexible and dynamic
nanophotonic circuits in future [6-8]. Chirped
structure can be introduced in the photonic crystal

to change the PBG. So, not only the quarter wave
periodic structures but also the deformed ones
have become significant structures of photonic
crystals. In this work, the deformation was
introduced by applying the power law, so that the
coordinates y of the deformed object was
determined through the coordinates x of the initial
(periodic structure) object in accordance with the

following rule: y = x***. Here Kk is the coefficient

defining the asymmetry degree [9-12]. For
example, the periodic structure is projected into
itself without any changes of dimensions if k =0.
Deviation of the k value from 0 leads to a
deformed multilayer structure. This deformation
occurs when its interest by the optimization of the
deformation degree; but this optimization is not
simple, it depends on the structure parameters such
as the optical contrast ratio (the ratio of high
refractive to low refractive index), the number of
periods, and the reference wavelength. Within this,
the present work considers the study of the
deformed 1D-PCs behaviour when varying these
parameters. So, we treat the interaction between
the deformation degree k and the other parameters
of the structure in aim to optimize the structure by
widening the PBG at normal incidence. Through
this study, we become able to control the PBG
properties of the deformed system by controlling
the structure parameters. The numerical method
employed to obtain the transmission response of
the structure is the transfer matrix method.

I1l. METHOD OF MODELING
For the calculation of system reflection and
transmission, we employed the transfer matrix
method (TMM). This technique is a finite

1054-4887 © 2011 ACES
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difference method particularly well suited to the
study of PBG materials and it can solve the
standard problem of the photonic band structures
and the scattering (transmission, reflection, and
absorption) spectrum [13].

It is based on the Abeles method in terms of
forward and backward propagating electric field,

that is, E*and E which were introduced to
calculate the reflection and transmission. Abeles
showed that the relation between the amplitudes

[14] of the electric fields of the incident wave E ,
reflected wave E , and the transmitted wave after
m layers, E_ ., is expressed as the following

matrix for stratified films within m layers:

(Eg] — C1C2C3"'Cm+1 LEn:ﬂ] (1)
EO_ t1t2t3' ) 'tm+l Er;+1

Here, C;is the propagation matrix with the
matrix elements.

exp(io;,) ryexp(-ig; )

= , (2

riexp (i) exp(-ip,,) ()

where t; and r; are the Fresnel transmission and
reflection coefficients, respectively, between the
(j—1)" and j" layer. The Fresnel coefficients
t; and r; can be expressed as follows by using

the complex refractive index f; =n; +ik; and

the complex refractive angle &; . For parallel (P)

polarization
_ Nj,c0s 6, —n;coso, , @)
N, ,€0sd; +Nn;cosd,
2A;_ cos O,

t, == 0 h o 4
N, ,€os@; +n;cosb, ,

Moreover, for perpendicular (S) polarization:
N, cosé,_, —N, cosb,

ip

jp == 9 A 0 1 (5)
A, C0SH,_, +A, cosb,
N. ,Cosé@..
ty =2 (6)
A, C0S6,_, +M; cosb,

The complex refractive indices and the
complex angles of incidence obviously follow

Snell’s law: ﬁj_lsin 0, = ﬁj sing; (=1, 2.
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m+1). The values ¢, , in equation (2) indicate the

change in the phase of the wave between (j —1)th
and jth boundaries and are expressed by the
equation:
@, =0, (7
P4 = ZT”ﬁjldj1 cos @, . (8)
Except for j = 1, A is the wavelength of the

incident light in vacuum and dH is the thickness
of the (j —1)th layer. By puttingE_, =1,
because there is no reflection from the final phase,
Abeles obtained a convenient formula for the total
reflection and transmission coefficients, which
correspond to the amplitude reflectance r and
transmittance t, respectively, as follows:

r= EO — 21 (9)
E, a

t= Em+1 — tltZ"'tm+l . (10)
E, a

The quantities a and c are the matrix elements
of the all product C; matrix:

d
By using equations (9) and (10), we can easily
obtain the energy reflectance R as:
R=|r[". (12)
For (S) and (P) polarizations, and the energy
transmittance T as:

a b
CC,C..C, .= ) . (11)

A,., CosO
Ts =Re m:rl m+1 |tS |2 ’ (13)
N, CoS &,
A~ ~ 2
T, =Re m LERY
cos 4, /A, Ny
A,., CosO
= Re| —mi Tt e |7 (14)
N, COs 4,

for S and P polarization, respectively, where Re
indicates the real part.

