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Abstract: In this paper, a unit cell of a single-negative metamaterial struc-
ture loaded with a meander line and defected ground structure (DGS) is
investigated as the principle radiating element of an antenna. The unit cell
antenna causes even or odd mode resonances similar to the unit cell structure
depending on the orientation of the microstrip feed used to excite the unit cell.
However, the orientation which gives low-frequency resonance is considered
here. The unit cell antenna is then loaded with a meander line which is parallel
to the split bearing side and connects the other two sides orthogonal to the
split bearing side. This modified structure excites another mode of resonance
at high frequency when a meander line defect is loaded on the metallic ground
plane. Specific parameters of the meander line structure, the DGS shape, and
the unit cell are optimized to place these two resonances at different frequen-
cies with proper frequency intervals to enhance the bandwidth. Finally, the
feed is placed in an offset position for better impedance matching without
affecting the bandwidth The compact dimension of the antenna is 0.25
λL × 0.23 λL × 0.02 λL, where λL is the free space wavelength with respect to
the center frequency of the impedance bandwidth. The proposed antenna is
fabricated and measured. Experimental results reveal that the modified design
gives monopole like radiation patterns which achieves a fractional operating
bandwidth of 26.6%, from 3.26 to 4.26 GHz for |S11|<−10 dB and a pick
gain of 1.26 dBi is realized. In addition, the simulated and measured cross-
polarization levels are both less than −15 dB in the horizontal plane.
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1 Introduction

One of the main challenges of modern portable devices of wireless communication is to give more
functionality with a compact housing. For this reason, the allocated space for antenna elements in
these devices becomes short. Moreover, micro wireless devices for Internet of things (IoT), human aid,
medical and some other smart embedded applications will make an evolution in the future generation
technologies. So, compact antenna design at present will have a big impact on these applications. A
lot of techniques till now are proposed where most of them use various techniques in half-wavelength
resonators. The techniques include cutting different shaped slots on the patch [1–4]. These techniques
treat the slots as separate radiating elements which increase the length of the current path of the patch
causing resonance at low frequency. For instance, an E-shaped coupled edge resonator (ECER) is
constructed which is composed of an E-shaped open slot and a rectangular strip [1]. This combination
forms a resonating inductive and capacitive (LC) circuit which gives a resonance at low frequency.
In another research, the lengths of two symmetrical L-shaped and U-shaped slots are used on the
patch to excite and control the low frequency resonances [2]. Besides these multiband applications,
slots are also used in compact wideband applications. Such as, a hexagonal star shaped slot si used to
get compact and wideband property [3]. In addition, a meandered slot structure is used on the ground
plane and three Y-shaped slots and one rectangular slot are cut on the Y-shaped patch to generate
multiple resonances at low frequency region and thus the bandwidth is enhanced [4]. Modified ground
structures (either by cutting slots or by loading with different shapes) [5–11] are also applied to get low
profile antennas. A protuberant ground plane with half slot structure is applied to get low frequency
resonance [5]. In another literature, two equally shaped slots are cut from the ground’s left and right
side which give additional resonance at low frequency [6]. Besides that, an open ended meandered
shaped slot is cut on the ground plane to reduce the size [7]. However, modified ground techniques
are also used to get compact as well as wideband properties. For instance, in a monopole antenna
design, rectangular ground plane is extended in the shape of a ring leaving the monopole and its size
to increase the electrical length of the patch [8]. In recent research, a triangular shaped slot is cut on
the metallic ground plane to achieve a 50% reduced antenna size. And according to the tapered slot
principle, this triangular slot also gives wideband property [9]. In addition, in a coplanar waveguide
fed antenna two open slots are cut on the coplanar ground plane from the left side of the transmission
line to attain compact and wideband properties [10]. In [11], a wide slot is cut on the ground plane and
then a horizontal stub is protruded from the right edge of the slot toward the center of the defected
ground plane to achieve compact and wideband properties. Another category of miniaturization
techniques includes utilizing different shaped structures or cutting a particular shaped structure. Such
as a rectangular ring shape [12], a key shaped structure [13], a hexagonal triangular fractal shape [14],
a U-shaped structure [15] etc. to get a low profile antenna. In some designs, a particular shape is cut
and slots are loaded to get compactness.. These are the techniques which include half wavelength
resonators. On the other hand, subwavelength resonators namely, epsilon-negative (ENG) or mu-
negative (MNG) or dual-negative (DNG) metamaterials are also used as parasitic elements to enhance
the performance of antenna systems. Moreover, the partial loading of subwavelength resonators with
half wavelength resonators can generate additional resonance at low frequency [16–18]. For example,
a lower resonant mode is achieved by the field interaction of a small loop and two concentric split ring
resonators (SRR) where the small loop acts as a RF radiator and the SRRs act as magnetic coupling
resonating structure [16]. A closed feed ring is placed inside a large split ring for size reduction. Further,
the size of the inner closed ring is shortened to get wideband property [17]. In addition, a center fed
half-wavelength dipole printed at both sides of a thin substrate is encircled by two identical SRRs
to exhibit compact and wideband property [18]. Metamaterial structures are also used as composite



