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ABSTRACT

Due to the properties of inverse refraction, the metamaterials can focus the incident wave and can be used as
a lens for high directive antennas. For this purpose, in this study, initially, a metamaterial unit cell is designed to
exhibit metamaterial feature at 12 GHz and converted into a periodic layer. The reference antenna and the proposed
metamaterial layers are simulated and fabricated. It is observed that the directivity of the reference antenna is increased
by 2.74 dB with one layer of the proposed metalayer according to the measurement results. Finally, a double lens
layer is used and an increase of 4.08 dB is observed. In the literature, the dimensions of metalayers, that is, used to
achieve directivity enhancement, are larger than the patch size, but in this study we achieve a significant improvement
with metalayers that have almost the same dimensions as the patch. However, the proposed antenna system is more
effective than Ku-band antennas in the literature due to its high directivity compared to similar ones.
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INTRODUCTION

In electromagnetic waves, the direction of energy flow is given by right-hand rule (RHM), but when e<0 and
u<0, the medium is Left-Handed and these materials are called Left-Handed Medium (LHM) or metamaterials
(MM) (Vesalago, 1968). MMs have been used for many different purposes in different frequency ranges owing these
extraordinary properties. These materials have many different potential application areas such as invisibility cloak, high
sensitivity sensors, signal absorption, anti-radar devices, and super lenses (Werner et al., 2015). Microstrip antenna
performance optimization is among these applications at microwave range (Cao et al., 2019; Su and Chen, 2018).
Controlling directive emissions of incident waves can be a solution to the low directivity problems of patch antennas
and therefore inverse refraction metamaterials could be a remedy. If both the permeability (u) and the permittivity (€)
parameters are set negative at the same frequency, an incident electromagnetic wave is inversely refracted and inverse
refraction causes focusing as reported by Vesalago (1968) and as shown in Figure 1.
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Figure 1. Focusing by inverse refraction.

If the incident wave can be manipulated in the direction of radiation instead of omnidirectional propagation, the
directivity and hence the gain will be increased (Pendry, 2000).

In this paper, to confirm this theory, an omega shaped metamaterial (OSM) lens layer is designed and produced for
a Ku band reference patch antenna. First of all, a rectangular microstrip patch antenna (MPA) is modeled as reference
antenna and with a few experiments in CST, the operating frequency is adjusted around 12 GHz. Fabrication and
laboratory measurements are performed at RF and Microwave laboratory. In order to see the increase in directivity
by utilizing proposed metalayer, simulation and measurement results of the reference MPA are initially obtained
without using OSM layer. Then, an OSM single layer consisting of 2x2 OSM unit cell is placed at a distance of half
wavelength of the MPA as a flat lens and results are obtained. A 2.74 dB increase in directivity is observed. Finally,
two layers are used, and in this case the increase in directivity is 4.08 dB.

The directivity gain and the size of an antenna are generally mutually conflicting properties. The utilized method
in this study has suggested in the literature in recent years, but because of its novelty, it has some deficiencies such
as increasing the antenna profile while enhancing the gain (Ma et al., 2016; Dhouibi ef al., 2013; Xu et al., 2014).
Increasing superstrate size leads to an inevitable enlargement of overall size and structural complexity of the antenna
and surrounding the radiating element by MM structure on a same plate, which causes problems in integrating the
radiating element with other components of the goal system (Brito et al., 2012; Mousavi et al., 2013).

Moreover, this improvement has been tried by using different dielectric substrate materials for reference antenna
and MM layer with different characteristics (Li ef al., 2012; Adel et al., 2016). Gain improvement was achieved by a
MM unit cell on a dielectric substrate, which has a higher dielectric constant than the substrate of the reference antenna,
whereas it is known that the higher dielectric constant is more of effective on gain enhancement. For example, in a
study by Li et al., 2017, several different superstrate dielectric lens layers with € =10.2 were used to increase the gain
of a patch antenna with e= 3.5 substrate. Moreover, the lens sizes used for gain enhancement are almost four times the
size of the patch of the reference antenna (Li ef al., 2012; Adel ef al., 2016).

In this study, the same dielectric materials are used for the substrate and superstrate, and thus the beneficial effect
of the MM lens layers to the gain enhancement is more clearly shown. In addition, the total size of the MM lens layer
is almost the same as the patch size of the reference antenna. The purpose and conclusion of this study are to achieve
directivity enhancement with a metalayer in the dimensions between the patch size and the ground plate size of the
reference antenna, and utilizing the same dielectric substrate with MM and reference antenna, unlike the literature
studies. Furthermore, the novelty of this study lies in the design and behavior of the hybrid structure composed of less
number of metamaterial unit cells compared to the previous works (Brito et al, 2012; Li et al, 2012; Adel et al., 2016;
Arora et al., 2018; Rao et al., 2016).
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SIMULATION, MODELLING, AND MEASUREMENT OF THE PATCH ANTENNA

The fundamental resonance behaviors of MM resonator structures are modeled as an LC resonance circuit
(Shadrivov et al., 2015) and the resonance frequencies are very sensitive to the change in the capacitive and inductive
effects in the geometric shape of these structures. Since the inductive and capacitive effects also vary according to
the size and shape of the structure, precise measurements are required in the process of modeling and scaling. These
experiments need to be done with a simulation and modeling program before production since it will be very difficult
and costly to perform these analyses by physical prototyping of the structure, as well as investigating the frequency
band in which the media parameters (e, i) have negative values. Modeling, scaling, and simulations are performed
with the Computer Simulation Technology Microwave Studio (CST MWS).

