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Abstract

Purpose — For 5G wireless communication at frequencies below 6 GHz, this research describes
an electromagnetic bandgap (EBG) structure based on an electrically coupled split-ring resonator
(ECSRR). To create the EBG, the ECSRR is embedded within a structure similar to an interdigital
capacitor.

Design/methodology/approach — The proposed EBG design is composed of an electrically
coupled structure that resembles an interdigital capacitor and a structure built of split-ring
resonators. The proposed EBG structure was printed on a FR4 substrate that had a 4.4, 1.6
millimeters thickness, and a tan =0.025. An interdigital capacitor-like structure is connected to the
inner split-rings, and the top layer consists of two sets of split-ring resonators that are electrically
connected. A wire-like structure is printed on the substrate's bottom layer.

Findings — The suggested ECSRR EBG structure has a reflection phase bandwidth of 2.65 GHz
between 3.5 and 6.15 GHz, and also a bandgap property bandwidth of 2.9 GHz between 3.3 and
6.2 GHz. Without an EBG structure, the CPW-fed microstrip quarter wave monopole antenna has
a gain(maximum) of 2.574 dBi at 4.15 GHz and a bandwidth of 4.6 GHz between 3.4 and 8 GHz.
Gain(maximum)of 8.785 dBi is achieved at 4.15 GHz when the ECSRR EBG structure is
combined with a CPW-fed microstrip quarter wave monopole antenna .

Originality— The suggested ECSRR EBG structure is merged with a two-element ECSRR bow-
tie antenna to verify its bandgap property. By inserting the ECSRR EBG structure's 2x4 array in
between the two elements of the bow-tie antenna, we can decrease their mutual coupling.
Maximum isolation is achieved at 4.9 GHz, with mutual coupling below -32 dB over the whole
operational frequency range. Decision science enables antenna designers to analyze, optimize, and
track the performance of the antenna characteristics. The following are some of the potential
benefits of the proposed study:

It is argued that statistical and regression properties can be used to create a powerful tool for feature
extraction. To better understand how antenna design choices affect antenna performance, we
compare different regression models. To accurately calculate the S parameters from the relevant
UWB antenna dimensions, a random forest classifier that has been optimized for this task has been
developed.

Keywords: ECSRR; Split ring resonator; Sub 6 GHz; Bowtie antenna; Metamaterial; Beam tilting;
Isolation; MIMO; EBG;

JEL classification: C02, C14, C32, C38, C53



1. Introduction

This paper presents an electrically coupled split-ring resonator (ECSRR) Electromagnetic
Bandgap(EBG) structure for sub-6 GHz 5G wireless communication. The Electromagnetic
Bandgap(EBG) structure is designed by embedding an inter-digital capacitor-like structure with
the ECSRR. The proposed ECSRR EBG structure achieves a 2.65 GHz reflection phase bandwidth
of 3.5 GHz to 6.15 GHz and a 2.9 GHz bandgap property bandwidth from 3.3 GHz to 6.2 GHz
(Batiha et al., 2022; Yasumoto, 2018). The CPW-fed microstrip quarter wave monopole antenna
without EBG structure achieves a broader bandwidth of 4.6 GHz from 3.4 GHz to 8 GHz and a
gain(maximum)of 2.574 dBi at 4.15 GHz. The integration of the ECSRR EBG structure with a
CPW-fed microstrip quarter wave monopole antenna succeeds in a (maximum) gain of 8.785 dBi
at 4.15 GHz with a gain enhancement of 6.2 dBi (Lei et al., 2021; ElImezughi et al., 2009). To
validate the bandgap property of the recommended ECSRR EBG structure, it is proposed to
integrate a 2-element ECSRR bow-tie antenna. The existence of mutual coupling amid the two-
element ECSRR bow-tie antenna is reduced by placing the 2x4 array of ECSRR Electromagnetic
Bandgap structure in between them (Yang et al., 2013; Leger et al., 2005). The existence of mutual
coupling in the operating band of frequency is less than -32 dB, and the maximum isolation of 66
dB at 4.9 GHz.