CMC, 2022, vol.71, no.2 2385

right/left-handed transmission lines in antenna designs to generate zero and negative order resonances
by means of which the size reduction is achieved [19–22]. Some designs provide compact and multiband
properties [19,20] while some literature proposed compact and wideband properties [21]. There are
also some literatures where metamaterials are used to enhance the bandwidth but those techniques
have limitations over achieving miniaturization [22].

From the above literature review, it is clear that miniaturization techniques are applied both in
multiband and wideband applications where the designs are more compact in multiband applications.
But for future generation technologies, the wideband property is highly desirable to maintain a
high data rate communication. Another drawback of half wavelength resonators is that they cannot
give resonance at sizes less than one-tenth of the operating wavelength and sometimes the structure
becomes too complex. That’s why they are not suited to the future portable micro wireless devices
designed for IoT and other smart embedded applications. Though, subwavelength resonators are used
with half wavelength resonators to form a small antenna design but still the shortcomings for the
conventional resonators exist. Previously, a single metamaterial unit cell is used as NFRP (Near field
resonant parasitic) element to match electrically small antennas, but they are not used as the main
radiating element [23]. Since these unit cells can generate resonances at sizes less than one-tenth of
the operating frequency without any complex structure, their unit cell can be used alone as the main
radiating element of an antenna. But previous researches lack the appropriate theoretical analysis to
explain about how the low resonance modes of a unit cell can be excited using a feeding structure.

In this paper, a single negative metamaterial unit cell is utilized as the main radiating element.
Initially, the resonance property of a single split ring resonator unit cell is discussed in terms of their
even and odd resonance modes, and then an appropriate feeding structure is used to excite these
resonance modes. To the authors’ best knowledge, no literature has utilized a single unit cell of a
single negative metamaterial as the main radiating element of the antenna, and also the analysis is
given here is not done before. This is the main novelty of this paper. However, the lower resonance
frequency of the initial unit cell antenna reports only −10 dB fractional bandwidth of 8%, from 2.4
to 2.6 GHz. A meander line is loaded inside the unit cell parallel to the split bearing side. In addition,
the line has meandered in such a way that no metal section comes closer to the unit cell split so that
the electric polarization across the split remains unaffected. The unit cell loaded with a meander line
will cause another higher mode of resonance when a novel meander line defect is cut on the ground
plane. The width of the meander line placed inside the unit cell, the length, and width of the meander
line defect on the ground plane and the width of the unit cell split are optimized for placing these two
resonances at specific frequency positions with perfect frequency intervals. In this way, the state of the
art achieves enhanced −10 dB fractional bandwidth of about 26%. One of the most attractive features
of this unique design is that it uses a metamaterial unit cell with DGS but the radiation pattern does
not deteriorate but rather good cross polarization level in the horizontal plane is recorded. Which is
another novelty of this paper. Finally, the prototype is fabricated and measured which shows good
agreement with simulation.

2 Antenna Configuration and Operation Principle

The antenna is fabricated on Rogers RT Duroid 5880 substrate of thickness 1.52 mm which has
a dielectric constant of 2.2 and loss tangent of 0.0009. The configuration of the proposed antenna is
depicted in Fig. 1 and the dimensions are listed in Tab. 1. Initially, the resonance characteristics of the
SRR unit cell with the single split are investigated. Then the microstrip feed line is utilized to excite the
resonator with proper orientation to get similar resonance characteristics as investigated. After that,
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some techniques are applied to get enhanced bandwidth with a compact structure. The numerical
simulations are done with CST microwave studio software in the time domain.