The transmission bands of the patch antennas vary depending on the size of the patch and the properties of the
dielectric substrate that is used (Balanis, 1997). Several experiments are needed to determine the resonance frequency
range. A copper-coated Rogers RO4350B is used as a dielectric substrate. The relative dielectric constant (g) is
3.48, the dielectric loss tangent is 0.0037, and the thickness is 0.762 mm. For impedance matching, two adjacent
parallel slits are extended until the desired resonance input impedance value (50 Q) is achieved (Balanis, 1997). The
dimensions of the patch antenna according to the parameters in Figure 2 are given in Table 1. The reference MPA, as
shown in Figure 2, is fabricated by LPKF ProtoMat S63 in-house prototyping machine.

Figure 2. Top view of the reference MPA.

Table 1. Dimensions of MPA.

Parameter Dimension (mm)
W 8.35
L 6.38
g 0.85
y 1.91
wf 1.7
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S); curve of the designed MPA is given in Figure 3. According to the measurement and simulation results, the
transmission band is around 12 GHz and in this frequency input match is 25.2 dB / 19.3 dB (simulation/ measurement).
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Figure 3. S;; curve of the MPA.

In order to view the increase in the directivity with OSM lens, the far field directivity pattern of the MPA without
OSM is initially drawn for 12 GHz. The peak directivity is found as 4.66 dBi / 4.32 dBi (simulation/ measurement)
as shown in Figure 4.
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Figure 4. Directivity pattern of the MPA at 12 GHz.
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OSM UNIT CELL AND EXTRACTION OF MEDIA PARAMETERS

OSM is a new type of MM structure that is designed for C, X, or THz bands in previous studies (Agarwal et
al., 2016; Gui et al., 2017; Braaten et al., 2010). In this study, we designed an OSM for the Ku band with 12 GHz
operating frequency and investigated the media parameters. In OSM unit cell, the same substrate with predefined
characteristics and dimensions for MPA is used. There is an omega shape on the front side of the substrate and on the
backside, there is symmetry of this structure with respect to the X-axis. To adjust the resonance frequency around 12
GHz, a “k” multiplier is defined on the parameter list on CST MWS. The shape and equivalent circuit of the designed
OSM are shown in Figure 5 and the dimensions are given in Table 2.

b)

Figure 5. OSM unit cell: a) equivalent circuit; b) shape and prototype.

Table 2. Dimensions of OSM unit cell.

parameter Dimension (mm)
a 0.88
b 0.4
c 5.6
R 2.53
r 1.87
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Sii curve of the OSM unit cell is seen in Figure 6. The transmission band is between 11.34 GHz and 13.02 GHz.
The bandwidth is 1.68 GHz and the input match (S;;) at 12 GHz is approximately -40 dB.
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Figure 6. S, curve of the OSM unit cell.

RETRIEVAL OF MEDIA PARAMETERS

There are several different methods such as Nicholson-Ross-Weir (NRW) (Soleimani et al.,, 2012) and robust
method (Chen et al., 2004) to obtain the media parameters (¢ and p) from the S parameters. In this study, we chose the
“robust method” and realized this method briefly as follows: initially S parameters of the OSM unit cell are obtained
from CST MWS and saved to an excel file. S;; and S,, values are taken for the relevant frequency values. By defining
a matrix, the primary column is defined as the frequency, the secondary column as S;;-real, the third column as
S,,-imaginary, the fourth column as S,,-real, and the fifth column as S,;-imaginary. S values are placed in the columns
of the excel file in the same order and the € and p curves are plotted by utilizing the equations that are given below in
this method by MATLAB.
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In this study, we investigated whether the OSM is MM or not, so we have considered only the transmitted part of
the electromagnetic waves. Thus, the imaginary parts that represent the “loss energy” are ignored (Cakir et al., 2017).
The € and p curves of OSM unit cell are shown in Figure 7. Notice that € = -1.79 and u= -1.9 at 12 GHz are both
simultaneously negative at the same frequency.
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Figure 7. a) € and b) p curves of the OSM unit cell.

