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For WLAN/WIMAX applications, a brand-new tree-shaped metamaterial-loaded microstrip antenna is suggested. The reduced
ground plane size and 4.4 dielectric constant (r) and 0.02 loss tangent () dielectric are used to manufacture the 15x16 X 1.6 mm?
microstrip antenna. Two X-shaped slots are added to achieve the characteristics needed for WIMAX applications at 5.5 GHz.
Additionally, a split-ring resonator is added to the structure to increase its bandwidth. It runs for WLAN applications with a center
frequency of 5.8 GHz. The proposed structure’s measured impedance bandwidth is 45.39% with SRR and 53.48% without SRR,
respectively. The proposed antenna is capable of satisfying the major requirements of modern wireless devices such as multiband
operation, compact size, large bandwidth, and planar structure. The best outcomes are attained with the aid of parametric analysis
of feed width, ground height, and slot width. All electromagnetic simulations were performed using CST Studio software. The
measured results and the simulation agree. The waveguide extraction approach is used to demonstrate the SRR’s permeability

property. The suggested antenna had adequate impedance matching, was small, and had a wide bandwidth.

1. Introduction

Modern wireless communication systems like Bluetooth,
WIFI, WLAN, WiIiMAX, etc. are integrated into small,
portable communication devices nowadays, and the design
of a downsized antenna with enough bandwidth capacity is
the actual problem [1, 2]. The monopole antenna is the best
option in these situations since it may provide a small size at
a cheap cost and is easily etched on a single FR4 substrate.
The literature has a number of designs aimed towards
wireless applications. Our goal is to create an antenna with
enough bandwidth for WLAN/WIMAX applications. The

introduction of the ground strip and slit [3], the use of the
meta surface as superstrate [4], bioelectric loading [5], the
metamaterial [6], the use of the ZOR as a parasitic element
[7, 8], the CPs impedance tuner [9], and the LC fractal
resonator [10, 11], among other techniques, are all reported
in the literature as ways to increase bandwidth. The above
conventional method is capable of achieving good band-
width, but each has its own demerits. Adding of slits and
slots change the frequency response and creates an unstable
radiation pattern; additional structures such as superstrate
and parasitic patches lead to an increase in size, whereas
fractal structure leads to fabrications difficulties.


https://orcid.org/0000-0001-9225-9666
https://orcid.org/0000-0003-2277-7518
https://orcid.org/0000-0002-5013-204X
https://orcid.org/0000-0002-4080-405X
https://orcid.org/0000-0001-7622-5490
https://orcid.org/0000-0002-2445-7414
https://orcid.org/0000-0002-0631-767X
mailto:sangeethak@kdu.edu.et
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/2543923

Negative permittivity and permeability are qualities that
are not commonly seen in natural materials and are instead
obtained from their structure as opposed to their compo-
nents. A metamaterial is an electromagnetic structure of that
type. The remarkable electromagnetic characteristics of
metamaterials are positively influencing the propagation
direction of electromagnetic waves. The design of antenna
[12, 13], filters [14-16], communication equipment [15, 16],
and couplers [16] may all be done using metamaterials. The
metamaterials are artificial electromagnetic structures with
Pg/4 unit cells that behave like physical materials and have
well-defined sequential properties [17]. Researchers are very
interested in using metamaterials to improve antenna per-
formance because of their distinctive electromagnetic ac-
tivity. Some types of metamaterials include the split ring
resonator (SRR) [18], omega-shaped [19], and comple-
mentary split ring resonator (CSRR) [20-23]. These mate-
rials are used to reduce size, improve bandwidth, and match
impedance well. Since the SRR has a lower wavelength than
its size due to its quasi-static resonant nature, it may be
utilized to create tiny antennas.

In recent decades, wireless communication has grown
tremendously due to the developments in technology. This
attracts people to switch to smart electronic devices for basic
needs like mobile phones, smart watches, fitness bands,
security systems, and so on. Also, wireless communication
played a vital role in military and satellite applications. These
developments use strong wireless signals which suppress the
weaker signals and also create noise, ineffective trans-
missions, and signal distortions. It should be guaranteed in
the design of the antenna to work efficiently under any kind
of transmission. This increases the performance of wireless
devices in terms of efficiency, reliability, and flexibility. The
use of more smart devices leads to the requirement for
antennas that can be used for a wide range of applications.
Hence, a wideband antenna with good impedance matching
is the major requirement of all modern wireless devices. For
achieving wide bandwidth, the techniques discussed above
are widely utilized, but it leads to various pullbacks such as
increased design complexity, distorted radiation pattern,
and lower gain. This requirement leads to the requirement
for an antenna that has wide bandwidth, radiates evenly, and
has a reasonable gain. So we designed the antenna with the
help of a metamaterial structure that can satisfy the major
requirement of the modern wireless device. The objective of
this proposed work is to develop an antenna for the WLAN/
WIMAX applications with increased efficiency under the
limiting factors discussed above.