Figure 1: The configuration of the proposed antenna. (a) top view. (b) bottom view

Table 1: Dimensions for the proposed antenna

Parameter Value (mm) Parameter Value (mm)

L1 20 W1 18
L2 13.5 W2 13.5
L3 6 W3 5.44
L4 3.6 W4 4.62
L5 2.7 Wg1 7.8
Lg1 8 DL 7
Lg2 5 DW 0.7

2.1 Resonance Characteristics of the Unit Cell

The size and resonant frequency calculation of the SRR unit cell can be done using [24,25].
Initially, a square-shaped ring with length of 13.5 mm on each side and a thickness of 1.5 mm is
selected. Then a split of length 0.9 mm is cut in the middle of the right side of this ring. The resonator
formed in this way is anisotropic in nature i.e., it will exhibit different resonance characteristics to the
incident electromagnetic wave with respect to different configurations of incident electric field vector,
�E and magnetic field vector, �H and wave vector, �k [26].

Originally, the split ring resonator exhibit mu-negative characteristic when the magnetic field is
applied orthogonally to the unit cell plane, otherwise it will show epsilon-negative property [27–29] as
shown in Fig. 2. However, there can be three possible configurations. Each configuration further has
two different orientations after fixing the z axis.
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Figure 2: (a) Permittivity and (b) permeability of configuration (ii) for different orientations

The configurations of the field vectors are given below:

1. The �H vector is perpendicular to the unit cell plane, i.e., it is aligned with the z axis (fixed),
where in orientation 1, �k and �E are aligned with the x axis and the y axis respectively and in
orientation 2, �k and �E are aligned with the y axis and the x axis respectively.

2. The �k vector is perpendicular to the unit cell plane, i.e., it is aligned with the z axis (fixed), �E
and �H are aligned with the x axis and the y axis respectively and vice versa.

3. The �E vector is perpendicular to the unit cell plane, i.e., it is aligned with the z axis, �k and �H
are aligned with the x axis and the y axis respectively and vice versa.

No noticeable resonance characteristics (is not shown here) is observed for both orientations
of configuration (iii) in the desired frequency range. On the other hand, configuration (i) is not
investigated here since the electric polarization found in this case is not stronger than configuration (ii).
Moreover, in this research microstrip feed line is used to excite the resonator where the perpendicular
component of the magnetic field of the incident electromagnetic radiation is negligible [30]. For these
reasons, this excitation will not reflect the results of configuration (i).

On the contrary, the resonance behavior of the unit cell for configuration (ii) can be achieved
easily by exciting the unit cell antenna with a microstrip feed line. The orientations of configuration
(ii) and their transmission spectrum are shown in Fig. 3. In both orientations, the wave vector �k is
aligned with z-axis. However, in orientation 1, �E is aligned with the x-axis and �H with the y-axis. In
this case, the electric polarization is along the sides of the unit cell and two successive dips are found
in the transmission spectra which can be referred to as the odd modes of resonances. These are similar
to short-wire-like electric resonances [31]. The first excitation mode occurs at f0 =5.5 GHz. Whereas,
the higher order mode occurs approximately at 3f0 position in the frequency range of 2 GHz–18 GHz.

In orientation 2, �E is aligned with the y-axis and �H with the x-axis. In this case, strong electric
polarization occurs along with the split, and a circular current is induced due to the external electric
field which causes magnetic resonance. This phenomenon is referred to as the electric coupling to the
magnetic resonance [32]. Four dips are observed in the transmission spectra which can be referred to as
the even modes of resonances. The first dip is the lowest excitation mode which occurs at f0 =2.4 GHz.
The second and third dips both correspond to the second excitation mode (since they have similar
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current density distribution) occur at approximately 4f0 positions. The third excitation mode occurs at
approximately 8f0 position.

Figure 3: Transmission spectrum of the single-split resonator. (a) orientation 1. (b) orientation 2

The current distribution of the unit cell for these orientations at the resonance frequencies is
also investigated to clarify the resonance characteristics (Fig. 4). For orientation 1, an odd number
of current nodes are found in the current density distribution at the resonance frequencies where the
number of nodes increases with resonance frequency. Three and seven current nodes are observed in
the successive excitation modes (a current node is referred to as the junction of two current paths or
the starting or ending of a current path). Whereas even number of current nodes are found in the
current density distributions at resonance frequencies of orientation 2. Like orientation 1 the number
of nodes also increases with resonance frequency except for the second and third dips. That’s why they
correspond to the same excitation mode. However, two, four, and eight current nodes are observed at
successive resonance frequencies.

