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COMMINICTIONS

Katarina Istenikova - Dagmar Faktorova - Adriana Savin - Branislav Hadzima *

METAMATERIAL STRUCTURES AND POSSIBILITY OF THEIR
APPLICATION IN MICROWAVE APPLICATOR OPTIMIZATION

Metamaterials are special one-, two- or three-dimensional artificial structures with electromagnetic properties generally not found in
nature. Due to the simultaneous negative values of permittivity (¢) and permeability (u), the wave vector and the vectors of electric- and mag-
netic- field intensity form a left-handed triplet with the result of antiparallel phase and group velocity and backwave propagation. These unique
properties of the left-handed materials have allowed novel applications and devices to be developed. In this paper the metamaterial structures
based on the split ring resonator approach for optimization of microwave applicator characteristic are used. The main field of the study is
absorption of microwave-frequency field in human arm model and improvement of microwave applicator properties such a directivity and gain
by means of simulations performed in CST Microwave Studio environment.

Keywords: Metamaterial structure, waveguide, microwaves, human arm model.

1. Introduction

Directive radiation pattern from open waveguide as a micro-
wave applicator is strongly desirable to achieve high radiation
power gain. This waveguide property is important for many tech-
nical and medical applications, which need to control the accurate
electromagnetic (EM) beam focusing and maximum power gain
achievement, e.g. in microwave hyperthermy therapy.

In the past few years, new methods for improving the micro-
wave applicator gain by metamaterials were proposed [1-3] and
theoretically discussed [4, 5]. Metamaterials, which are defined as
effectively homogeneous electromagnetic structures exhibiting un-
usual electromagnetic properties, especially the backward wave and
negative refraction not readily available in nature, represent a new
paradigm in electronics and photonics [6]. In those works, various
metallic structures are used as metamaterials to achieve certain
unusual characteristics, which are suitable for high gain design [7].
However, most of those former works are suitable for high fre-
quency applications, such as X-band or millimeter waves.

In this paper we describe approach with implementation of
metamaterial structures (MMS) with negative permeability over
the microwave applicator represented by open waveguide in order
to increase the gain and achieve the optimal radiation pattern in
microwave X-band to improve the control of electromagnetic field
focusation in microwave hyperthermy therapy.

The paper is organized as follows. The paper presents the prin-
ciple of interaction of electromagnetic field with layered human

*

body tissues and principle of proposed metamaterial structure. Next
simulated results for irradiation of human arm model using con-
ventional and tuned open waveguide are presented.

2. Human body tissues and their interaction
with electromagnetic field

Complex relative permittivity (é,) is a parameter which is char-
acterized by the interaction between the electric field and the bound
charges in the material. Due to bound charges for lossy materials
the permittivity is complex variable with both real (¢,") and imag-
inary (¢,") components

& =¢' —je.

Interaction between the electric field and the bound charges in
tissue results in an oscillatory motion of the bound charges. The
part of the motion that is 90° out of phase with the electric field
is characterized by the real part of the permittivity (¢,’) and is
described as a lossless interaction. But as the bound charges oscil-
late, they also heat up due to friction-like forces within the molecule
and from molecules nearby. This motion component is in phase
with the electric field and is represented by the imaginary part of
the permittivity (¢,”).

Thus, biological tissues are lossy materials and this loss changes
the way how the wave interacts with the material and its propaga-
tion behavior. The energy will be accumulated in the lossy mater-
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ial as wave passes through it, thus causing loss of the propagating
wave energy. EM energy causes the increasing of temperature in
the material [8].

2.1 Reflection and transmission characteristics
in layered body structures

If there are several layers of different tissues, the reflection and
transmission characteristics of EM waves become more compli-
cated [9]. Due to the different permittivity of the various layers
a wave impinging on the human body suffers different reflections
at each boundary between two organs with different value of the
permittivity, Fig.1.
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Fig. 1 Two-layered model with corresponding coefficients. CR and CL
represents total sum of multiple reflections within sample, respectively

Hence, in the i-th layer, the electrical field is given by the sum
of the incident field and of the reflected field from the (i + 1)-th
layer

E =E"+E/“

The propagation constant in the i-th layer is

A SO ——
k=jJwén = 7/5, — je!
and hence, the attenuation in the i-th layer is

a;, = %Im«/?,.
where ¢, and /1, represent relative permittivity and permeability of
the layer separately, w is angular frequency, c is velocity of light in
vacuum [10] and for biological tissue 11, = 1. According to that,
if a classical antenna for medical purposes is matched to the air,
almost all radiated field is back reflected at the air/skin interface
(approximately 70% of the radiated signal). From these results it
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follows that proper microwave hyperthermy applicators optimized
for in-body transmission are an imperative task [10].

