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Abstract: Fifth-generation (5G) wireless communication systems employ millimeter-wave (mm-wave) frequency
bands to achieve a very broad spectrum for high data rate transmission. To meet the system requirements, the best
design of antenna arrays with superior performance is essential. Thus, in this paper, the design and performance
analysis of single element, 2 x 1, and 4 x 1 metamaterial inspired millimeter-wave antenna (MIA) arrays are proposed.
The antenna elements are designed using Rogers’ 5880 as a substrate material with a 2.2 dielectric constant and
thickness of 0.35 mm to operate at a center frequency of 38 GHz. The simulated design of the single, 2 x 1, and 4 x 1
MIA arrays return loss, bandwidth, gain, voltage standing wave ratio (VSWR), and total efficiency are: -82.95 dB, -67.1
dB, -69.12 dB; 1.971 GHz, 2.278 GHz, 4.704 GHz; 7.36 dBi, 9.11 dBi, 11.4 dBi; 1.001432, 1.0009, 1.0007; and
95.55 %, 94.01 %, 95.87. As compared to other works, improved performance has been achieved by considering the
effect of meta-materials on the radiator and at the ground of microstrip patch antennas (MPA). The selected type of
meta-materials alters the current distribution of the radiating patch that enhances the fringing fields at the edge of MPAs,
which inspires the radiation of antennas and reduces the surface wave loss at the radiators’ ground plane. The proposed
MIA antenna arrays have improved upon the drawbacks of traditional MPAs and fulfill the requirements of 5G
communication systems.

Index Terms: Bandwidth, Beam-Gain, Directivity, Meta-material, Split Ring Resonator (SRR), Return loss

1. Introduction

The 5G communication systems are transforming telecommunication applications by using spectra such as sub-6
GHz, 24 GHz, 28 GHz, and 38 GHz. These frequencies were chosen because of their wide bandwidth (BW) availability,
higher throughput, and low latency, which will enable several new wireless applications [1]. Compact radiating
antennas capable of operating over wide frequency bands should be designed to make such promises a reality. Recently,
an MPA with miniaturized technology through a negative-permittivity dielectric substrate has been proposed to meet
these requirements [6]. Shorting walls, shorting pins, some deformation, and fractal geometry are used in the MPA.
However, the overall performance of such an approach is limited since the BW is narrow, the magnitude of the return
loss is very high [14], and the radiation efficiency is also minimal due to surface and spurious wave losses and dielectric
losses of MPAs [2]. As such, an alternative design approach based on the use of meta-materials is proposed to address
these issues. In [3, 4, 5], the SRR structures are used as radiators, while in [6, 7] they are used on the ground of the
antennas. Further, the work in [8] also reported the usage of SRR structures as a super-state of the designed antennas.
Besides, a compact meta-material [9] and ultra-wide-band planar arrays [10] are designed from a slot of SRR structures
as the main resonator and a co-planar wave-guide at the feeding part. Similarly, an mm-wave meta-material SRR loaded
that operated at 28 GHz is presented in [11] to enhance the BW of meta-materials using the structure of an SRR on the
substrate layer. The above works are commonly considered SRR structure-based antenna designs and are able to
improve certain parameters. However, there are several issues that need to be addressed to be able to design compact
radiating antennas that can meet the requirements of 5G and beyond mobile networks. On one hand, the designed
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antennas in the existing works have no common resonant frequency, and the antenna has cross-polarization, causing
array blindness and low BW. Besides, the interaction between the SRR structures and an antenna was not investigated,
even though it is crucial for the current distribution, which profoundly determines the antenna performance

To address these issues, in this work, a design of MIA array that resonates at 38 GHz was proposed. The aim is to
design a high overall performance antenna by exploiting the artificial properties of SRR structures with compact
antenna sizes. A step-by-step, design process of the radiator is considered to identify the impact of SRR structures on
propagation scenarios. Further, the properties of the slotted structures have been studied to overcome challenges with
design complexity issues and operate at a higher frequency. The rest of this paper is organized as follows: Section 2
describes the design of the proposed antenna. Section 3 presents the simulation analysis and discussion, and, section 4
concludes this work.