I1l. MODEL AND FORMALISM
The deformation was introduced by applying a
power law, so that the coordinates y which
represents the transformed object were determined



using the coordinates x of the initial object in
accordance with the following rule:

y — Xk+1, (15)
where K is the deformation degree.

The initial optical phase thickness, when we
apply the y function, is:

¢:27”x0 cosé. (16)
The optical phase thickness of the j™ layer is:

0, =27”x0[j“1 (i-D**cos(8)). (17)

Ao . . .
Here, X, :T()ls the optical thickness of each

layer of the periodic structure, andA, is the
reference wavelength.

For the deformed system, the optical
thickness of each layer becomes variable and
depends on the jth layer and the deformation
degree k. So, the optical thickness of each layer
after deformation by the y function takes the
following form:

Xo; = Xo[1"" = (j—-D""]. (18)
-
k=-0.2
L
> =
&t ‘
s
w
: Il
z2 I
B |
e
o | 4
2 ‘ ‘ ‘
B -
o | :

H B =
Periodic multilayer structure
Fig. 1. Principle of introducing a deformation into
a periodic multilayer structure, for example for k=

-0.2.

It is clear that the optical thickness of each
layer increases with k increasing. Figure 1
describes the principle of the transformed system
by the y function.

5
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For our study, refractive indices are assumed
to be constant in the wavelength region of interest.
We define the parameter contrast index X which
presents the ratio between the high index and the
low index of the layers forming the system

x=n—H. The band gap width is defined as the

nB
wavelength range when T < 0.01%.

I11. STUDY OF DEFORMED

STRUCTURE ACCORDING TO THE

LAW y — Xk+1

A. Interaction between the deformation degree
and the contrast of indices

The profiles of the optical properties of the
system response as a function of k as well as the
optimal value of k differ according to the contrast
of indices. Figure 2 presents these profiles for
some values of contrast.

We perform this study fork e [0;0.4]. For a
given contrast, the forbidden photonic band exists
for an interval of k values and it is absent for
other k values. The contrast is more important
when the interval is large, for a contrast of
1.614 =ny, /ngo, the band exists only for k

lower than 0.2493, for a contrast of 2.41, the band
is possible for values lower than 0.3264.
Moreover, the curve oA = f(k) for a particular
contrast have a tendency to increase at the
beginning, reach a maximum (the Kk value
corresponding to this maximum increases when
increasing the contrast) and then decrease to a
value under which, the PBG becomes absent. The
PBG middle has the same profile as function of k
for different contrasts, the PBG shifts towards the
high wavelengths by increasingk . In order to
improve the study of the contrast influence on the
PBG of the deformed system, we investigate the
influence of the index contrast on the deformation
effect on the structure transmission spectra i.e.
how the increasing of index contrast can improve
the significance of deformation. For this, we
choose a value of k permitting to have a PBG for

the contrast interval studied which is [1.614; 4].
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Fig. 2. PBG variation as a function of k for
different values of optical index contrast.
(a) Variation of the wavelengths of the negligible
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(b) Variation of the bandwidth as a function of k
for different values of optical index contrast.
(c) Variation of the band center as a function of k
for different values of optical index contrast.

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011

We select, for example, the valuek =0.2.
Then, we display the plot showing the variation of
the difference between the PBG width given by a
deformed system and that given by the one not
deformed according to the index contrast. The
widening of the forbidden band according to the
contrast is noted for the not deformed system as
for the deformed one, but this widening is faster
and more significant for the later.

Indeed, Fig. 3 shows that the difference
between the bands given by the two systems,
deformed and not deformed, increases by
increasing the index contrast. We generally
conclude that the deformation of the system will
have an interest for index contrast values relatively
high. It is clear now that the best transmission
spectrum is obtained for X = 4. Let us choose the
best value of k which enables us to have the
broadest band belonging to the range [0.3; 2]. It is

the valuek = 0.2295.
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Fig. 3. Difference between the bandwidth of the
deformed system and that of the not deformed one
as function of the optical index contrast.

Figure 4 shows the transmission spectrum of
the system with 31 layers ( j =15), contrast=4,

andk =0.2295. Its properties are: o4 =1.2676
um and A, =1.3662 pm. We note that the

PBG covers the three telecommunication
wavelengths 0.85 um, 1.3 um, and 1.54 um.