3. Metamaterials structure

The currently available artificial structures are realized by using
planar structures with specific topology in x-y plane. These planar
structures provide enhanced permeability only in the direction
normal to the plane of the MMS and enhanced permittivity in the
directions tangent to the plane [10]. In our paper we study the influ-
ence of negative permittivity and permeability medium on the per-
formances of a microwave generator represented by waveguide.

Metamaterial structure used for waveguide antenna tuning con-
sists on one side of substrate of arrays of split rectangle resonators
unit cells (SRR), which were designed by Pendry et al. [10]. SRR
can be described as LC resonant circuits which can be excited by
a time-varying electromagnetic field with a non-negligible compo-
nent applied parallel to the SRR axis. SRR structure behaves like
magnetically active material in the microwave frequency range. The
complex effective relative permeability of SRR structure is given
by [10], [11]

I
f=fi—if
where f'is the frequency of microwave signal, f,,, is the magnetic

plasma frequency, f is resonant frequency of SRR structure, y is
conductivity.

/—'591/ =1

On the other side of the substrate the disrupted wires array
is placed, which behaves like electrically active material in the
microwave frequency range. The array of parallel disrupted wires
exhibits the high-pass properties for plane wave with electric vector
intensity parallel to the wires. In the case when the distance between
wires is smaller than the wave length of incident electromagnetic
wave, the array can be taken as continuous plasma. The complex
effective relative permittivity of wire structure is given by [11, 12]

€y =1 S
of — 4T T
=i
where f,, is plasma frequency, which generally depends on the

geometry of wire structure like a wire radius and wire lattice con-
stant.

Metamaterial placed in the radiation area of the open wave-
guide which functions as an antenna plays a role of controlling the
EM wave propagation direction. In the far-field view, the sideward
radiation will be reduced and forward radiation can be enhanced
in the radiation patterns. As a result, a more directional and higher
waveguide gain will be obtained.

The SRR structure is strongly resonant around the magnetic
plasma frequency w,,,, which is induced by the currents and split
which imitates magnetic poles. This resonant behavior is due to the
capacitive element such as splits and in turn results in very high
positive and negative values of permeability close to the magnetic
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plasma frequency. The SRR would yield a negative value of per-
meability in the case when w < w,,,,. The disrupted wire structure is
strongly resonant around the electric plasma frequency w,,. Struc-
ture of thin wires of conductors periodically placed into dielectric
substrate results a well defined plasmonic behavior also at micro-
wave range. The wire structure yields a negative value of permit-
tivity in the case when w < w,, [13].

To investigate the focusing and gain upping effect of SRR
structure in this work the waveguide with metamaterial structure
was tuned. The region of metamaterial structure negative perme-
ability was proposed to embody the working frequency 12 GHz of
designed conventional waveguide WR-90.

4. Numerical simulations
4.1 Model creation in CST microwave studio software

Numerical simulations were performed with assistance of the
CST Microwave Studio environment which is suitable for electro-
magnetic simulation of high frequency components. Metamaterial
structure with double SRR with outer dimensions 5X5 mm and
thickness of the copper 35 um, Fig. 2, was designated for conven-
tional waveguide WR-90 tuning. The SRR are placed on the high
frequency laminate Rogers RT/Duroid 5870 with relative per-
mittivity ¢, = 2.33 and thickness of the dielectric substrate # =
= (0.508 mm in the form of a 2-D and provide negative reflection
of phase. The number of unit resonant cells along the x and y axis
was chosen 7 X 7 to fit waveguide dimensions. On the other side
of the substrate the disrupted wires are placed. The incident EM
wave propagates along the z direction, while the vector of electric
intensity £ is oriented along the y direction, and magnetic inten-
sity H is oriented along the x direction.
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Fig. 2 Design of the metamaterial structure (front and back side)

Waveguide WR-90 working at the X-band frequency region
was designed from PEC material (perfect electric conductor) with
symmetry planes shown in Fig. 3; in yz plane there is a magnetic
symmetry and in xz plane the electric symmetry. The whole simu-
lated structure and waveguide are surrounded with vacuum.