2. Design of Metamaterial Inspired Millimeter-Wave Antenna Arrays

This section provides the design steps for the proposed MIA arrays for the 5G communication systems at 38 GHz.
First, the design steps in the conventional microstrip patch antenna were introduced and then present the design
procedure of the proposed MIA arrays along with a detail discussion about its operation.

2.1. Designing steps

Initially, the design steps detailed in [20] was used to create a single-element conventional MPA physical structure
as an initial model. To use a substrate of low dielectric loss, better mechanical energy and suited for high frequencies,
the RT Rogger’s 5880 was selected [20]. These properties make it well-suited for high-frequency and high-power
applications, including 5G systems. Figure 1 depicts the front view of the rectangular MPA. As discussed in the
preceding section, the performance of such a structure is constrained by a number of losses. For instance, in order to
achieve a wide bandwidth, the substrate thickness in an MPA system must be sufficiently large. However, as the
substrate thickness increases, surface and spurious wave losses occur, resulting in limited performance.

2.76mm

2.38mm

T0.15 mm
(‘)‘ th
Fig. 1. Typical Rectangular MPA.
Table 1. Calculated Dimensions of Typical Rectangular MPA.
Antenna Component Symbol Calculated Dimensions (mm) Optimized Dimensions (mm)
Ground Width W 5.72 5.72
Ground Length L 5.22 5.22
Patch Width Pw 3.12 2.76
Patch Length Lpl 2437 2.38
Copper Thickness Cu 0.035 0.035
Substrate Thickness H 0.35 0.35
Permittivity er 2.2 22
Inset feed fgp 0.2656 0.15
Table 2. Calculated Dimensions of Typical Rectangular MPA.
SRR Component Symbol Calculated Dimensions (mm) Optimized Dimensions (mm)
Outer Length Lo 0.96 0.5
Inner Length Li 0.52 0.3
Gap Rgp 0.13 0.05
Thickness Rthick 0.15 0.05
Gap Between Rectangle Cu 0.09 0.1
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Fig. 2. Meta-material SRR Structure Slot.

2.2. To reduce different types of losses and improve antenna performances the following steps are followed.

1. A new structure by integrating SRR structure slots into the conventional radiator and the ground plane was
presented. In this approach, since the properties of electric and magnetic fields are used to select SRR
structures, changing these fields can cause the MPA’s characteristics to change in such a way that performance
can be improved without increasing the physical size or the losses.

2. By inspiring these new ideas, a developed slot of basic SRR structure shown in Fig. 2 is designed. As
illustrated in this figure, there is an air gap between the outer and inner rings of SRR, resulting in different
resonant frequencies.

3. To determine the frequencies and the physical dimensions of the proposed SRR structures, the following
procedure has been employed: Suppose that L denotes the length and Lo, Li are the outer and inner lengths,
respectively. Then the lengths L1, L2 can be calculated using equation 1 and 2 [21, 22], respectively.

L1 = 4(Lo — Rthck) — Rgp Q)
L2 =4(Li — Rthck) — Rgp, (2)

Here Ry, Rgp denote the thickness of the rectangle, and the gap, respectively. Further, the inner-outer frequencies
Fouter» Finner €8N D€ COMputed as

c

fouter = 2L1@ (3)
=5 @
firmer - ZLZ‘/@

Respectively, where C denotes the speed of light (= 3.0 x 108 m/s). The €. is computed as

e+l -1

—— (®)
2 1+12%

Where ¢, is permittivity and h denotes the substrate thickness. When two resonators with two different resonant
frequencies f_ .. and f. _ are coupled, the coupling changes both resonances by f,. The frequency variation depends

outer inner

on the coupling values between the two rings and the resonant frequency of each loop occurs at halfwavelength, which
can be determined as:

Eeff = +

c

fO = 2Leq\/§ (6)

_ L1+l

Where Leq =

4. As such, the SRR structure slot designed with the above equation was implemented on both the ground and
radiator parts of the antennas. This leads to low loss properties by reducing the return loss, impedance
mismatching, and other losses, such as surface wave and spurious wave losses.
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(a) (b) (c) (d)

Fig. 3. Design steps of single element MIA arrays

5. Figs. 3(a)-(d) depict the design steps for a single-element MIA. In this structure, the SRR structure slot
placement is technically selected to reduce the drawbacks of a typical rectangular MPA.

6. As it can be seen from the figure, the SRR structure slot is introduced on the upper and lower parts of the
radiator in this way, it affects the antenna performance.

7. More specifically, the introduced SRR structure slot in Fig. 3(b) is used to alter and then enhance the
magnitude of the fringing fields from the radiator to the atmosphere.

8. Next, the structure in Fig. 3(c) is developed to minimize the returned power to the source and regulate the
flow and path current distribution at the feeding edge of MPAs.

9. Finally, an MIA antenna that can achieve improved performance is constructed by integrating the structures
from the previous steps, as shown in Fig. 3(d). Based on the above instructive idea, our proposed design of the
MIA antenna is shown in Fig. 4.

2.64mm 5.72mm

2.28mm

5.22mm

Fig. 4. Single element metamaterial inspired mm-wave antenna arrays.

This figure depicts the front view of the rectangular MPA inspired by 2 x 2 and 4 x 5 meta-material SRR slot
arrays on the ground structure. The metamaterial SRR slot has been placed at a distance of 1 mm from each other to
reduce mutual coupling between antenna elements. As a summary of the designing steps, the physical structure of the
designed MIA arrays along with the dimensions are indicated in Figs. 5-6.

2.3. Why SRR works

In this subsection, we present the reasons why the proposed MIA design can achieve improved performance at
large frequencies such as 38 GHz. Adjusting the split gap used the SRR act as a resonant circuit that provides a low-
impedance path for the surface currents on the patch antenna, effectively shorting out the currents at the edges of the
patch. Couple with the patch and create new resonant modes that expand the operating bandwidth of the antenna and re-
radiate the energy that is otherwise lost in the substrate. It can suppress the surface wave propagation on the patch
antenna and improve the antenna’s isolation. Also, the SRR slot reduces the cross-polarization to improve polarization
purity and mitigate the level of unwanted signals. This can make the designed antennas more compact and reduce its
profile, making it easier to integrate into a smaller device. The performance of MPA is significantly impacted by the
magnitude of the fringing fields. Fig. 7 demonstrates the impacts of a meta-material SRR inspired on the fringing area
of an MPA. Because of the SRR slots, the circled flow of the current at the head of SRR rings are dismissed and charges
stored at the edge of the ring accepts the capacitance behavior. As the capacitance value gathered by the edge of SRR
slot increased, the antenna and source impedance will be matched. The arranged array SRRs that inserted at the ground
of the radiator will store more charges and the spurious wave mitigated to improve power capacity and bandwidths.
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Fig. 5. 2 x 1 metamaterial inspired mm-wave antenna arrays (a), Without (b) and with 6 x 4 SRRs (c).
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Fig. 6. 4 x 1 metamaterial inspired mm-wave antenna arrays (a), Without (b) and with 16 x 7 SRRs (c).
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Fig. 7. Effect of Meta-material SRR structure inspired on the fringing area of MPA.