OSM AS A PERIODIC FLAT LENS

According to the Floquet theory, a single unit cell of the full periodic structure is taken into account for the analysis
of periodically repeating structures such as frequency selective surfaces (FSS) and MMs (Chou et al., 2015). After the
unit cell studies, a MM periodic structure is formed and changes in antenna directivity are observed. Initially several
parametric studies were carried out in different quantities for a periodic structure to obtain optimal input match and
optimal radiation parameters and a 2 x 2 array at 12 mm x 12 mm dimensions were noted optimal, so the prototype of
OSM lens was printed according to this period. Also, to define the optimum distance of this lens to the reference MPA,
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several experiments are carried out and A,/ 2 = 12.5 mm is preferred. The top view and bottom view of the fabricated
OSM lens structures are as shown in Figure 8.

Figure 8. OSM lens prototype.

SIMULATION AND MEASUREMENT RESULTS OF MPA WITH OSM

For simulation, the boundary conditions are set to “open (add space)” in all directions on CST MWS. This option
is recommended for antenna problems and adds some extra space for far field calculation. It accepts “free space”
behind their boundary plane that means the electromagnetic fields are absorbed at these boundaries with virtually no
reflections (www.cst.com). Figure 9 shows simulation setup.

—————

Figure 9. Simulation setup.

The radiation pattern of MPA with OSM lens is measured by using the free space measurement setup at RF and
Microwave Laboratory as seen in Figure 10. A-INFO LB-8180- NF horn antennas and a vector network analyzer
(Anritsu MS4644A) are used.
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Figure 10. Measurement setup.

Figure 11 shows S;; curve and Figure 12 shows simulated and measured far field directivity pattern of the MPA
with single layer OSM and enhancement on the directivity are given in Table 3.

MPA+OSM /511

-2
-5
-R
3 -1
-12
-14
-16
-18

10 105 11 115 12 125 13 135 14

Frequency (GHz) ——Simulation
M easurement

Figure 11. S;; curve of the MPA with OSM.
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Figure 12. Far field directivity pattern of the MPA with OSM.

Table 3. Changes on directivity of the MPA with single layer OSM.

Directivity
Name (dBi)
Sim. 4.66
MPA
Mea. 4.32
Sim. 7.53
MPA+OSM
Mea. 7.06
Sim. +2.87
CHANGE
Mea. +2.74

Omega structures are strong magnetic resonators due to their round ring as an inductor and a slot causing capacitive
effect, and they give both electrical and magnetic responses at certain bandwidths of the induced electromagnetic
waves. If they can be set as an inverse refraction metamaterial at certain frequencies, it is possible to use these omega
structures as a lens layer for gain enhancement up to about 2 times by one layer, as shown in table 3.

MPA WITH TWO OSM LENS LAYERS

In this section, we investigate the effect of using double OSM lens layer with the same optimal distance to the
reference antenna (d1=\A0/ 2 = 12.5 mm) and with the same optimal unit cell distribution on the substrate (2 x 2). The

measurement and simulation scheme is shown in Figure 13.
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OSM layer
d2
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Figure 13. Side view of the antenna system with two OSM lens layers.

The second OSM lens layer is placed parallel to the first layer. The distance between the two OSM metalayers (d2)
is taken at three different values as follows; A,/ 2 = 12.5 mm, A,/ 4 =~ 6 mm, and A,/8 =~ 3 mm, and the changes in
the directivity in these three different values are observed. Measurement and simulation results were obtained for these
three cases. In Table 4, the peak values of the directivity are given comparatively.

Table 4. Changes on directivity of the MPA with two OSM layer.

Distance between .
+
first OSM layer and Distance between MYA+2 OSM l.ens layer CHANGE
two OSM layers Directivity
MPA
d1 d2 Simulation Measurement Simulation Measurement
A/2=12.5 mm A/2=12.5 mm 8.04 dBi 7.64 dBi +3.38 +3.32
M/2=12.5 mm Ao/4=~6 mm 8.28 dBi 7.92 dBi +3.62 +3.6
M/2=12.5 mm Ao/8=~3 mm 8.82 dBi 8.40 dBi +4.16 +4.08

The optimum distance between the reference antenna and the first layer was determined as d1 =A¢/2=12.5 mm in
the previous section and in this section, the optimal distance of the second layer to the first layer is d2= 124,/ 8 =~ 3 mm
as shown in Table 4 and with a single layer, the increase in the directivity was 2.74 dB but when double OSM layer is
used, this increase is 4.08 dB according to the measurement results. Thus, we can say that the directivity of the MPA can
be further increased by using three or more lens layers, but in this case the size of the antenna system will be increased,
and this is undesirable.

CONCLUSION AND DISCUSSIONS

In this study, omega shaped metamaterial lens layer is used to increase the directivity of the MPA as a flat lens.
According to measurement results, a 2.74 dB increase was achieved by utilizing single layer and when the number of
layers was increased by one, the increase in directivity rose to 4.08 dB. In the literature, the size of metalayers used
to achieve directivity enhancement is extensive than the patch dimensions of the reference antenna, but in this study,
we achieve this increase with a size between the patch and the ground plate dimensions as well as using the same
dielectric substrate with reference antenna. However, this work is efficient so that it benefits over same antennas found
in literature at Ku band. The measurement results are slightly different from the simulation results. It is estimated that
this difference is due to media losses and fabrication defects.
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