Multiple antenna systems have made use of EBG structures to improve their mutual coupling
(Yang et al., 2003; Ghosh et al., 2014; Yang et al., 2017; Yang et al., 2017; Qamar et al., 2016;
Liu et al., 2019). There are a variety of EBG architectures described and discussed (Radisic et al.,
1998; Xue et al., 2023; Sharma et al., 2001; Xue et al., 2023; Rifaee et al., 2022; Peng et al., 2010;
Mu'Ath et al., 2014; Xue et al., 2023; Tan et al., 2019). The surface current between 4.61 and 5.22
GHz is suppressed by this layout. The extremely narrow stopband of the spiral electromagnetic
bandgap structure proposed by Rifaee et al. (2022) is demonstrated. In Peng et al. (2010), a
multiband EBG structure is introduced by incorporating a complementary split-ring resonator into
a mushroom-shaped EBG. For better isolation between sub-6 GHz quarter-wave monopole
antennas based on meander lines, Tan et al. (2019) presented a dual-band split EBG structure.
In(Hei et al., 2021; Prabhu et al., 2021; Dash et al., 2023; Prabhu et al., 2021), we see the many
ways that EBG structures can be used to boost gain. Periodic traditional square patches resembling
mushrooms are joined together in the EBG via a bridge-like structure. In this study, the design and
analysis of the reflection property and bandgap of an innovative electrically coupled SRR
(ECSRR)-based EBG structure is proposed. Various antenna embeddings are used to examine the
potential uses of the proposed ECB structure (Jiang et al., 2019; Rafiei et al., 2018).

2. Design of Electrically Coupled EBG Structure

The proposed EBG design is composed of an electrically coupled structure that resembles an
interdigital capacitor and a structure built of split-ring resonators (Suganya et al., 2023; Xue et al.,
2023; Kandasamy et al., 2022). The proposed EBG structure was printed on a FR4 substrate that



had a & ~ 4.4, 1.6 millimeters thickness, and a tan © =0.025(Alzyadat et al., 2022; Satheesh et al.,
2021). An interdigital capacitor-like structure is connected to the inner split rings, and the top layer
consists of two sets of split-ring resonators that are electrically connected. A wire-like structure is
printed on the substrate's bottom layer. The novel electromagnetic bandgap structure's unit cell
structure is shown in Figure 1.

Ring width and ring gap are both set at 0.2 mm in the circular electrically linked SRR EBG unit
cell. In Table 1, you can see the exact measurements of the SSR EBG unit with electrical coupling
(Abdulsahibet al., 2021; Dhanaraj et al., 2020; Palanisamy et al., 2022). The substrate's wire-like
structure is 8.7 mm in length and 0.3 mm in breadth. Each split ring has a different outer diameter,
with the larger one measuring 1.8 mm and the smaller one measuring 1.4 mm. The inner split rings
are where the capacitor-like interdigital structure is connected (Palanisamy et al., 2022).
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Figure. 1. Structure of proposed EBG unit cell (a) Top Layer (b) Bottom Layer

Table 1. Electrically Coupled SRR EBG Dimensions

Parameter Dimension

inmm

r 1.8

r2 1.4

L1 2.2

Lo 0.4

L3 8.7
0.4

S 0.3

W1 0.3

W2 4.6




Adding a structure similar to an interdigital capacitor boosts the capacitance of the unit cell. The
inductance is set by the wire-like structure at the base of the FR4 substrate. The interdigital
capacitor-like structure provides flexibility in tuning the bandgap frequency bands. The centre
frequency (eq.1) of the EBG structure is

1
/IO (1)

2.1 Reflection Phase of ECSRR EBG unit cell

The proposed electrically Coupled SRR EBG unit cell has been modelled in the CST for simulation
purposes. The YZ plane employs the PMC boundary condition (Perfect Magnetic Conductor),
while the XZ plane uses the PEC boundary condition (Khalaf et al., 2022; Palanisamy et al., 2021,
Palanisamy et al., 2021). Waveguide ports in the Z direction are used to feed the plane wave input,
allowing the reflection property of the electrically connected SRR EBG unit cell to be measured.
Reflection analysis of artificial magnetic conductors is crucial for deducing their in-phase
reflection properties.

fo

For the proposed electrically connected EBG unit cell, Figure 2 displays the reflection phase
obtained by numerical simulation. Reflection bandwidth is most useful between -90 and +90
degrees on either side of the resonance frequency. When the angle of reflection is between 0 and
90 degrees, the reflected plane waves have the same phase as the incident wave (Kumar et al.,
2021; Dey et al., 2021; Palanisamy et al., 2022). To achieve the necessary bandwidth and the zero
reflection phase frequency, a structure similar to interdigital capacitors is optimised. To achieve
the desired performance, the interdigital capacitor-like structure's arm count and arm spacing are
modified.