So, these results revealed that the choice of
the optical index contrast is very influencing to the
quality of the deformation when we consider the
normal incidence. That gives us a liberty to choose



X and k according to the needs (spectral range,
central wavelength, etc.).
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Fig. 4. Transmission at normal incidence of the
deformed multilayer structure TiO2(SiO2/Ti02)"
as a function of wavelength for a reference
wavelength .= 0.5 um and P-polarized light.
k=0.2295, x=4. Condition PBG: T<0.01 %.

B. Interaction between the deformation degree
and the number of periods

We consider now the interaction between the
degree of deformation and the number of periods
forming the structure. The indices of the layers are
n, =234 and ng; =145, the reference
wavelength is 0.5 pum.

Figure 5 shows that for a given number of
periods, the PBG exists only for an interval of
values of k. For example, for j =10, the band

exists only if k € [0;0.0643]. For j =15, k must
belong to[0;0.2493]. For j =18, k must belong

t0[0;0.34]. If we compare Fig. 5 with Fig. 2
which gives the tendency of the optical properties
of the transmission spectrum when varying k for
different values of contrast, we notice that the
influence of increasing | does not represent a
great contribution to ameliorate the deformation
effect on the structure response. In this case, the
PBG middle shifts quickly towards the higher
wavelengths when increasingk . Thus, to increase
J doesn’t represent a great interest for the studied
deformed multi-layer structure.
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Figure 6 gives for each | the corresponding

omnidirectional bandwidth for x=4 and
k =0.2295. With these conditions, the minimum
number of periods is 7 which permits to have a
PBG (width =0.0264 um).

Figure 7 shows the variation of the difference
between the PBG width given by a deformed
system and that given by the not deformed system
according to j with j varies between 7 and 15
periods. For j = 7, the deformation has a negative
effect on the system response because it reduces
the complete bandwidth compared to the not
deformed system. But starting from j =8, the

deformation improves the response of the system.

C. Interaction between the deformation degree
and the reference wavelength A,

By studying the interaction between the
reference wavelength variation and that of the
deformation degree (Fig. 8), we can say that the
reference wavelength variation doesn’t have any
effect on k optimization. Moreover, the curves
corresponding to the various values of A, have
almost the same tendency, the widening of the
band and its displacement according to A, are
already noted for the not deformed system. So, the
variation of A, does not influence the effect of the

deformation.
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Fig. 6. Variation of the bandwidth as function of
the period’s number. x=4, k=0.2295.

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011

o
w

0.25

0.2

0.1

0.05

Complete PBG Wldth(kzo_zzgs)-Complete PBG Wldth(k:o) (. m)

-0.05
7 8 9 10 11 12 13 14 15

number of periods
Fig. 7. Difference between the bandwidth of the
deformed system and that of the not deformed one
as function of the period’s number.X=4,
k=0.2295.

Moreover, the increase of A, doesn’t make it

possible to increase the degree of deformation, we
are always limited by the value 0.2493 ofk . Some
is the value of 1,, the PBG does not exist for

values of k >0.2493. The optimal value of k for
all the curves is the same one, it is 0.07737.

Figure 9 shows the difference between the
PBG width given by a deformed system with
k =0.07737 and that given by the not deformed
system according toA,, it is clear that the

difference does not progress much with the
wavelength reference. We thus note that the
variation of the reference wavelength doesn’t
represent a good way to improve the effect of the
deformation on the system response.

V1. CONCLUSION

We can consider the present work very
interesting since it presents an optimization multi-
parameter of the chirped multi-layer structure. We
investigated the behaviour of the optical properties
of the system versus the wvariation of its
parameters. The interest of the deformation is not
always concluded, it depends on the selected
parameters of the system. This study can represent
a support which gives for which parameters of the
system we can consider the deformation
interesting and which are the corresponding values
of k optimum. In general, we can say that if we
want to improve the performances of the optical
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components at normal incidence, it is preferable to
choose the maximum index contrast and the
highest degree of deformation which gives the best
response which meets our needs.

REFERENCES

[1] T.F. Krauss, “Slow Light in Photonic Crystal
Waveguides,” J. Phys. D: Appl. Phys., vol. 40,
pp. 2666-2670, 2007.