While the current is induced by an electric field between the gaps of SRR metal, the side length acts as an
inductance. The inductive properties of this metallic ring produce magnetic fields by reducing the loss current of the
radiator which will affect the impedance and bandwidths of the proposed antennas. So, this principle of the proposed
SRR slot increases the radiation capacity of the proposed antenna. To regulate and match the proposed antennas
impedance at the feeding network, the split gap, side lengths, and the width of the SRR has been analyzed. Since there
is no fringing of electric fields along the length of the radiating patch, the radiation caused by the fringing field that
occurred between the MPA’s edge and the ground plane (along the width of the patch) would be used for
communication purposes. Furthermore, the magnitude of the fringing field is affected by the MPA size and substrate
height. Technically, the fringing field gets larger as the height of the substrate increases. A MPA would appear
electrically broader in comparison to its physical part due to the fringing effect. Thus, it is necessary to increase the
fringing effect of MPAs to attain antennas with good performance for efficient radio propagation, and the meta-
materials have a great role in increasing the fringing effects. As shown in Fig. 4, the meta-material SRR structure
inspired applied to the patch. This decreases the high input impedance of typical MPA and changes the current
distribution pattern, which profoundly boosts the magnitude of the current arriving at the center and the edge of the
radiating patch. This helps the MPA radiate the input power strongly and increase the effective length. In another
perspective, the meta-materials SRR structure added at the ground of the antennas are desired to act as a reflecting
surface, which will focus the maximum radiation energy in the desired direction. Also, it suppresses the surface wave
loss of the antenna; hence, the returned loss and VSWR are highly improved. As such, employing the proposed method
at the effective fringing area allows us to improve antenna performance metrics such as bandwidth, gain, directivity,
and radiation efficiency.
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3. Simulation Results and Discussions

In this section, the performance analysis of the proposed metamaterial-inspired millimeter-wave antenna arrays is
presented based on time domain based simulations obtained from the CST-MW studio. The performance has been
measured in terms of the bandwidth, magnitude of the return loss, VSWR, gain, and radiation efficiency. We begin the
discussion by presenting the S-parameters, permittivity and permeability characteristics of the designed meta-material
loaded in Fig. 2. Fig.8 (a) shows the real and imaginary reflection (S11) and transmission (S21) coefficient of the SRR
slot.

Tables\1D Results\Extract Material Properties [Real/Imaginary Part]

200
100 i
&
o 7 S-Parameters [Reallimaginary part]
/_-/——*. ;'6
-100 L
Epsion_r (Re) -::
200 ===== Epsion_r (Im) E
Mu_r (Re) b3
====- Mu_r (Im) -0.
-300
——51,1 Real = = 51,1 Imaginary
. —— 52,1 Real ~ = 52,1 Imaginary
-400 20 25 30 35 40 45 50
20 25 30 35 40 45 50 Frequency (GHz)
(@) S-parameters (Real and imaginary parts). (b) Permittivity and Permeability.

Fig. 8. Material properties of Meta-material SRR structure slot.

Material properties of the SRR slot are extracted from S-parameters. From the simulated result depicted in Fig. 8
(b), it is clear that the magnitude of the plot is within the negative and positive regions for permittivity and permeability,
respectively. At the proposed resonant frequencies, SRR structure slot permittivity and permeability are negative. This
helps to know refractive index of SRR structure slot to design the reduced size and more performed antennas. In
conventional scenarios, this plot characteristic is not obtained or exists. Thus, the designed SRR slot exhibits
permittivity and permeability characteristics, which play a vital role in enhancing the antenna performance metrics. The
real parts of Fig. 8 (b) represent the ability to store electric and magnetic energy, and the imaginary part of permittivity
and permeability appeared by the sake of the loss in electric and magnetic energies. As shown in Fig. 8 (b) the negative
permeability of the SRR structure slot is from 36.2GHz to 40.17GHz and negative permittivity up to 45.12GHz. The
proposed SRR slot will appear double negative with a bandwidth of 3.97GHz to satisfy the characteristics of DNG
meta-materials.