From 3.5 GHz to 6.15 GHz, the suggested structure achieves a 2.65 GHz in-phase reflection
bandwidth.
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Figure 2. Reflection Phase of electrically coupled SRR EBG
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Figure 3. Dispersion diagram of ECSRR EBG

At 5.5 GHz, there is no phase reflection with the suggested architecture. This design outperforms
the previously developed ECSRR metamaterial unit cell in terms of bandwidth.

2.2 Dispersion Diagram of ECSRR EBG unit cell

Both the x and y axes of the unit cell are subjected to periodic boundary conditions. The CST
microwave full-wave simulation software's Eigenmode solver was used to simulate the suggested
design. Sweep the phase from (I" to X) then to (X to M), and (M to I') with a step size of 10 degrees
to generate the dispersion chart for the proposed ECSRR EBG structure. The first two modes had
their 2D dispersion diagrams computed. The first series of computations involves switching the
phase in the x-axis from 0 to 180 degrees while keeping it at O in the y-axis (Prabhu et al., 2021;
Kumar et al., 2021). The phase in the y-axis is adjusted from 0 to 180°, while the phase in the x-
axis is held constant, to model the second series of calculations from X to M. Phase is altered in
both the x and y axes concurrently from 0 to 180 degrees to model the third set of M computations.
In addition, x and y continue to have the same phase values (Kumar et al., 2012). All three sets of
numbers are combined to produce the dispersion diagram of the ECSRR-EBG periodic structure.
A bandgap of 2.9 GHz is attained with the suggested electrically connected SRR EBG periodic

arrangement. The frequency gap here is between 3.3 and 6.2 GHz.



3 CPW Fed Microstrip Quarter Wave Monopole Antenna

3.1 CPW-fed microstrip quarter wave monopole antenna design

The microstrip quarter wave monopole antenna with coplanar waveguide feed works effectively
between the frequencies of 3.5 GHz and 6.15 GHz. In order to analyse the suitability of the
proposed electrically coupled SRR EBG structure, the width of the square patch can be calculated
by equation (2).

c

where, fo — Resonate frequency, c- speed of light, and & - dielectric constant of the substrate.

In Figure 4, the CPW microstrip quarter wave monopole antenna design is presented. The square
patch microstrip quarter wave monopole antenna is fed by a CPW designed over the top layer of
the FR4 dielectric substrate. Table 2 displays the dimensions of the CPW-fed antenna. The
monopole microstrip antenna has an omnidirectional radiation pattern. Its compact design
measures 30mm x 30mm in total. The dimensions of the square radiation patch and the CPW fed
line are optimized to achieve the necessary impedance bandwidth of 3.5 GHz to 6 .15 GHz.

Wadth =

W1
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Figure 4. CPW fed microstrip quarter wave monopole antenna

Table 2. Dimensions of CPW Fed Microstrip Quarter Wave Monopole Antenna

Parameter Dimension
in mm

w1 30

W2 13

W3 13.2




L1 30

L2 11.2
L3 14
g 0.3

3.2 Simulation of CPW fed microstrip quarter wave monopole antenna

Figure 5 displays the simulated scattering parameter Si: of the proposed CPW-fed microstrip
quarter-wave monopole antenna, where the dimensions of the square patch width (W>) and length
of the CPW-fed (L.) were altered to enhance the impedance matching bandwidth. Various values
of W2 and L2 were tested.

Based on the simulated result, it appears that widening the square patch leads to a shift in
impedance bandwidth towards the lower frequency band (Suganyadevi et al., 2022; Kumar et al.,
2021). After conducting a parametric study, it has been determined that the dimensions of L> = 13
mm and W2 = 14 mm provide the necessary maximum impedance matching bandwidth. This
design achieves broad bandwidth from 3.4 GHz — 8 GHz. The gain of the CPW-fed microstrip
quarter wave monopole antenna is increased by placing the ECSRR EBG periodic structure
directly below it. The gain of a CPW-fed microstrip quarter wave monopole antenna can be
increased by employing the in-phase reflection artificial magnetic conductor property of ECSRR
EBG structures.
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Figure. 5. S-parameter(simulated) of CPW-fed microstrip quarter wave monopole antenna