[2] C. Kang and M. S. Weiss, “Photonic Crystal
Defect Tuning for Optimized Light-Matter
Interaction,” Proc. SPIE, 7031, 70310G, 2008.

[3] F. Bordas, C. Seassal, E. Dupuy, P. Regreny,
M. Gendry, P. Viktorovitch, M. J. Steel, and
A. Rahmani, *“Room Temperature Low-
Threshold in As/InP Quantum Dot Single
Mode Photonic Crystal Microlasers at 1.5 pm
using Cavity-Confined Slow Light,” Optics
Express, vol. 17, pp. 5439-5445, 20009.

[4] R. H. Lipson and C. Lu, “Photonic Crystals: A
Unique Partnership Between Light and
Matter,” Eur. J. Phys.vol. 30, pp. 33-48,
20009.

[5] J. Smajic, C. Hafner, D. Erni, Jasmin Smajic,

Christian Hafner, and Daniel
Erni, “Automatic Calculation of Band
Diagrams of Photonic Crystals Using

the Multiple Multipole Method,” Applied
Computational  Electromagnetic  Society
(ACES) Journal, vol. 18, no. 3, pp. 172-180,
2003.

265



266

[6] Z. F. Sang and Z. Y. Li, “Optical Properties of
One-Dimensional Photonic Crystals
Containing  Graded  Material,”  Optics
Communications, vol. 259, pp. 174-178, 2006.

[71 K. Busch and S. John, “Liquid-Crystal
Photonic-Band-Gap Materials: The Tunable
Electromagnetic Vacuum,” Phys. Rev. Lett.,
vol. 83, pp. 967-970, 1999.

[8] K. R. Khan and T. X. Wu, “Finite Element
Modeling of Dual-Core Photonic  Crystal
Fiber,” Applied Computational
Electromagnetic Society (ACES) Journal, vol.
23, no. 3, pp. 215-219, 2008.

[9] J. Zaghdoudi, M. Kanzari, and B. Rezig,
“Design of Omnidirectional Asymmetrical
High Reflectors for Optical
Telecommunication Wavelengths,” Eur. Phys.
J., vol. 42, pp. 181-186, 2004.

[10] J. Zaghdoudi, M. Kanzari, and B. Rezig,
“Design of Omnidirectional High Reflectors
for Optical Telecommunication Bands using
the Deformed Quasiperiodic One Dimensional
Photonic Crystals,” ICTON Tu., p. 7, 2005.

[11] J. Zaghdoudi, M. Aissaoui, M. Kanzari, and B.
Rezig, “Optical Properties of Periodic and
Quasiperiodic One Dimensional Photonic
Crystals: A Comparison,” Proc. Of SPIE
6182, 61822J, 2006.

[12] J. Zaghdoudi, M. Kanzari, and B. Rezig, “A
Dielectric Chirped Layered Mirror for Optical
Telecommunication Wavelengths,” Opt. Rev.,
vol. 14(2), pp. 91-96, 2007.

[13] Z. LI, “Principles of the Plane-Wave Transfer-
Matrix Method for Photonic Crystals,”
Science and Technology of Advanced
Materials, vol. 6, pp. 837-841, 2005.

[14] F. Abeles, Ann Phys., Paris 12, 596, 1950.

ACES JOURNAL, VOL. 26, NO. 3, MARCH 2011



DTIC-OCP LIBRARY
8725 John J. Kingman Rd, Ste 0944
Fort Belvoir, VA 22060-6218

AUSTRALIAN DEFENCE LIBRARY
Northcott Drive
Canberra, A.C.T. 2600 Australia

BEIJING BOOK CO, INC
701 E Linden Avenue
Linden, NJ 07036-2495

DARTMOUTH COLLEGE
6025 Baker/Berry Library
Hanover, NH 03755-3560

DSTO EDINBURGH
AU/33851-AP, PO Box 830470
Birmingham, AL 35283

SIMEON J. EARL — BAE SYSTEMS
W432A, Warton Aerodome
Preston, Lancs., UK PR4 1AX

ENGINEERING INFORMATION, INC
PO Box 543
Amsterdam, Netherlands 1000 Am

ETSE TELECOMUNICACION
Biblioteca, Campus Lagoas
Vigo, 36200 Spain

GA INSTITUTE OF TECHNOLOGY
EBS-Lib Mail code 0900

74 Cherry Street

Atlanta, GA 30332

TIMOTHY HOLZHEIMER
Raytheon

PO Box 1044

Rockwall, TX 75087

HRL LABS, RESEARCH LIBRARY
3011 Malibu Canyon
Malibu, CA 90265

IEE INSPEC

Michael Faraday House

6 Hills Way

Stevenage, Herts UK SG1 2AY

INSTITUTE FOR SCIENTIFIC INFO.
Publication Processing Dept.