S-Parameters [Magnitude in dB] S-Parameters [Magnitude in dB)]

w -30
-57.061695
55 ST = 61542337 —mPA 0

~——2X1 with no ground SRR

dB

~——2x1 with ground SRR

- I —Proposed Work

’ | . =0 ——dx1 with no ground SRR

85 ¢ - o 2 R [—

&0 . > — 4t with ground SRR
100 -69.1214¢
! 37 375 38 385 39 -0 e
3 35 36 37 38 39 20 a 2
Franuency. (GHi} Frequency (GHz)
(@) Single Typical MPA and MIA . (b) 2x 1and 4 x 1 MIA arrays.

Fig. 9. Return loss Vs Frequency Plot of antennas.

The return loss versus frequency plot of a single rectangular MPA and MIAs is shown in Fig. 9 (a). As it can be
seen from the plots, the conventional MPA has a return loss near -57 dB, while the proposed MIA antenna has been able
to achieve below -82 dB at a BW of about 2.081 GHz. This shows that using a meta-material SRR structure slot as an
antenna part and ground can significantly reduce return loss, with our method being able to reduce it by less than -25 dB.
Furthermore, when we compare the results corresponding to the MIA arrays, it is clear that the bottom and top
metamaterial SRR structure-inspired antennas have a large return loss compared with 2 x 2 metamaterial SRR inspired.
This is due to the fact that the top SRR slot is used to enhance the fringing fields of the patch, which results in reducing
input power loss. Besides, using the bottom SRR slot changes propagation direction and, as a result, produces better
radiation from the antenna. Our result confirms this fact by reducing the reflection coefficient up to -82.95 dB and
matching the impedance of the antenna. Fig. 9 (b) plots the return losses of 2 x 1 and 4 x 1 MIA arrays. It is clear from
the figure that the 2 x 1 and 4 x 1 MIA arrays have achieved return losses of -60.3 dB and -67.1 dB, respectively, both
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without and with incorporating a 6 x 4 MIA arrays on the ground plane. Besides, it can be easily seen that, as MIA
arrays are integrated into the structure, the bandwidth of the 2 x 1 MIA arrays is changed from 2.057 GHz to 2.278 GHz,
which shows an improvement of 221 MHz. Furthermore, it is also clear that the 4 x 1 MIA arrays return losses without
and with SRR slots on the ground are -65.35 dB and -69.12 dB, respectively. The antenna’s BW was approximately
3.89 GHz prior to the use of meta-materials; after the use of meta-materials, however, it is increased to 4.704 GHz. As
such, it is clear from the results that, by arranging the flow of current to the center of the patch and decreasing the
impedance, the inserted meta-materials at the edge of each MPA attenuate the circulation current which causes large
magnitude of the return losses. Figs. 10(a)-(b) show comparisons of VSWR for single-element MPA and MIA arrays
and those of 2 x 1 and 4 x 1 antenna arrays, respectively.

Voltage Stnding Wave Ratio (VSWR)

Voltage Standing Wave Ratio (VSWR)

— 251 wfo Ground SRR

201 of grownd SRR
1 wja ground SRR

— it of ground SRR
36 Ex 38 39 40 36 ey

1
Frequency (GHz) Frequency [GHz)

(a) Single Typical MPA and MIA. (b) 2x 1 and 4 x 1 MIA arrays.
Fig. 10. VSWR plots of MPA and MIA arrays.