2.2 Unit Cell Antenna Formation and Analysis

After investigating the resonance characteristics of the split ring resonator unit cell, it can be said
that if the unit cell is excited in a way such that strong electric polarization is observed along with
the split as orientation 2, then similar resonance characteristics will be observed. For this purpose,
a microstrip feed line is connected at the center of the side which is orthogonal to the split bearing
side to excite the unit cell. In the simulation, strong electric polarization is observed along with the
split (Fig. 5a) and the three dips similar to orientation 2 of configuration (ii) can be obtained easily for
different ground plane sizes almost at the same frequency positions as the unit cell within the frequency
range of 2 to 12 GHz (Fig. 6a).

It should be noted that in this configuration because of the strong electric polarization along the
split only even modes of resonances will be excited where the resonances at high frequency will cause
an increased even number of current nodes in the patch. On the other hand, if the feed is connected at
the middle of the non-split bearing side [not shown here] then electric polarization will not be observed
along the split. And in this case, odd modes of resonances will be excited. However, in both cases, the
creation of additional current nodes in the patch, which will cause higher even or odd mode resonances,
can be controlled using different ground plane structures [discussed in detail in DGS section]. Now
the antenna (Antenna 1) formed using the feed orientation as shown in Fig. 5a and ground structure
as shown in Fig. 5b causes low frequency resonance as shown in Fig. 6b but the bandwidth is very low
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at the lowest mode of resonance. Since compactness is required, techniques are applied to enhance the
bandwidth of the resonance at 2.4 GHz.

Figure 4: Current density at (a) 5.5 GHz for orientation 1. (b) 17 GHz for orientation 1. (c) 2.4 GHz
for orientation 2. (d) 8.4 GHz for orientation 2. (e) 17 GHz for orientation 2

Figure 5: (a) Electric field distribution on the (a) patch and (b) ground of antenna 1 at 2.5 GHz
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Figure 6: (a) Reflection coefficient of antenna 1 for different ground plane sizes. (b) comparison of
reflection coefficient of 3 stages of the proposed antenna

First of all, a meander line is placed inside the unit cell which is parallel to the split bearing side.
This structure causes the resonance to shift to the higher frequency region with a conventional ground
plane. But when the novel meander line defect is loaded on the ground plane the unit cell loaded with
the meander line excite another higher mode of resonance. Parameters are optimized for the proper
placement of these two resonances to enhance the bandwidth. The width of the meander line and the
split width are optimized to control the position of the first mode of resonance. And the width and
the length of the meander line defect in the ground plane are optimized to control the position of the
second mode of resonance. Finally, the feed is moved to an offset position to improve the impedance
matching without affecting the bandwidth. The design evolution of the proposed antenna is shown in
Fig. 7. A comparison of the reflection coefficient of different stages of the proposed antenna is shown
in Fig. 6b. A detailed analysis of the techniques is given in the successive sections where parametric
analysis is done to optimize the values of the parameters. It should be noted that during the parametric
analysis on a particular parameter the values of other parameters are kept constant at their optimized
values.

2.3 Meander Line Analysis

The addition of meander line inside the resonator forms two loops inside the unit cell. Since the
loops are connected parallelly to each other they can be compared to two parallel loop inductances.
As a result, the total inductance of the structure is reduced and the fundamental resonance is shifted
to the higher frequency region.

It is well known that the inductance of a flat metal sheet depends on its width, length, and thickness
[33]. So, the total inductance of the structure depends on these parameters of the meander line and the
ring structure. For simplicity, only the thickness of the meander line is optimized to achieve desired
resonance characteristics. A parametric analysis is done on the width of the meander line with DGS
and without DGS structure (Fig. 8). It is evident from these analyses that increasing the width of the
meander line will shift the first or fundamental resonance to the higher frequency for both cases and
does not affect the second resonance for the case of DGS loaded ground. The optimized value of the
width is 0.7 mm. The further increment will degrade the impedance matching of the resonance.
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Figure 7: Design evolution of the proposed antenna. (a) patch of antenna 1. (b) ground of antenna 2.
(c) patch of antenna 2. (d) ground of antenna 2. (e) patch of antenna 3. (f) ground of antenna 3

Figure 8: Parametric analysis of the meander line width (a) without DGS and (b) with DGS structure
on reflection coefficient

2.4 DGS Structure Analysis

DGS can be referred to as a compact geometry which is cut on the ground plane as a unit cell or a
periodic configuration. These are resonant in nature and its’ presence beneath a printed transmission
line can disturb the current on the ground plane [34,35]. For this reason, when the meander line defect
is made on the ground plane, the current is gathered along the sides of the meander slots. This current
induces additional current nodes at high frequency in the ring as well as in the meander line of the
patch which causes an additional even mode of resonance in the high frequency.

