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Abstract

In this study, a matematerial structure, which consists of rectangular split ring resonator arrays, is investigated numerically and
experimentally in the frequency range from 1 GHz to 5GHz. FR-4 material is used as the substrate material due to its low cost. During
the numerical analysis (simulation analysis), a parametric study is performed to determine the optimal dimension of the unit cell
structure. Si; (reflection coefficient), S»; (transmission coefficient), and n (refractive index) are examined in the frequency range of
interest. As a result of the parametric study, the value of n is obtained as approximately zero. By increasing the split ring width, near-
zero index is observed at higher frequencies. Hence, it is also deduced that the metamaterial structure behaves as a super lens antenna
at the related frequency. Numerical analysis is performed via CST Microwave Studio (MWS). The simulation results are confirmed
with experimental results obtained by network analyzer.
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Sifira Yakin Indeksli Ayrik Halka Resonatorii: Lens Anten

Oz

Bu ¢aligsmada dikdortgen boliinmiis halkali rezonator dizilerinden olusan bir malzeme yapisi 1 GHz ile 5 GHz frekans araliginda sayisal
ve deneysel olarak incelenmistir. Diisiik maliyeti nedeniyle FR-4 malzemesi alt tabaka malzemesi olarak kullanilmistir. Sayisal analiz
(simiilasyon analizi) sirasinda, tek hiicre yapisin optimal boyutunu belirlemek i¢in parametrik ¢alisma yapilmistir. flgili frekans
araliginda Si1 (yansima katsayisi), Sz1 (iletim katsayisi) ve n (kirilma indisi) incelenmistir. Parametrik ¢alisma sonucunda, n degeri
yaklasik sifir olarak elde edilmistir. Boliinmiis halka genisligi artirilarak, daha yiiksek frekanslarda sifira yakin indeks gézlemlenmistir.
Dolayisiyla, metamalzeme yapisinin ilgili frekansta bir stiper lens (mercek) anten gibi davrandigi da saptanmistir. Sayisal analiz CST

Microwave Studio (MWS) araciligiyla gergeklestirilmistir. Simiillasyon sonuglari, ag analizorii ile elde edilen deneysel sonuglarla
dogrulanmustir.

Anahtar Kelimeler: Ayrik Halka Rezonatdrii, Siiper Lens(Mercek) Anten, Metamalzemeler, MEMS
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1. Introduction

In recent years, metamaterials, artificial materials not found
in nature, have been the subject of attention for most researchers.
The idea of negative values of permittivity &, permeability u and
refractive index n put forward by Veselago (Veselago, 1968) was
first theoretically proved by Pendry (Pendry et al., 1999). Smith
et al. (Smith and Croll, 2000; Smith et al., 2004) first produced
the materials which could be designed with the desired
electromagnetic properties. These structures are used in many
application areas such as cloaking (Cai et al., 2007; Schuring,
20006), sensing (Altintas et al., 2019; Abdulkarim, 2019; Bakir et
al., 2019; Talai et al., 2017), antennas (Abdalla, 2017; Hamad,
2019; Kawdungta, 2017; Fu et al., 2016; Salamin et al., 2020;
Mark, et al., 2020; Mishra et al., 2019), energy harvesting (Zeng
et al., 2019; Wang et al., 2015; Bagmanci et al., 2019; Bagmanci1
etal., 2019; Haque et al., 2015), and super lens (Khoomwong and
Phongcharoenpanich, 2017; Li et al., 2016; Orazbayev et al.,
2015; Pen et al., 2019). Several studies concerning metamaterials
have been performed in microwave frequencies, THz frequencies
(Abbas et al., 2020), infrared and optical ranges. Metamaterials
are widely manufactured by periodically placing metal elements
on a substrate. The metal elements on the substrate can have many
different geometries or forms. The split ring resonators (SRR)
(Sabah and Roskos, 2012) are the most commonly used structures
in the production of metamaterials. The split ring resonators
consist of two intertwined metal strips and splits on the metal
strips. The split ring resonator unit is an artificial magnetic
resonator which resonates at a frequency with a wavelength A,
that is much larger than the split ring resonator length. The split
ring resonators shows inductive effect due to metallic parts and
capacitive effect due to split and cavity parts. Therefore, the split
ring resonators can be modeled as LC circuits. The metamaterial
sensor applications created by using the split ring resonator are
mainly based on sensing the variations in the parameters by
observing changes in the resonance frequency of the metamaterial
sensor. The remarkable variation in resonant frequency of a
resonator depends on the values of the capacitance and the
inductance of the resonator. The split ring resonator-based
metamaterials are produced by placing metal resonators in
different shapes by using printed circuit technique on the
substrate. The split ring resonator can be of different types
according to its geometry, depending on the state of the metal
parts and cavities, for example complementary split ring resonator
(Reddy and Raghavan, 2013; Karimzadeh et al., 2007).