38 %0

The VSWR of conventional and MIA single elements is 1.0181 and 1.0014, respectively. Similarly, the VSWR of
2 x 1 and 4 x 1 without SRR slots on the ground of antennas is 1.0019 and 1.0002, respectively. The VSWRs of the
proposed 2 X 1 and 4 x 1 MPAs with SRR slots, on the other hand, are 1.0009 and 1.0007, respectively. From the results,
it can be observed that the introduced MIA arrays at the side of the feed line (i.e., the bottom SRR slots) reduces the
mismatch loss of the antenna and can be considered an effective way to minimize the mismatch loss of conventional
microstrip antennas. The 2D radiation pattern of a typical single-element Microstrip patch antenna, MIA of single
element, 2 x 1, and 4 x 1 arrays are given in Figs. 11(a)-(b). 11(a) shows Fig a 2D radiation pathtern comparison
between MPA and MIA. As it can be seen from the plot, the side lobe level magnitude of a conventional and modified
single element patch antenna are -25.6 dB and -15.2 dB. As the SRR slot is introduced only on the radiating patch of 2 x
1 and 4 x 1 arrays, the achieved side lobe level is about -15.6 dB and -11.3 dB, respectively. At millimeter wave bands
the wavelength of the signal is short.

Farfield Gain in E-Plane Farfield Gain in E-plane
. . hi=270
phi=90 0 phi=270 P
20
60
——2x1 without ground SRR
( \ 90
907 190 ——2x1 with ground SRR
120 s LT~ a0 /120 ——dx1 without ground SRR
—MPA ——4x1 with ground SRR
—MIA Theta /Degrees vs.dBi

Theta /Degrees vs.dBi

(@) (b)
Fig. 11.

This allows for more compact antenna designs, but also makes the antenna’s performance more sensitive to factors
like side lobe levels and radiation pattern control. Metamaterial inspired millimeter wave antennas operating at high
frequencies can be designed to exploit the unique properties of metamaterials to achieve desirable radiation
characteristics. In high frequency bands and closely spaced frequency channels, high side lobes can lead to adjacent
channel interference and can distort the main beam of the antenna’s radiation pattern. This distortion can reduce the
precision of the beam, impacting the accuracy of applications like radar or beam forming systems. High-frequency
bands like millimeter waves, high side lobes can lead to significant interference with neighboring cells or users. This
interference can reduce network capacity and overall performance. To improve these scenarios MIA are analyzed and
proposed. Likewise, as the SRR slot is integrated on the radiator and ground plane of the array simultaneously, the
obtained side lobe level of 2 x 1 and 4 x 1 arrays are -13.6 dB, and -11.3 dB, respectively. From the results, it can be
easily realized that, as the number of SRR slot arrays on the ground plane increases, the magnitude of the side lobe level
increases which is loss of input power and produces the interference at the receiver side. Because, the SRR slot arrays
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reflect the radiated EM to undesired direction. However, deploying the SRR slots on the ground enhances the
bandwidth of all the designed antennas.

X

Farfield(f=38)[1]

Type Farfield
Approximation enabled(kR>>1)

Farfield(f=38)[1]

Type Farfield Component Abs

Approximation enabled(kR>> Output Gain
Component  Abs Frequency 38GHz
SMPU( 3(?2»4 Rad. effic. -0.1977 dB

requency z r
Rad. effic. ~ -0.1314 dB g)'f effc 3';:173;8
Tot. effic.  -0.1314 dB on IR
Gain 7.265 dBi

(a) Single MPA. (b) Single MIA.
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(c) 2 x 1 antenna without ground SRR slot array. ~ (d) 2 x 1 antenna with ground 6 x 4 SRR slot array.

Fig. 12. 3D Radiation Pattern of Single Element and 2 x1 MIA arrays.

A’ Farfield(f=38)[1]
Farfield(f=38)[1] y Type Farfield

Approximation enabled(kR>>1)

Type Farfield Component  Abs
Approximation enabled(kR>>1) Output Gain
Component  Abs Frequency 38 GHz
Output Gain Rad. eff -0.1829 dB
Frequency 38 GHz Tot. eff -0.1830 dB
Rad. effic. -0.1877 dB Gain 11.40 dBi

Tot. effic. -0.1877 dB
Gain 11.54 dBi

(@) 4 x 1 antenna without ground SRR slot array. (b) 4 x 1 antenna with ground 16 x 7 SRR slot array.
Fig. 13. 3D Radiation Pattern of 4 x 1 MIA arrays.