3501 Market St.

Philadelphia, PA 19104-3302

2011 INSTITUTIONAL MEMBERS

LIBRARY — DRDC OTTAWA
3701 Carling Avenue
Ottawa, Ontario, Canada K1A 0OZ4

LIBRARY of CONGRESS
Reg. Of Copyrights

Attn: 407 Deposits
Washington DC, 20559

LINDA HALL LIBRARY
5109 Cherry Street
Kansas City, MO 64110-2498

MISSOURI S&T
400 W 14" Street
Rolla, MO 56409

MIT LINCOLN LABORATORY
Periodicals Library

244 Wood Street

Lexington, MA 02420

NATIONAL CHI NAN UNIVERSITY
Lily Journal & Book Co, Ltd

20920 Glenbrook Drive

Walnut, CA 91789-3809

JOHN NORGARD

UCCs

20340 Pine Shadow Drive
Colorado Springs, CO 80908

OSAMA MOHAMMED

Florida International University
10555 W Flagler Street

Miami, FL 33174

NAVAL POSTGRADUATE SCHOOL
Attn:J. Rozdal/411 Dyer Rd./ Rm 111
Monterey, CA 93943-5101

NDL KAGAKU

C/0 KWE-ACCESS

PO Box 300613 (JFK A/P)
Jamaica, NY 11430-0613

OVIEDO LIBRARY
PO BOX 830679
Birmingham, AL 35283

DAVID PAULSEN
E3Compliance

1523 North Joe Wilson Road
Cedr Hill, TX 75104-1437

PENN STATE UNIVERSITY
126 Paterno Library
University Park, PA 16802-1808

DAVID J. PINION
1122 E Pike Street #1217
SEATTLE, WA 98122

KATHERINE SIAKAVARA
Gymnasiou 8
Thessaloniki, Greece 55236

SWETS INFORMATION SERVICES
160 Ninth Avenue, Suite A
Runnemede, NJ 08078

YUTAKA TANGE

Maizuru Natl College of Technology
234 Shiroya

Maizuru, Kyoto, Japan 625-8511

TIB & UNIV. BIB. HANNOVER
DE/5100/G1/0001
Welfengarten 1B

Hannover, Germany 30167

UEKAE
PO Box 830470
Birmingham, AL 35283

UNIV OF CENTRAL FLORIDA
4000 Central Florida Boulevard
Orlando, FL 32816-8005

UNIVERSITY OF COLORADO
1720 Pleasant Street, 184 UCB
Boulder, CO 80309-0184

UNIVERSITY OF KANSAS —
WATSON

1425 Jayhawk Blvd 210S
Lawrence, KS 66045-7594

UNIVERSITY OF MISSISSIPPI
JD Williams Library
University, MS 38677-1848

UNIVERSITY LIBRARY/HKUST
Clear Water Bay Road
Kowloon, Honk Kong

CHUAN CHENG WANG

8F, No. 31, Lane 546

MingCheng 2nd Road, Zuoying Dist
Kaoshiung City, Taiwan 813

THOMAS WEILAND

TU Darmstadt

Schlossgartenstrasse 8

Darmstadt, Hessen, Germany 64289



STEVEN WEISS

US Army Research Lab
2800 Powder Mill Road
Adelphi, MD 20783

YOSHIHIDE YAMADA
NATIONAL DEFENSE ACADEMY
1-10-20 Hashirimizu

Yokosuka, Kanagawa,

Japan 239-8686



APPLIED COMPUTATIONAL ELECTROMAGNETICS SOCIETY JOURNAL
http://aces.ee.olemiss.edu

INFORMATION FOR AUTHORS

PUBLICATION CRITERIA

Each paper is required to manifest some relation to applied
computational electromagnetics.  Papers may address
general issues in applied computational electromagnetics,
or they may focus on specific applications, techniques,
codes, or computational issues. While the following list is
not exhaustive, each paper will generally relate to at least one
of these areas:

1. Code validation. This is done using internal checks or
experimental, analytical or other computational data.
Measured data of potential utility to code validation
efforts will also be considered for publication.