Distance between the open waveguide and metamaterial struc-
ture influences the performance of the waveguide. Therefore this

Fig. 3 Symmetry planes of the waveguide (magnetic symmetry in yz
plane, electric symmetry in xz plane)

parameter was numerically optimized. The simulation results in
Fig. 4 have shown how this distance influences the gain of the
waveguide. According to numerical results the optimal distance of
metamaterial structure and conventional open waveguide was set
on 18 mm.

Gain [dB]

i i i i i
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Fig. 4 Dependence between the gain of the tuned open waveguide and
waveguide/metamaterial structure distance

In case that metamaterial structure is placed in 18 mm distance
in front of the open waveguide, the gain at the frequency 12 GHz
increased from 8.23 dB to 10.95 dB. According to calculation the
directivity of tuned open waveguide was after metamaterial struc-
ture incorporation increased from 8.28 dBi to 11.01 dBi.

Finally, to investigate power loss density as a main measure
used in numerical dosimetry, the model of human arm consisting
of four different biological structures in isothermal conditions of
background was processed, Fig. 5.

Dielectric parameters used for different layers of biological
sample were loaded from material library of CST Microwave Studio
Suite. These data are presented in Tab. 1.
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Fig. 5 Arrangement of the numerical simulations

Dielectric properties of biological layers Table 1
Radius Permittivity Conductivity
(d mm) er (-) 0 (S/m)
skin 3 41 0.7
fat 2 5 0.04
muscle 20 42.7 10.6
bone 10 12 0.95

Besides the sufficient sampling of the fields, it was very impor-
tant to obtain a good approximation of the structure within the
mesh. The simulated structure and the electromagnetic fields were
mapped to hexagonal mesh. For the spatial discretization with
a hexahedral grid, the Finite Integration Method in conjunction
with the Perfect Boundary Approximation (PBA) was used, which
maps the structure from the continuous world into the mesh of the
discrete world. For a good compromise between the need of an
accurate structure and field discretization and a short simulation
time the number of meshcells was set on 10 millions.

4.2 Results of the numerical simulations

Power loss density closely connecting with SAR parameter
was demonstrated at the frequency 12 GHz which falls into the X-
band frequency range. The electric field vector was parallel to lon-
gitudinal axis of the models.

Power loss density value for presented human arm model at
frequency 12 GHz is shown in Fig. 6. Local power loss density was
given as a numerical value per volume element and becomes a space
distribution function.

In the first case the human arm model by waveguide WR 90
was irradiated. The maximum value of the power loss density reaches
11477 W/m3 and was scattered in the muscle layer in direction
radiation pattern from the waveguide. In the second simulation the
suggested metamaterial structure between the open waveguide and
human arm model was placed. As was shown in the color range,
metamaterial structure causes increasing value of power loss density
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Fig. 6 Influence of the number of metamaterial structures (MMS)
on the power loss density in the human arm model
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in irradiated area of the model in comparison with non-tuned open
waveguide case from 11477 to 16813 W/m3. In the third simula-
tion the additional metamaterial structure was added between the
open waveguide and model, so that optimal distance 18 mm between
the structure and waveguide was hold. The additional metamater-
ial structure caused subsequent increasing of the directivity which
led into the doubled focusation of electromagnetic energy (23593
W/m3) in comparison with non-tuned open waveguide case and
the electromagnetic energy was much more concentrated in the
impact area of the metamaterial structure.

However, in Fig. 6 it can be seen that used EM field in the fat
layer created subdermal hot spots which are complicated to treat
and thus, must be avoided. A common way of mitigating this effect
is to place a layer of water between the microwave source and the
irradiated part of human body.

5. Conclusions

The experimental and numerical results connected with the
study of dielectric properties of biological materials and, on the other
hand the influence of dielectric properties of biological materials
on electromagnetic wave propagation gives us the information
very useful in medical therapy using microwaves.

In this work the appropriate metamaterial structure was sug-
gested by using CST Microwave Studio software for operating
waveguide frequency in the negative region metamaterial structure
permeability. The numerical simulations were used at the design-
ing of both, microwave applicator and metamaterial structure.
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Also for the calculation of microwave applicator parameters such
gain and directivity with numerical simulation using commercial
software was done.

The simulation results showed that appropriate design of meta-
material structure improves the constitutive properties of micro-
wave applicator - gain and directivity. The presented numerical
results are useful at the microwave applicator parameters opti-
mization used for microwave hyperthermia at malignant tumors
treatment. The obtained numerical results can be also useful at
microwave tomography of chosen human body parts.
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