For WLAN/WIMAX applications, a tree-shaped
monopole microstrip antenna is suggested. A decreased
ground plane aids in obtaining a good impedance match.
The suggested structure’s bandwidth was increased by
adding the SRR to the substrate’s bottom extremity. The
proposed antenna’s resonant properties are altered with the
addition of the SRR. The study is done on SRR’s negative
permeability feature. To get the desired outcome, a para-
metric study of the feed width, slot width, and ground height
is conducted.
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The structure of the paper is as follows: Section 1 de-
scribes the step-by-step procedures of the metamaterial
antenna with the enriched bandwidth. Section 2 describes
the step-by-step simulation with the required mathematical
expressions and derivative parts of the effective permeability,
refractive index, and permittivity of the metamaterial
structure. It also describes the fabrication procedure of the
proposed antenna and the supporting data. Section 3 de-
scribes the parametric study of the proposed antenna and the
corresponding comparison results. Section 4 describes the
extraction of the permeability property of SRR and Section 5
discusses the results obtained from the proposed antenna.
Also, a comparison of results between the proposed antenna
and the existing advanced antennas were presented. In
Section 6, the paper has concluded the research work based
on the effectiveness and advantages of the proposed antenna.

2. Mathematical Design Methodology
and Simulation

The radiating element with SRR at the bottom of the sub-
strate is supplied by a 50-ohm microstrip line. Based on
research and a review of the literature, we propose a low-
profile, multipurpose, small-sized, low-frequency band with
and without a metamaterial antenna. The radiating patch,
antenna substrate, and ground plane are the three layers of
the antennas, and their design is carried out at a millimeter
(mm) scale. The initial design equations for the embedded
metamaterial and slots in the ground are as follows:

My~ M, ~ 25 s

Wo LT 5057 40
(1)

Ly, W,  Sw

S = = = s
W3 71067 133

where Sy is the length of the slot and S, is the width of the
slot in the ground plane, and My, and M are the length and
breadth of the metamaterial unit cell in the patch. The
mathematical calculations used to begin the design of the
proposed antenna may be obtained from basic theoretical
equations as follows. The value for the dielectric constant can
be expressed as the following equation:

-0.5
e+1 ¢ -1 12h
Ere & r2 = r2 (1"‘7) . (2)

Due to the electric field acts on the antenna, the di-
mensions will be changed which can be said as fringing
length, AL and this can be expressed as in the following
equation:

AL ~ 0.412{ (& +0.30) ((w/h) + 0.26) }h. 3)

(&, — 0.258) ((w/h) + 0.80)

The fundamental frequency of the antenna with respect
to the dielectric field and the fringing length can be written
as the following equation:

fi
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where “w” denotes the width of the antenna element and “h”
denotes the height of the substrate material, and “er” de-
notes the dielectric constant of the FR4 substrate, which is
4.40. The antenna element’s size and shape are determined
by the following expressions:

A
L~—% _2AL=~ ‘o

- 2AL,
2E 2foVE
(5)
Ay e+l g 1
T2V 2 T2f, Vo2

Based on these parameters, the dimensions, like length
and width, fundamental frequency, permeability, permit-
tivity, and other constrains were calculated for the design of
the proposed method. Figure 1 shows the top and bottom
views of the suggested antenna. All three antennas’ designs
are depicted in Figure 2, and their parameter dimensions are
reported in Table 1. Figure 3 depicts the constructed
antenna’s snap.

