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Abstract

This paper presents a multiband coplanar waveguide (CPW)-fed concentric circle shaped patch antenna
for WLAN, LTE-A, 5G Wi-Fi, and X-band applications, which is loaded with metamaterial unit cell. The
proposed patch antenna employs arc shaped patch and concentric circle shaped patch achieves ultra-
wideband operation. The proposed two layer antenna configuration consists of metamaterial super-
substrate. The measured reflection co-efficient (S;,) demonstrated three wideband operation ranging
from 3.06GHz - 4.72GHz (B.W of 42%), 4.94GHz-6.19GHz (B.W of 22%) and 6.50 GHz - 10.56 GHz (B.W
of 47.5%). The metamaterial structure is obtained through the arrangement of the proposed unit cell in 5
x 5 order. The proposed metamaterial structure properties were examined for wave propagation through
the material in two major axes directions (x and y-axis). For both axis, the metamaterial exhibits near Zero
refractive index for wide range of frequency. The addition of this super-substrate provides significant gain
enhancement by 181% when the maximum gain reaches 6.2 dBi at X-band frequency. Since the proposed
antenna is more efficient, it might be used for X-band operations such as satellite communication,
military, and medical monitoring.

| Introduction

In today's technology world, there is a tremendous demand for highly efficient, low-cost, multi-standard
operational antennas with a compact size and high gain [1-4]. Metasurface (MS) structures have
recently been used to modify incident electromagnetic waves in both the optical and microwave
frequency domains [2-5]. With applications in satellite and terrestrial communications, radar, imaging,
and wireless power transfer, the metasurface concept has evolved as an effective technique for
accomplishing gain enhancement, beam forming, and wave-front shaping [6]. Metasurface are two-
dimensional configurations of sub wavelength scatterers that influence electromagnetic wave
propagation [7-8]. The incident electromagnetic wave's resonant effects are controlled by the MS
structure, which is made up of unit cells [9]. At the C, S, and X band frequencies, many metamaterials with
double negative (DNG) medium properties have been observed [10—11]. These materials are combined
with the conventional patch antenna to enhance its performance in terms of gain, beam forming etc. In
[12, 13], the MS antenna with a superstrate construction has been devised to boost gain in the X band
region.

For ultra-wideband applications, a compact antenna with capacitance-loaded strip unit cell with negative
refractive index and SRR was presented in [14]. At 10.15 GHz, the antenna had the greatest gain of 5.16
dBi. Periodic array structure [15], spiral resonator [16], complementary split ring resonator (CSRRs) [17]
and split-ring resonator [18] are just a few of the metamaterial topologies that have been described and
used to improve the patch antenna's performance. For example, SRR-based unit cell topologies have been
investigated for creating multi-band functioning, minimizing antenna size, and boosting gain. However,
these DNG metamaterial enhances the gain only in particular frequency region. There have also been
proposals of mu-negative metamaterial (MNG) and epsilon negative metamaterial (ENG) [19-20].
Additionally, some of these materials exhibit the properties of near zero refractive index (NZRI)[21]. The
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NZRI metamaterials are capable of enhancing antenna gain across the whole operating band. In [22], the
metamaterial super-substrate with near zero refractive index has been proposed for the antenna size of
78.6 mm x42.5 mm and achieved gain enhancement in four bands of operation. However, the size of the
antenna is very large. By embedding split ring resonator (SRR) and complementary SRR structures with
composite right/left handed metamaterial, an antenna's gain is increased in [23]. Furthermore, different
metamaterial-loaded multiband antennas have been reported in [24-25], featuring trade-off
characteristics such as size, number of operating bands and gain.

We present a novel antenna with a concentric circular shaped patch that is supported by an ENG
metamaterial loaded super-substrate in this work. The gain is increased over a wider operating band with
this arrangement. The structure of the paper is outlined as follows. Section Il describes the structure and
operation of the unit cell. The proposed antenna structure and its evolution are discussed in Section lIl.
The modelling and experiment results are discussed in Section IV. This paper concludes in Section V.

| i Unit Cell Structure

The performance of a traditional antenna has been improved by the addition of a unique metasurface.
The MS layer was built up atop a 0.8 mm thick FR-4 dielectric that lay beneath the patch antenna. The
metasurface is made up of unit cells that are spaced at regular intervals. Figure 1 depicts the proposed
unit cell, while Table 1 lists the appropriate dimensions. As seen in Fig. 1, the unit cell consists of an L-
shaped patch in the centre surrounded by a slotted square shaped patch. The proposed unit cell is made
from a FR-4 substrate with a dielectric constant of 4.6 and a thickness of 0.8 mm. The metasurface
shown in Fig. 5b is made up of 5x 5-order periodic unit cells. To test the operating principle, the unit cell is
simulated using CST microwave studio software. Two alternative setups were used for the simulation.
Two waveguide ports are situated on both sides of the unit cell in the X-direction in the first setup
depicted in Fig. 2a. The second arrangement, depicted in Fig. 2b, features a unit cell in the Y-direction
between two waveguide ports. Figure 3 shows the simulated effective permittivity and permeability
obtained by simulation. It can be seen that the real value of permittivity in both simulation setups is
negative across the whole simulation range, i.e. 1-10 GHz. Also from Fig. 4, the near zero refractive index
is observed in both X-axis and Y-axis propagation.
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Table 1
Dimensions of the proposed unit cell