Inasmuch as its wide operating band, high directivity, low
production cost, and simple processing etc., the lens antenna has
got considerably attention in communication systems, radar
applications and space technology (Boybay and Ramabhi, 2012).
The conventional array antennas possess complicated feed
network, the reflector antenna is not compact and difficult to
integrate into any surfaces. The lens antenna tackles the
deficiencies of the above two types of antennas as well as having
high directivity. However, the specific form of the classic lens will
increase the complexity of the machining process, and is not easy
to install. With the rapid improvement on the millimeter and sub-
millimeter wave circuit technology in recent years, there has been
a renovated attention on lens antennas (Fernandes et at., 2016),
which exhibit a more reasonable dimension at these frequencies.
Lenses can be used to make a change in the phase and/or the
amplitude of the main feed radiation pattern for the purpose of
exchanging a certain output radiation pattern.
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A Microelectromechanical system (MEMYS) is the technology
of tiny size mechanical devices with leastways a few of their
dimensions in the micrometer range are tilled by electricity.
Generally, a central unit arises that processes the data, the
microprocessor, and many components that interact with the
outside (Sauleau et al., 2005). MEMS provide a very good facility
for applications in the dispatch or control of industrial systems
and processes. Their advantages of small size, low cost, high
sensitivity, and small power consumption make them excellent
renewals of preceding macro size components. Furthermore,
several applications are just feasible in the case at the micrometer
scale (Mamilla and Chakradhar, 2014). The split width,
correspondingly the frequency range where refractive index n
goes to zero can be controlled by using the MEMS.

In this study, for the rectangular split ring resonators, the
variations of the reflection coefficient Si;, the transmission
coefficient Sy; and the refractive index n according to the width
of the split of the resonator are examined numerically and
experimentally. In numerical analysis, the proposed structure is
simulated at 1-5 GHz frequency range by using CST Microwave
Studio Program. Specifically, the variation of refractive index of
the proposed structure due to variation of the splits has been
investigated. The graphs of the reflection coefficient, the
transmission coefficient and the refractive index are obtained
clearly. The reflection coefficient and the transmission coefficient
of the proposed structure is fabricated and then measured by using
the vector network analyzer. The results obtained both
numerically and experimentally are compared with each other.

2. Design and Simulation

The proposed structure is shown in Fig.1 with its front and
back views. It consists of a rectangular split ring resonator with
splits in opposite directions, and a strip is placed behind the FR-4
substrate being perpendicular to the splits of the resonator. The
dimension of the used FR-4 based metamaterial structure is 10
mm x10 mm x1.6 mm. The metallic parts of the resonator and
strip behind the substrate are made up of copper material with
thickness of 0.035 mm. The strips of the resonator and the strip
behind the substrate have a width of 0.7 mm and the distance
between the strips of the resonator is 0.8 mm. The longest side of
the outer strip of the resonator is 9 mm and the inner strip has
longest size of 6 mm. The splits of the resonator are identical and
dimensions of splits are swept from 0.5 mm to 2 mm with steps
of 0.5 mm. The strip perpendicular to the splits has a length 0f 9.8
mm.