The current distributions on the patch and the ground plane without and with DGS are shown in
Figs. 9 and 10 respectively. Before adopting DGS the current on the patch follows a single direction
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which has only two nodes at the two ends of the split. On the other hand, the current in the portion of
the ground plane which is below the patch also follows a single direction but at the corners which
is not underneath the patch follows two different directions (Fig. 9). However, the opposite flows
of the current at the corners of the ground do not affect the current on the patch. On the contrary,
after adopting DGS on the ground plane, at low frequency the currents on the patch and the ground
follow the same mechanism as without DGS [Figs. 10a and 10b]. But at high frequency, the current
follows different directions in the patch which forms two additional current nodes which in turn creates
four different loops (Fig. 10c). As a result, at high frequency the total inductance of the unit cell
further reduces which gives rise to another higher even mode of resonance. The inductance of the
loops depends on the position of the current nodes on the patch. Whereas the position of the current
nodes on the patch depends on the position of the current nodes on the ground plane. That means, by
controlling the position of the current node on the ground plane, the position of the higher resonance
frequency can be controlled. At high frequency, the currents flow from the opposite sides of the DGS
to the center causing a current node to generate at the middle top position of the structure (Fig. 10d).
And it is observed from the current distribution that the positions of the current nodes on the left side
of the ring as well as on the meander line are generated just above the current node position of the
DGS. The length and width of the DGS are optimized to control the position of the current node on
the DGS which in turn controls the position of current nodes on the patch.

Figure 9: Current distribution without DGS (a) on the patch and (b) on the ground at 3.5 GHz

A parametric analysis is done on the length and width of DGS to see their effect on the second
resonance (Fig. 11). It is found that when the DGS length is increased the second resonance shifts to
the lower frequency region with improved impedance matching but degrades the impedance matching
of the first resonance. Conversely, when the DGS width is decreased the second resonance shifts to the
lower frequency region with improved impedance matching but also improves the impedance matching
of the first resonance. The parameters are optimized at values (DL = 7 mm, DW = 0.7 mm) for which
the bandwidth is maximum.
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Figure 10: Current distribution with DGS (a) on the patch and (b) on the ground at 3.5 GHz. (c) on
the patch and (d) on the ground at 4.13 GHz

Figure. 11: Parametric analysis of the DGS (a) length and (b) width on reflection coefficient

2.5 Split Width Analysis

As mentioned earlier, increasing the width of the meander line shifts the first resonance to the
higher frequency but the impedance matching degrades for higher values of width. The split width
is another parameter that can shift the first resonance to the higher frequency region. A parametric
analysis is done on the split width to see its effect on both resonances as shown in Fig. 12a. It is found
that as the value of width is increased the first resonance shifts to the higher frequency region and
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at the same time improves the impedance matching of the second resonance. On the other hand, it
also enhances the impedance bandwidth of both bands Another parametric analysis is done on split
width to see its effect on real and imaginary values of input impedance (Figs. 12b and 12c). It is found
that increasing the value of the width reduces the real value of the input impedance of the first and
second band at higher and lower frequencies respectively. Whereas flattens the imaginary value of them
over the entire bandwidth. For this reason, two bands are placed closely with maximum impedance
bandwidth. However, the width is optimized at a value (0.7 mm) where the bandwidth is maximum.

Figure 12: The parametric analysis of the split width on (a) reflection coefficient (b) real input
impedance. (c) imaginary input

3 Experimental Results

To verify the above analysis, a prototype of the proposed antenna is fabricated (Fig. 13) and
measured. The simulated and measured reflection coefficients of the prototype as shown in Fig. 14a
are in good agreement. The antenna achieves an impedance bandwidth of 26.3% for approximately
|S11| < −10 dB ranging from 3.26 GHz to 4.26 GHz where only a small region within this bandwidth
is found where the |S11| value fluctuate between −9 dB to −10 dB. On the other hand, the simulated
result shows an impedance bandwidth of 25.75% ranging from 3.35 GHz to 4.34 GHz. This small
mismatch may be caused due to the error on soldering or fabrication. The simulated realized gain
varies from 0.37 dBi to 1.35 dBi within the bandwidth. Whereas the measured realized gain ranges from
−0.7 dBi to 1.26 dBi which is in good agreement with the simulated data (Fig. 14b). The simulated and
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measured radiation patterns at 4 GHz of the proposed antenna are given in Fig. 15 which are in good
agreement. From the radiation patterns in both planes, it is evident that maximum radiation occurs
near the split bearing side. However, the H-plane radiation pattern is quasi-omnidirectional with low
cross-polarization level. Both the simulated and measured cross polarization levels are recorded less
than −15 dB in this plane.