Parameter Dimension (mm) Parameter Dimension (mm)
S 5.8 Sq 2.5

Sy 2.2 S3 1.1

Sy 3 Ss 1

Se 5 Sy 0.5

| I 1 Antenna Design and Evolution

In the proposed antenna configuration, the top view of the proposed patch antenna is shown in Fig. 5a.
The conventional antenna is made of FR-4, which has a dielectric constant of 4.6 and a thickness of 0.8
mm. The antenna consists of two concentric circle shaped patch with offset-fed coplanar waveguide
(CPW). The inner circle is adorned with two arc-shaped patches. On the right side of the antenna, another
arc-shaped patch is added to CPW feed.

The metasurface super-substrate is made up of unit cells by placing it in 5x 5-order as shown in Fig. 5b.
Figure 5¢c shows the 3-D view of the proposed antenna configuration. The optimized dimensions are
listed in Table 2.

Table 2

Dimensions of the proposed antenna
Parameter Dimension (mm) Parameter Dimension (mm)
w 28 Wi 6.2
Wy 1.8 W3 18
Wy 2.3 W, 0.4
Wi 5.2 f 1
1) 1 f3 0.6
L 7 l 20
I 9 n 8
r 6.4 h 6

In Fig. 6, the evolution of the conventional patch antenna is graphically depicted in four different levels.
Initially, a pair of concentric circles is fed using offset feeding technique. The corresponding S+,
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performance is depicted in Fig. 7. Next, the CPW feeding is employed in stage 2 and better S,
performance is observed when compared to stage 1. A pair of arc shaped patch in inserted inside the
inner circle in stage 3. The stage 3 antenna provides one narrow band operation at 4.3 GHz and two
wideband operations ranging from 5-6.1 GHz and 6.4—-10.5 GHz. The final antenna is adorned with an arc
shaped patch at the right side coplanar waveguide. This final design achieves the better performance as
shown in Fig. 7.

| V Results and Discussion

The proposed antenna with and without super-substrate is simulated using CST Microwave studio. The
plot of frequency versus Sq; of the proposed antenna configuration is plotted in Fig. 8. The antenna
without super-substrate is simulated and observed two wideband operations. With a - 10 dB impedance
bandwidth of 65%, this antenna produces first wideband resonance from 3.1 GHz-6.1GHz. The second
wideband operation ranges from 6.4 GHz-10.4 GHz with a -10 dB impedance bandwidth of 47%. After
that, the simulation with the proposed metamaterial super-substrate is performed. In compared to the
antenna without the super-substrate, the S, performance suffers only little degradation. The two-layer
antenna, on the other hand, has a substantially higher gain. Three wideband operations are visible in the
final antenna design. Firstly, the antenna has an S, of less than - 10 dB from 3.1 to 4.5 GHz and a 39%
impedance bandwidth. With an impedance bandwidth of 18%, the second wideband response is achieved
between 5.1 and 6.15 GHz. Next, with an impedance bandwidth of 47%, wideband operation is found
from 6.5 GHz to 10.5 GHz. Further investigation was carried out to determine the impact of various
parameters on impedance bandwidth and return loss.

Initially, the effect of circle thickness on S, performance is studied by varying t;. It can be seen from the
Fig. 9 that the antenna achieves optimum performance when t; =1 mm. On changing t; the resonance
peak becomes weak in some frequency and bandwidth is also reduced. Figure 10 shows variation of Sy,
with respect to frequency on varying t,. It can be observed that when t,=1 mm the antenna achieves
better performance in terms of S;; and gain. Finally, the effect of length of the patch that connects the
inner arcs (w,) is studied using simulation. The S;, performance for various values of w;is plotted in Fig.
11. It is observed from the simulation results the antenna achieves better performance when w;=5.2 mm.