Figure 1: Front and back view of the structure

The proposed structure is simulated by using CST MWS
simulation program in the frequency range of 1-5 GHz. In
simulation, the resonator width of splits is varied from 0.5 mm to
2 mm. Then, s-parameters and refractive index » are observed and
investigated for each case.
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The graph of the reflection coefficient Sy is shown in Fig.2.
It is clear that the resonance frequency of the resonator increases
while the width of the splits increases. The reflection coefficient
goes to zero rapidly at 2.15 GHz when the split width is 0.5 mm.
The resonance frequency increases to 2.22, 2.28 and 2.33 GHz
while the width is 1, 1.5, and 2 mm respectively.
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Figure 2: Graph of variation of Si; parameter with different
split widths in the simulation

The transmission coefficient Sy for different split widths can
be seen in Fig.3. It is also clear from Figure 3 that he transmission
coefficient Sy is compatible with the result of Si; graph. That is,
the resonance frequency of the resonator increases while the width
of the split increases. The transmission coefficient goes to zero
rapidly at 2.35 GHz when the split width is 0.5 mm. The
frequency increases to 2.43, 2.49 and 2.56 GHz while the width
is 1, 1.5, and 2 mm respectively.
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Figure 3: Graph of variation of Sy; parameter with different
split widths in the simulation

The graph of the refractive index » is shown in Fig.4. As it
can be seen from below graph, n is very close to zero in a certain
frequency range and this range shifts to higher frequencies when
the width increases. When the width of the split is 0.5, the
refractive index n very closed to zero in the frequency range 2.35-
2.65 GHz in 300 MHz frequency band. When the width is 1, 1.5
and 2 mm, the frequency range is 2.45-2.75 GHz, 2.52-2.82 GHz
and 2.6-2.9 GHz respectively.
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Figure 4: Graph of variation of n parameter with different
split widths in the simulation

In this part, it is outlined that the value of n is obtained as
approximately zero. In other words, it is deduced that the
proposed structure behaves as a super-lens antenna in the
frequency range from 2.35 GHz to 2.65 GHz. While the width of
the splits increases, the near zero index shifts towards higher
frequencies. By using the MEMS, the width of the split can be
arranged for desired width, so the proposed structure can work as
a lens antenna in the desired frequency range.

3. Fabrication and Measurement

In order to verify the simulation results, the proposed
structure is fabricated by using LPKF Proto-Mat E33 and a
common printed circuit board method. The unit cell of the
structure has the dimension of 10x10 mm? The fabricated
structure is composed of 18x18 unit cells. This is because the
largest dimension of the horn is 16 cm and the structure must be
bigger than the largest dimension of the horn. The fabricated
structure is shown in Fig. 5.

Figure 5: Front and back view of the structure produced
with 18x18 unit cells

Agilent PNA-L series vector network analyzer (VNA) and a
linearly polarized standard gain horn antenna which works at the
2-4.8 GHz frequency range with the aperture dimensions of 13-
16 cm are used to measure the reflection coefficient Si; and the
transmission coefficient Sy;. Fig. 6 shows the experimental setup.
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Figure 6: Experimental Setup

The experimental data is transferred to computer, and the
graphs of Si; and S, are obtained by using MATLAB program in
order to compare with numerical results. Both simulation and
experiment graphs of the reflection coefficient Si1 and the
transmission coefficient S,; are obtained and sketched
simultaneously as shown in Fig. 7.

4. Results and Discussion
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Figure 7: Simulation and experiment results of Si; and Sy,

As can be seen clearly from Fig. 7, the graphs of Si; and S»;
obtained by simulation and experimental analysis are in good
agreement. Based on these results, it can be said that the
simulation is confirmed experimentally. Numerical and
experimental results are not compatible below 2 GHz and above
4.5 GHz. Because the antennas used in the experiment operate in
the frequency range of 2-4.8 GHz.

5. Conclusion and Recommendations

In this work, a matematerial structure consisting of
rectangular split ring resonators is investigated numerically and
experimentally according to the variation of the split of the
resonator. The variations of the reflection coefficient S;i, the
transmission coefficient S,; and the refractive index n are given
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graphically and interpreted clearly. The numerical results of s-
parameters are confirmed experimentally.

As can be seen from the numerical and experimental results,
n, refractive index parameter, is very close to zero within a certain
frequency range. It means that the proposed structure is obtained
as a super lens antenna in the frequency range of interest. The
frequency ranges in which the n parameter decreases to zero with
the change in the width of the splits shift in proportional to the
split’s variation. This result allows the structure to be used as a
mechanically adjustable antenna. In other words, the proposed
structure is controlled by MEMS (MEMS based metamaterial
structure). By adjusting the width of the splits, the antenna
structure radiates efficiently in the desired frequency range.
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