The proposed antenna dimensions are given in Table 1.
The top view and the bottom view of the proposed antenna
are shown in Figure 1. The dimension of the proposed
antenna is nearly 16 mm x 15 mm. The size of the proposed
antenna is captured by an Indian one-rupee coin where the
antenna size is smaller than this coin. The proposed antenna
has a tree-shaped structure; initially, a circular patch is
designed, and later it is converted into a tree-shaped an-
tenna. The tree-shaped antenna is designed by merging the
% and % th of the actual initial size of the circular patch. The
discontinuities at the edges lead to a change in current
direction which in turn leads to a good impedance band
width match without increasing the size. The proposed
antenna's overall size remained the same, yet its bandwidth
significantly improved due to enhancements made to its
structure. The major significant impact of the structure's
improvement in bandwidth without the increase in overall
footprint of the proposed antenna. The antenna geometry is
designed with computer assistance in the initial stage. The
mask is made from a negative print of this geometry on
translucent sheet. Using acetone, a double-sided copper-clad
substrate FR4 with the proposed dimensions was completely
cleaned. The etched pattern is disrupted by dust or other
contaminants on the copper-clad surface, changing the
resonance frequency. The second process involves lami-
nating a negative photoresist layer to the dry and clean
copper-clad substrate. The photoresist laminated copper-
clad substrate is securely adhered to the negative mask that
was created in the first phase. UV light is shone upon the
copper-clad substrate that has been mask and photoresist-
laminated. The third step is to develop the copper-clad
substrate with a UV-exposed photoresist laminate. Un-
exposed photoresist is light blue and disintegrates in the
developer solution, but photoresist that has been exposed to
UV radiation hardens and becomes a dark blue colour. As
a developer, sodium carbonate is employed. Finally, a so-
lution of ferric chloride (FeCl3) is used to chemically etch
the produced copper-clad substrate. Except for below the
firm photoresist, the copper components disintegrate in

FeCl3. To get rid of any remaining etchant, the etched
substrate is washed under running water and dried. Use of
sodium hydroxide is used to remove the hardened photo-
resist. The effective microstrip antenna has been fabricated,
and the performance of this antenna has been analyzed in
various aspects and its corresponding results were presented
and discussed as follows.

Antenna A is a tree-shaped antenna; Antenna B is a tree-
shaped antenna with an X slot; and Antenna C is a tree-
shaped antenna with an X slot and an SRR. Broadband from
5GHz to 11 GHz is produced by Antenna A, with a maxi-
mum return loss of —35dB. To achieve effective impedance
matching, antenna A incorporates a smaller ground plane.
The radiating element of antenna B has two X-shaped slots
that it uses to produce 5.5 GHz resonance. Its operational
frequency range is 4.507 GHz to 7.0126 GHz, with a maxi-
mum sl11 of —29.651dB and a 45.39% bandwidth of per-
centage impedance. To create antenna C, an SRR is inserted
into the substrate bottom at the top right corner. Antenna C
has a wider bandwidth and a 5.8 GHz resonating frequency.
Antenna C’s impedance bandwidth as a percentage is
53.48%. While antenna C may be used for WLAN appli-
cations, antenna B, which has two X-shaped slots, can be
utilized for WIMAX applications.

It is crucial to pick the best-driven solution, the right
feeding mechanism, a fine-mesh structure, and the required
electromagnetic boundary conditions in order to provide
a converged solution for the specified design. The predicted
successes in terms of return loss, gain, S-parameter, and
radiation patterns of the metamaterial embedded antenna
have been examined and numerically improved. To estimate
the effective permittivity (er), permeability (ur), and re-
fractive index (nr) for the suggested metamaterial structure
integrated into the antenna structure, reflection (S11) and
transmission (S21) coeflicients are obtained.

Figure 4 shows the simulated s11 vs. frequency result.
Antenna B has a band resonating at 5.5 GHz with an im-
pedance bandwidth of 2.5089 GHz, which suggests that
antenna A has a noticeably large bandwidth from 5 GHz to
11 GHz. Additionally, C now has a wider bandwidth with
a central frequency of 5.8 GHz thanks to the SRR antenna.
Due to the shift in current flow direction along the SRR, the
resonance frequency is increased once the SRR is introduced
at a higher frequency.

Antenna C’s surface current distribution is seen in
Figure 5. The current is concentrated near the SRR at
5.8 GHz. The surface current displayed in Figure 5 clearly
shows that the current is maximum concentrated in the split
ring resonator which is printed in the back of the ground.
The SRR is induced by the field produced by the patch, and
the presence of SRR alters the current direction which is
responsible for the 5.8 GHz.

Table 2 compares the proposed antenna’s performance
to that of an existing antenna from the literature. Table 2
indicates that the suggested antenna has a compact size, and
this work also analyses the metamaterial characteristic. Also,
the properties and performance of the proposed antenna
have been analyzed and compared with some of the ad-
vanced antennas discussed in the literature [24, 25] in terms
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FIGURE 1: (a) Antenna B-front and back view. (b) Antenna C back view.