Figure 12 shows the surface current distribution of the proposed patch antenna top surface at 3.5GHz,
4.2GHz, 5.5GHz, and 10.1GHz. At 3.5 GHz, the arc-shaped patch connected to the CPW feed exhibits a
high intensity of current flow. Concentric circle-shaped patches provide the second resonance peak at 4. 2
GHz. Also the current distribution at 5.5 and 10.1 GHz is high at the edges of the circles. The proposed
antenna configuration is fabricated and measured. The front view of the patch and metasurface is shown
in Fig. 13. The three dimensional view of the fabricated antenna is shown in Fig. 14a. The radiation
pattern measurement has been performed in anechoic chamber as shown in Fig. 14b. The antenna with
and without metamaterial super-substrate is considered for measurement. Anritsu Vector Network
Analyzer was used to test the antenna prototype. The corresponding results are plotted in Fig. 15. ltis
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found from Fig. 15, the experimentally measured S, < -10dB without super-substrate has been achieved
from 3.0 GHz to 10.3 GHz with an impedance bandwidth of 109%. The measured S, for the proposed
antenna with super-substrate exhibits three wideband responses, i.e. 3.06GHz - 4.72GHz (B.W of 42%),
4.94GHz-6.19GHz (B.W of 22%) and 6.50 GHz - 10.56 GHz (B.W of 47.5%). The discrepancies between
simulated and measured results might have been occurred due to fabrication tolerances.

The proposed antenna's simulated and measured gains are almost identical as shown in Fig. 16. The
addition of a metasurface to a simple conventional patch results in a gain enhancement of 6.2 dBi in the
developed antenna. The proposed antenna's radiation pattern characteristics in the E-plane and H-plane
have been measured in the anechoic chamber and shown in Fig. 17 and Fig. 18, respectively. At 3.5 GHz,
4.2 GHz, 5.5 GHz, and 10.1 GHz, the radiation characteristics of the proposed antenna arrangement are
simulated and measured. Radiation from the antenna is stable in all directions.

Table 3 compares the proposed antenna's performance to that of some of the previously reported high-
performance antennas. According to the findings, the proposed low profile design has significantly
increased gain while reducing size.

Table 3
Comparison of the proposed antenna with the existing antennas
Reference Dimension Maximum Bandwidth Max. Gain Operating frequency
(mm) (%) (dBi) (GH2)
[12] 28 x 28 19% 7.57 9.24-11.25
[22] 78.6 x 42.5 28% 6.72 (0.865-1.060),
(2.240-2.520),
(3.250-4.310),
(4.900-6.500)
[23] 28.8 x 32 126% 7.3 3-13.25
[24] 48 x 48 13% 472 (1.710-1.880),
(1.880-2.200),
(3.400-3.800)
[25] 67.2 x67.2 16.58% 12 9.4-11.2
Proposed 28 x 28 47.5% 6.2 (3.06-4.72),
work
(4.94-6.19),
(6.5-10.5)
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V Conclusion

The gain enhancement of a metamaterial super-substrate loaded concentric circle shaped antenna fed by
coplanar waveguide has been studied. The antenna can operate in three wideband modes: 3.06GHz-
4.72GHz (B.W of 42%), 4.94GHz-6.19GHz (B.W of 22%), and 6.50GHz-10.56GHz (B.W of 47.5% ). The
proposed layered antenna achieves considerable gain enhancement of 181% at X-band with a maximum
gain of 6.2 dBi using a 5x 5 order configuration of the proposed unit cell. The proposed metasurface's
near-zero refractive index, as demonstrated by simulation, increases gain over a wide range of operations.
The experimental results reveal that the super-substrate-based antenna has the needed impedance
bandwidth for WLAN, LTE-A, 5G Wi-Fi, and X-band applications.
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Figure 1

Structure of the proposed unit cell

(a) (b)
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Figure 2

Unit cell simulation setup in (a) x-direction and (b) y-direction
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Figure 3

Simulated permittivity and permeability of proposed unit cell in x and y —direction
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Figure 4

Simulated refractive index of the proposed metamaterial structure
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Figure 5

(a) Design of the proposed patch antenna, (b) Structure of the metasurface super-substrate and (c) 3D
view of the proposed antenna configuration
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(b)

Stage 4

(d)

Figure 6

Development stages of the proposed antenna
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Figure 7

Evolution stages S;; performance of the proposed antenna
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Figure 8

Comparison of S;; of the proposed antenna configuration with and without metamaterial super-substrate
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Figure 9

Variation of S;; with the variation in t,
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Figure 10

Variation of S;; with the variation in t,
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Figure 11

Effect of w;on the S;; performance of the proposed antenna
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Figure 12

Surface current distribution of the proposed antenna at various frequencies
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Figure 13

Fabricated prototype of the proposed antenna

Figure 14

(@) 3-D view of the fabricated antenna (b) Anechoic chamber measurement setup
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Figure 15

Simulated and measured S, of the proposed antenna configurations
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Figure 16

Simulated and measured gain of the proposed antenna configurations
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Figure 17

Simulated and measured E-plane radiation pattern of the proposed antenna configuration
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Figure 18

Simulated and measured H-plane radiation pattern of the proposed antenna configuration
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