The schematic for the CPW-fed microstrip quarter wave monopole antenna is shown to describe
ECSRR EBG periodic structure at a distance "d." Figure 6 displays a CPW-fed microstrip quarter-
wave monopole antenna with an ECSRR and EBG periodic structure. 8 x 4 ECSRR EBG periodic
structure below CPW-fed quarter-wave monopole antenna A CST Microwave Studio parametric



analysis changed the antenna-ECSRR EBG periodic structure distance. Figure 7 shows the gain of
the ECSRR EBG periodic structure-fed CPW-fed microstrip quarter wave monopole antenna with
different spacing "d.". The ECSRR EBG periodic structure's in-phase reflection boosted a CPW-
fed microstrip quarter-wave monopole antenna's gain. Simulations show that a 4mm separation
improves antenna gain. When placed over the ECSRR EBG periodic structure, the antenna gains
6.07 dBi at 4.5 GHz, according to simulations. The recommended antenna gains 7.4 dBi at 6 GHz,
7.5at5.5 GHz, and 5.6 at 3.5 GHz. The ECSRR EBG structure increases the gain of the CPW-fed
microstrip quarter-wave monopole antenna from 3.5 GHz to 6 GHz.

(a)

Microstrip Antennaé— I# 1.6 mm Fr4 |

EBG Top layer <—F
. I# 1.6 mm Fr4 |
EBG bottom layer <

(b)

Figure. 6. CPW-fed antenna with ECSRR EBG periodic structure (a) Top view (b) side view
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Figure. 7. Simulated gain of the CPW-fed microstrip quarter wave monopole antenna
with different °d’ values.

3.4 Experimental results of microstrip quarter wave monopole antenna with ECSRR EBG
structure

The real-time measurements have been done in an anechoic chamber and the prototype monopole
microstrip patch antenna using the ECSRR EBG reflector are shown in Figures 8 and 9,
respectively. The scattering parameter S11 of the 4 mm-spaced CPW-fed microstrip quarter wave
monopole antenna is shown in Figure 10 along with the corresponding observed value. The
antenna accomplishes an excellent impedance-matching bandwidth of 2.6 GHz to 8 GHz. Figure
11 depicts the measured two-dimensional radiation pattern across the operational frequency. The
omnidirectional pattern of the antenna is converted into a directional radiation pattern by ECSRR
EBG. The gain of a CPW-fed monopole microstrip antenna, both experimentally and numerically,
with and without an ECSRR EBG reflector is comparatively analyzed. With a peak gain of 8.785
dBi at 4.15 GHz, this antenna design delivers remarkable performance. The antenna achieves a
gain(maximum) 7.5dBi across its entire usable frequency range. The antenna's performance is
greatly aided by integrating with the ECSRR EBG structure, which raises the antenna's gain by
6.2 dBi at 4.15 GHz.



Figure. 9. Radiation pattern measurement of CPW fed quarter wave monopole antenna with ECSRR EBG
reflector in Anechoic chamber
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Figure. 10. Comparative analysis of Simulated and measured return loss of CPW fed microstrip antenna with
ECSRR EBG periodic structure
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Figure. 11. 2-D Radiation pattern of CPW fed quarter wave monopole antenna with ECSRR EBG structure.
(@) 3.5 GHz. (b) 4.45 GHz. (c) 5.45 GHz. (d) 6.15 GHz.



4.2 Simulation of ECSRR bow-tie antenna

The ECSRR bow-tie antenna is microstrip fed, and the wide ground plan is used in the substrate's
bottom layer. As a primary component of the bow tie, the ECSRR metamaterial unit cell structure
is implemented. The first component has a matching impedance bandwidth of roughly 5.5 GHz.
The enhanced bandwidth of 4 GHz to 6 GHz is attained by optimising the second arm length and
the size of the ECSRR structure. The ECSRR bow-tie antenna has overall dimensions of 28 mm
by 21 mm.

Figure 12 depicts the simulated gain of the ECSRR bow-tie antenna. The gain(maximum) of the
simulated ECSRR bow-tie antenna is 4.8 dBi at 4.7 GHz. At 4 GHz, the antenna gains 2.9 dBi; at
5 GHz, it adds 4.7 dBi; at 5.5 GHz, it gains 4.35 dBi; and at 6 GHz, it gains 4 dBi. Across its
operational frequency range, the antenna provides a gain of 2.9 dBi at 4 GHz, 4.7 dBi at 5 GHz,
4.35 dBi at 5.5 GHz, and 4 dBi at 6 GHz. The antenna measures 28 x 21 x 1.6 mm in size. The
antenna's directed emission pattern and small size are both results of its clever design.