PL

FIGURE 2: Evolution stage geometry. (a) Antenna A. (b) Antenna B. (c) Antenna C.

4
WS
TaBLE 1: Dimension of antenna C.
Parameters Size (mm)
w 16
L 15
L, 1.61
F, 6.5
Fy, 2.9
S 0.25
Lg 3.6
R, 6
R, 7
H, 2.6
H 1.6
T 0.035
W, 0.725
u 8
X 2
y=z 0.5

of no of elements used for the construction, dimension,
frequency range, bandwidth, and method used for the
construction. The antenna proposed in [24] has the least

bandwidth among the other antennas taken for the com-
parison. The dimensions of this antenna are
26 mm X 23.6 mm. It is a kind of microstrip antenna, but its
metamaterial property has not been verified in any kind of
analysis. In [25, 26], a MIMO antenna is proposed for dual-
band antenna with wide bandwidth which covers all the
wireless application; in [27], fractal geometry is presented to
have a bandwidth of 550 MHz; in [28], a taperer patch with
truncated ground is proposed to have a wide bandwidth
from 3.11 to 7.3 GHz; and in [29],a dipole is presented which
operates at single band from 5.7 to 5.9 GHz. In [30], the
multidesign antenna is capable of resonating at three dif-
ferent bands. The antenna consists of three different shapes,
which in turn operate at three different frequencies. In [31],
a rectangular resonator is presented for RFID application,
but its operating frequency has a very narrow bandwidth. An
inset-fed antenna for wireless applications is presented in
[32] with a complex design and operating in a narrow band.
In [33], a flexible dual narrow band antenna is presented for
wireless application. The proposed antenna B and the
proposed antenna C have the same dimensions of
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FIGURE 3: Proposed antenna. (a) Antenna with SMA connector. (b) Back view of antenna B and C.
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FIGURE 4: Return loss comparison plot.

FIGURE 5: 5.8 GHz @ proposed antenna surface current.

16 mm x 15 mm. The bandwidth of antenna C is 0.5MHz
greater than that of the type B antenna. Also, antenna C has
an upper frequency of 4.4238 GHz and a lower frequency of
7.3451 GHz, whereas antenna B has an upper frequency of
4.4712 GHz and a lower frequency of 7.0126 GHz.

In contrast to the antennas presented in the comparison,
the suggested antenna’s metamaterial property has been
confirmed by the appropriate study. This guarantees that the
suggested antenna will be dependable and best appropriate
for real-time applications. The proposed antenna is capable
of having a large bandwidth which is a major requirement of
the wireless application. With large bandwidth, the data rate
requirements of the wireless application are easily satisfied.
The applications which are severed by this proposed antenna
are WIFL, WLAN, and WiMAX.

3. Proposed Antenna Parametric Analysis

The antenna C parametric research aids in determining the
ideal value. The ground’s feed width (Fw), slot width (Ws),
and ground height (Lg) are the subjects of the investigation.
The bandwidth comparison between the various types of
antennas and the proposed method is shown in Figure 6.

Figure 7 shows the variation in feed width (Fw) from
2.8 mm to 3 mm in increments of 0.1 mm. The optimal value
of Fw is determined to be 2.9 because it ensures adequate
impedance matching throughout the full working range
while increasing the bandwidth.

The research also uses the width of the ground slot to
determine the best value for it by adjusting its value from
0.715mm to 0.735 mm in stages of 0.01 mm. The suggested
antenna displays a satisfactory return loss characteristic, as
shown in Figure 8 when the slot width Ws is increased and
the ideal value of 0.725 mm is chosen.

The ground height is adjusted from 3.4 to 3.8 mm in
increments of 0.2 mm; the ground height of 3.6 mm is se-
lected because it has a decent return loss plot, good im-
pedance, and a respectable bandwidth improvement, as can
be seen in Figure 9.

4. Waveguide Extraction Method

According to Pendry, a split-ring resonator is a well-known
mu negative material. Due to the SRR’s capacitive behaviour
at low frequencies, the applied and induced magnetic fields
will be in phase. SRR can have a permeability value greater
than 1, and as a result, it mimics the magnetic dipole.
Figure 10 shows the waveguide setup for the extraction
permeability property. Figure 11 displays the magnitude and
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phase plots of the transmission and reflection S-parameters.
Figure 12 shows the permeability characteristics.