Figure 13: (a) Front side and (b) Back side of the antenna. (c) VNA measurement setup. (d) Satimo
measurement setup

Figure 14: The simulated and measured (a) reflection coefficient and (b) realized gain of the proposed
antenna

A comparison between the proposed antenna with the other reported compact antennas is
presented in Tab. 2 in terms of bandwidth, size and peak gain. From the table, it is evident that the state-
of-the-art antenna is more compact than compact wideband antennas and exhibits wider bandwidth
than compact multiband antennas. So, further investigation on this area needs to be carried out to
achieve a more miniaturized wideband radiator.
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Figure 15: Simulated and measured radiation patterns of the proposed antenna. (a) XY-plane. (b) XZ-
plane

Table 2: Performance comparison of the proposed antenna with other antenna designs

Antenna
structure

Size
(λ3) a

−10 dB |S11|
BW (GHz)

Peak
Gain
(dBi)

Radiation
Efficiency
(%)

Ref. [3] 0.43 × 0.52 × 0.030 121 (2.04 −8.3) 3.19 na
Ref. [4] 0.30 × 0.20 × 0.020 41.8 (2.33 −3.56) 2 na
Ref. [5] 0.46 × 0.29 × 0.020 122 (3 −12.4) 4 80 (Approx.)
Ref. [7]b 0.21 × 0.08 × 0.010 7.7 (2.36 − 2.55),

5.5 (5.52 − 5.83)
0.28, 3.88 na

Ref. [10] 0.66 × 0.66 × 0.010 82.3 (3.65 − 8.75) 5.8 98
Ref. [13] 0.42 × 0.63 × 0.050 128.3 (3.08 − 14.1) 6.12 97
Ref. [15]b 0.31 × 0.07 × 0.010 26.15 (1.69–2.2),

20.41 (4.4–5.4),
17.82 (2.3–2.75)

2.73, 3.8, 2.57 na

Ref. [18] 0.58 × 0.58 × 0.010 67 (2.3 − 4.6) 3.5 88
Ref. [22]b 0.14 × 0.25 × 0.005 20.26 (0.865–1.06),

11.76 (2.24–2.52),
27.81 (3.25–4.31),
28 (4.9–6.5)

1.89, 5.05, 6.74,
5.98

62, 71, 95, 83

Proposed 0.25 × 0.23 × 0.020 26.6 (3.26 − 4.26) 1.26 95
Notes: aλ is the free space wavelength with respect to the ceneter frequency of the impedance bandwidth

bλ is the free space wavelength with respect to the ceneter frequency of the impedance bandwidth of the lower frequency band
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4 Conclusion

In this paper, a compact, broadband SRR unit cell antenna loaded with meander line and DGS
structure is designed, analyzed and tested. The unit cell of the SRR structure is used as the main
radiating element of the antenna which gives low frequency resonance. The compact size of antenna 1
is almost one-seventh of the wavelength at 2.4 GHz. The utilization of the meander line loading inside
the unit cell and the meander line defect on the ground plane cause the fundamental resonance and
one higher even mode resonance to occur at different frequencies with proper frequency intervals. The
split width is optimized to improve the input impedance over the entire bandwidth. The prototype
exhibits almost an impedance bandwidth of 26% where the gain variation is not more than 1.35 dBi.
But the size is increased a little bit which is almost one-fifth of the wavelength at 3.26 GHz. However,
the analysis presented here can be utilized in future unit cell antenna design for small portable devices.
Moreover, the prototype achieves a small cross-polarization level with almost stable omnidirectional
radiation pattern in the horizontal plane. This is a great achievement with metamaterial structure and
DGS loaded ground plane since both of which can deteriorate the radiation pattern. Overall, the state-
of-the-art design is compact and simple which exhibits wideband property with a small variation of
gain within the bandwidth and gives a stable radiation pattern. Therefore, it can be a perfect candidate
for IoT and smart embedded applications for 5G sub 6 GHz band and the outcome of this research
will have a great impact in future micro device evolution.
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