4.3 Gain improvement of ECSRR bow-tie antenna using ECSRR metamaterial unit

The gain of the ECSRR bow-tie antenna is enhanced by the triangular ECSRR metamaterial as
described in Xue et al. (2023) is used.
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Figure. 12. Simulated gain of the ECSRR bow-tie antenna
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Figure. 13. Simulated gain of ECSRR bow-tie antenna with and without ECSRR metamaterial unit cells

The ECSRR Bowtie antenna and the ECSRR metamaterial unit cells, both in the shape of a triangle,
are printed on a FR4 substrate. On the top of the dielectric substrate, the split rings take the form
of triangles, while the strip taking the form of a wire is printed there. This concept proposes using
an ECSRR bow-tie antenna, which radiates in end-fire array radiation.

Gain in the end-fire direction of an ECSRR bow-tie antenna has been improved by including
triangle-shaped ECSRR periodical metamaterial unit cells. A 3x4 array of metamaterial unit cells
in the shape of a triangle is included in the ECSRR Bowtie antenna. Three triangle-shaped unit
cells are required to provide sufficient coverage along the antenna'’s length in the end-fire direction.

As a result, the number of cells per unit in the column is set at 3. Analysed the effect of altering
the number of rows in the ECSRR metamaterial's unit cell array through parametric research.
Figure 13 shows the calculated improvement with and without the ECSRR unit cell. The antenna
itself is 28 mm x 49 mm in size. The proposed antenna achieves a gain(maximum)of 9.2 dBi, as
seen in the simulation results. The gain of the antenna has been increased by 5.14 dBi at 5.9 GHz
thanks to the usage of ECSRR metamaterial unit cells. A 3x4 array of metamaterial unit cells has
been shown to exhibit this enhancement. The analysis shows that when the antenna's frequency
range expands, its gain also does so.

At 4 GHz, the gain is 6 dBi, while at 5GHz, it goes up to 7.3 dBi. The gain continues to rise to 8.4
dBi at 5.45 GHz and 8.9 dBi at 6.15 GHz. Based on the research, the triangle-shaped ECSRR



metamaterial structure has been proven to elevate the gain of the bowtie antenna within the
frequency range of 4GHz to 6GHz.

5. Conclusion

The feasibility of the ECSRR EBG framework is investigated. Integrating the ECSRR EBG
structure with a CPW-fed microstrip quarter wave monopole antenna operating in the 3.5-6.15
GHz frequency band demonstrates the EBG structure’s ability to improve gain in this setting. The
CPW-fed quarter wave monopole antenna's overall gain was improved when an ECSRR bandgap
structure was integrated with it for use in the 3.5 GHz to 6.15 GHz range. At 4.15 GHz, it was able
to boost gain by 6.2 dBi while maintaining a highly directed emission pattern. The ECSRR EBG
structure is combined with the ECSRR bow-tie antenna, which consists of two elements, to study
its potential use in reducing mutual coupling. Gain improvements of up to 5.2 dBi at 5.9 GHz and
a peak gain of 9.2 dBi are possible because of the incorporation of the ECSRR metamaterial
periodic structure into the bow-tie antenna. This frequency range covers 4 to 6 GHz. The mutual
coupling and ECC in the 4-6 GHz frequency region were drastically decreased because of the
combination of the ECSRR EBG structure and the ECSRR bow-tie antenna, which consists of only
two elements. It was able to achieve an isolation of 66 dB at 4.9 GHz and a mutual coupling of
less than -32 dB across its entire operating frequency range. Academics and practitioners could
extend our paper by using some advanced tools, see, for example, Bai, et al. (2009, 2010), Tiku, et al. (2000),
and Li, et al. (2022). Academics and practitioners could also employ the approach used in our paper
to examine important issues in other areas, for example, decision sciences, see, for example, Alghalith
and Wong (2022), Pham, et al. (2022) and Ravinagarajan and Sophia (2022), economics and finance,
see, for example, Maydybura, et al. (2022), Wong, et al. (2022), Obrimah and Wong (2022), etc.
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