Due to its magneto-dielectric feature, as is seen in
Figure 12, the SRR displays high permeability with an actual
value. The enhancement in impedance bandwidth is caused
by the magneto-dielectric area, which is between 4.3 GHz
and 7 GHz. On the other side, this frequency band’s notch is
caused by the MNG area, which covers the range of 7.1 to
10.5 GHz.

5. Discussion on Proposed Antenna Results

The return loss characteristics are measured using the
Agilent Vector Network Analyzer. Figure 13 shows a com-
parison of the observed and modelled S11 properties. A tiny
difference between the simulated and measured S11 findings
is seen in a higher band and may be caused by the con-
nector’s thick soldering, production tolerance, or mea-
surement imprecision. The measured data substantially
matched the simulated result.

Table 3 contains the numerical comparison for the
return loss plot. Figure 14 shows the simulated co-
polarization and cross-polarization of antenna C for fre-
quencies of (a), (b), and (c), respectively, of 4.64 GHz,
5.5GHz, and 5.5 GHz for antenna B.

The proposed antenna is analyzed in simulation and also
measured in the experimental analysis. An agilent vector
network analyzer is used for the analysis. The return loss feed
width (F,), slot width (W,) in the ground, and ground
height (Lg) were measured. Also, antenna B and antenna C
were analyzed by considering the center frequency, re-
fraction coefficient (S11), and bandwidth (BW). The center
frequency of antenna A is 5.5 GHz, and the refraction co-
efficient in dB is —30.47 with a bandwidth of 2493 MHz. The
antenna C has the simulated results as 5.5 GHz of center
frequency, —23.73 refraction coefficient, and 2935 MHz of
bandwidth.

The prototype antenna C gain is plotted in Figure 15. The
proposed prototype of the antenna achieves the highest gain
of 1.34dB in the resonating band. The measured values of
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FIGUure 10: SRR permeability (waveguide method).
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the proposed antenna are 5.8 GHz of center frequency,
-23.73dB of refraction coefficient, and 2925MHz of
bandwidth. The gain by the antenna C prototype is plotted in
Figure 15. This proposed antenna prototype achieves the
highest gain of 1.34 dBi in the resonating band. As compared
with the existing antennas discussed in the literature
and comparison, the proposed antenna has the highest
gain as well as less return loss. This indicates the ef-
fectiveness of the proposed antenna over the other
existing antennas.

The performance of the proposed tree-shaped antenna is
analyzed in terms of bandwidth, upper frequency, lower
frequency, number of elements used, dimension of the
antenna, permeability characteristics, return loss, refraction
index, and radial pattern. The proposed structure has
a resonance at 5.5 GHz (WiMAX), and the bandwidth is
increased around the center frequency of 5.8 GHz after
adding SRR at the substrate bottom (WLAN). The SRR is
what causes the bandwidth increase, and the waveguide
extraction method is used to extract the SRR’s permeability
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TaBLE 3: Assessment of the proposed antenna’s simulation and measurement findings.
Center frequency S11 Bw
Antenna proposed SRR GHz dB MHz
Simulated Antenna B Not available 5.5 -30.47 2493
. . 5.8 -23.73 2935
Simulated Antenna C Available 1072 1128 1810
. 5.8 -23.73 2925
Measured Antenna C Available 1072 _12.01 1801
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properties. According to the parametric study, a small
modification to the antenna’s size might alter the properties
of the proposed configuration.

6. Conclusion

A compact tree-shaped antenna is proposed for the WLAN/
WiIiMAX application. The proposed structure operates at
5.5 GHz for WiMAX applications. Then, in order to improve
the bandwidth of the proposed antenna the split-ring res-
onator is designed for 5.8 GHz and added at the back of the
ground. The SRR is induced by the field from the patch and
alters the current direction which, in turn, leads to additional
frequency. The modes of the patch and SRR combined result
in the bandwidth improvement of the proposed antenna.
The SRR is what causes the bandwidth increase, and the
waveguide extraction method is used to extract the SRR’s
permeability properties. The bandwidth of antenna C is
0.5MHz greater than that of the type B antenna. Also,
antenna C has an upper frequency of 4.42 GHz and a lower
frequency of 7.34 GHz, whereas antenna B has an upper
frequency of 4.47 GHz and a lower frequency of 7.01 GHz.
According to the parametric study, a little modification to
the antenna’s size might alter the properties of the suggested
configurations. Suggested antenna C’s impedance matching
is excellent, and its small size, consistent pattern, and enough
gain make it a better choice for WLAN/WIMAX applica-
tions. Additionally, compared to the existing antenna, this
suggested antenna has a reduced cost.
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