2. Code performance analysis. This usually involves
identification of numerical accuracy or other limitations,
solution convergence, numerical and physical modeling
error, and parameter tradeoffs. However, it is also
permissible to address issues such as ease-of-use, set-up
time, run time, special outputs, or other special features.

3. Computational studies of basic physics. This involves
using a code, algorithm, or computational technique to
simulate reality in such a way that better, or new
physical insight or understanding, is achieved.

4. New computational techniques or new applications for
existing computational techniques or codes.

5.  “Tricks of the trade” in selecting and applying codes
and techniques.

6. New codes, algorithms, code enhancement, and code
fixes. This category is self-explanatory, but includes
significant changes to existing codes, such as
applicability extensions, algorithm optimization, problem
correction, limitation removal, or other performance
improvement. Note: Code (or algorithm) capability
descriptions are not acceptable, unless they contain
sufficient technical material to justify consideration.

7. Code input/output issues. This normally involves
innovations in input (such as input geometry
standardization, automatic mesh generation, or
computer-aided design) or in output (whether it be
tabular, graphical, statistical, Fourier-transformed, or
otherwise signal-processed).  Material dealing with
input/output database management, output interpretation,
or other input/output issues will also be considered for
publication.

8. Computer hardware issues. This is the category for
analysis of hardware capabilities and limitations of
various types of electromagnetics computational
requirements. Vector and parallel computational
techniques and implementation are of particular interest.

Applications of interest include, but are not limited to,

antennas (and their electromagnetic environments), networks,
static fields, radar cross section, inverse scattering, shielding,
radiation hazards, biological effects, biomedical applications,
electromagnetic pulse (EMP), electromagnetic interference
(EMI), electromagnetic compatibility (EMC), power
transmission, charge transport, dielectric, magnetic and
nonlinear materials, microwave components, MEMS, RFID,
and MMIC technologies, remote sensing and geometrical and
physical optics, radar and communications systems, sensors,
fiber optics, plasmas, particle accelerators, generators and
motors, electromagnetic wave propagation, non-destructive
evaluation, eddy currents, and inverse scattering.

Techniques of interest include but not limited to frequency-
domain and time-domain techniques, integral equation and
differential equation techniques, diffraction theories, physical
and geometrical optics, method of moments, finite differences
and finite element techniques, transmission line method,
modal expansions, perturbation methods, and hybrid methods.

Where possible and appropriate, authors are required to
provide statements of quantitative accuracy for measured
and/or computed data. This issue is discussed in “Accuracy
& Publication: Requiring, quantitative accuracy statements to
accompany data,” by E. K. Miller, ACES Newsletter, Vol. 9,
No. 3, pp. 23-29, 1994, ISBN 1056-9170.

SUBMITTAL PROCEDURE

All submissions should be uploaded to ACES server through
ACES web site (http://aces.ee.olemiss.edu) by using the
upload button, journal section. Only pdf files are accepted for
submission. The file size should not be larger than 5MB,
otherwise permission from the Editor-in-Chief should be
obtained first. Automated acknowledgment of the electronic
submission, after the upload process is successfully
completed, will be sent to the corresponding author only. It is
the responsibility of the corresponding author to keep the
remaining authors, if applicable, informed. Email submission
is not accepted and will not be processed.

EDITORIAL REVIEW

In order to ensure an appropriate level of quality control,
papers are peer reviewed. They are reviewed both for
technical correctness and for adherence to the listed
guidelines regarding information content and format.

PAPER FORMAT

Only camera-ready electronic files are accepted for
publication. The term “camera-ready” means that the
material is neat, legible, reproducible, and in accordance
with the final version format listed below.

The following requirements are in effect for the final version
of an ACES Journal paper:

1. The paper title should not be placed on a separate page.



The title, author(s), abstract, and (space permitting)
beginning of the paper itself should all be on the first
page. The title, author(s), and author affiliations should
be centered (center-justified) on the first page. The title
should be of font size 16 and bolded, the author names
should be of font size 12 and bolded, and the author
affiliation should be of font size 12 (regular font, neither
italic nor bolded).

An abstract is required. The abstract should be a brief
summary of the work described in the paper. It should
state the computer codes, computational techniques, and
applications discussed in the paper (as applicable) and
should otherwise be usable by technical abstracting and
indexing services. The word “Abstract” has to be placed
at the left margin of the paper, and should be bolded and
italic. It also should be followed by a hyphen (—) with
the main text of the abstract starting on the same line.

All section titles have to be centered and all the title
letters should be written in caps. The section titles need
to be numbered using roman numbering (L. II. ....)

Either British English or American English spellings
may be used, provided that each word is spelled
consistently throughout the paper.

Internal consistency of references format should be
maintained. As a guideline for authors, we recommend
that references be given using numerical numbering in
the body of the paper (with numerical listing of all
references at the end of the paper). The first letter of the
authors’ first name should be listed followed by a period,
which in turn, followed by the authors’ complete last
name. Use a coma (,) to separate between the authors’
names. Titles of papers or articles should be in quotation
marks (“ ), followed by the title of journal, which
should be in italic font. The journal volume (vol.), issue
number (no.), page numbering (pp.), month and year of
publication should come after the journal title in the
sequence listed here.

Internal consistency shall also be maintained for other
elements of style, such as equation numbering. Equation
numbers should be placed in parentheses at the right
column margin. All symbols in any equation have to be
defined before the equation appears or right immediately
following the equation.

The use of Sl units is strongly encouraged. English units
may be used as secondary units (in parentheses).

Figures and tables should be formatted appropriately
(centered within the column, side-by-side, etc.) on the
page such that the presented data appears close to and
after it is being referenced in the text. When including
figures and tables, all care should be taken so that they
will appear appropriately when printed in black and
white. For better visibility of paper on computer screen,
it is good to make color figures with different line styles
for figures with multiple curves. Colors should also be
tested to insure their ability to be distinguished after

black and white printing. Avoid the use of large symbols
with curves in a figure. It is always better to use different
line styles such as solid, dotted, dashed, etc.

9. A figure caption should be located directly beneath the
corresponding figure, and should be fully justified.

10. The intent and meaning of all text must be clear. For
authors who are not masters of the English language, the
ACES Editorial Staff will provide assistance with
grammar (subject to clarity of intent and meaning).
However, this may delay the scheduled publication date.

11. Unused space should be minimized. Sections and
subsections should not normally begin on a new page.

ACES reserves the right to edit any uploaded material,
however, this is not generally done. It is the author(s)
responsibility to provide acceptable camera-ready files in pdf
and MSWord formats. Incompatible or incomplete files will
not be processed for publication, and authors will be
requested to re-upload a revised acceptable version.

COPYRIGHTS AND RELEASES
Each primary author must execute the online copyright form
and obtain a release from his/her organization vesting the
copyright with ACES. Both the author(s) and affiliated
organization(s) are allowed to use the copyrighted material
freely for their own private purposes.

Permission is granted to quote short passages and reproduce
figures and tables from and ACES Journal issue provided the
source is cited. Copies of ACES Journal articles may be
made in accordance with usage permitted by Sections 107 or
108 of the U.S. Copyright Law. This consent does not extend
to other kinds of copying, such as for general distribution, for
advertising or promotional purposes, for creating new
collective works, or for resale. The reproduction of multiple
copies and the use of articles or extracts for commercial
purposes require the consent of the author and specific
permission from ACES. Institutional members are allowed to
copy any ACES Journal issue for their internal distribution
only.

PUBLICATION CHARGES

All authors are allowed for 8 printed pages per paper without
charge. Mandatory page charges of $75 a page apply to all
pages in excess of 8 printed pages. Authors are entitled to
one, free of charge, copy of the printed journal issue in which
their paper was published. Additional reprints are available
for $ 50. Requests for additional re-prints should be submitted
to the managing editor or ACES Secretary.

Corresponding author is required to complete the online form
for the over page charge payment right after the initial
acceptance of the paper is conveyed to the corresponding
author by email.

ACES Journal is abstracted in INSPEC, in Engineering
Index, DTIC, Science Citation Index Expanded, the
Research Alert, and to Current Contents/Engineering,
Computing & Technology.



	10_20101002_AG_AZE.pdf
	I. INTRODUCTION
	II. METHOD OF MODELING
	III. MODEL AND FORMALISM
	III. STUDY OF DEFORMED STRUCTURE ACCORDING TO THE LAW
	VI. CONCLUSION
	REFERENCES