To further investigate the performance of the new design, Figs. 12(a)—(d) show a three-dimensional view of the
radiation pattern. As it is clear from Figs. 12(a)-(b), the gain, radiation efficiency, and total efficiency corresponding to
the conventional MPA and the proposed single-element MIA are 7.26 dBi, -0.1314, 97.02%, and 7.36 dBi, -0.1978,
95.55 %, respectively. Using the same pattern, the results in Figs. 12(c)-(d) shows that the gain, radiation efficiency,
and total efficiency of a 2 x 1 MIA that is meta-material added on the patch and the 6 x 4 SRR slot arrays on the patch
and ground of the antenna are 9.09 dBi, -0.2328, -0.2328 (94.78%), and 9.11, -0.2652, -0.2652 (94.01%), respectively.
Figs 13(a)-(b) implies the introduced SRR slots only on the patch and then on both the radiator and ground of antennas,
the achieved gain, radiation efficiency, and total radiation efficiency of 4 x 1 MIA arrays are about 11.5 dBi, 95.77%,
and 11.4 dBi, 95.87%, respectively. The proposed work discusses by comparing the performance of the proposed
antenna with several existing antenna designs. Table 3 lists the comparison in terms of various parameters. The
proposed single MIA arrays has a very low return loss and enhanced efficiency as compared to the results reported in
[13, 14, 15, 16], and wide bandwidth is achieved as compared to the work reported in [15, 16]. In terms of the

Volume 15 (2025), Issue 1 47



Metamaterial Inspired Millimeter-Wave Antenna Arrays for 5G Wireless Applications

magnitude of the return loss, VSWR, and total efficiency, the 2 x 1 and 4 x 1 MIA arrays have better performance as
compared to [14, 17, 18, 19, 23], and [24]. The reason to achieve better performance is because of the negative
refractive index properties of meta-materials, which minimizes the returned power to the source, increases the fringing
effect, and increase the radiation efficiencies of the MIA. While the introduced SRR slots at the ground of the antenna
enhance the bandwidth by reducing the surface wave loss.

Table 3. Performance Comparison of the Proposed Design with Other Similar Works

Antenna RF BW Gain
Tyoe Refno [ B | (ohg | SI@B) | VSWR [ AED | n()
[13] 38 2.146 -40.54 1.02 6.85 95.4
[14] 38 ; -20.15 127 8 90.32
single [15] 38 1.27 42.78 1.08 9.025 | 83.61
[16] 38 147 -29.45 0.995 7.89
This
Work 38 1971 -82.95 10014 | 736 | 9555
2x1 [14] 38 3.651 -18.35 127 924 | 89.63
[17] 38 1.06 226 ; 9.75 80
[23] 28 - -28.84 1.075 9.69 -
[24] 28 165 225 116 95 91.4
This 38 2278 67.1 10009 | 911 | 9401
Work
4x1 [18] 38 333 -20.15 127 55 84
[19] 38 1.48 24.25 - 6.98
This 38 4.704 -69.12 10007 | 114 | 9587
Work

In real-world 5G deployments, antennas are often exposed to varying environmental conditions, including
temperature fluctuations. Designing antennas to withstand these conditions while maintaining performance is critical.
At high power levels generate more heat, so designing for high power operation requires robust thermal management
solutions. Ensuring that the antenna can handle high power without significant performance degradation is essential.
Thermal effects can significantly impact the performance of metamaterial-inspired antennas, especially in high-
frequency and high-power 5G applications. Key concerns include thermal expansion, changes in material properties,
increased resistance, and performance degradation. Effective thermal management, careful material selection, and
thorough testing are crucial to mitigate these effects and ensure reliable performance of the antenna system. Addressing
these challenges helps maintain the desired performance and reliability of metamaterial-inspired antennas in demanding
5G environments. While metamaterials offer many benefits, their complex structures can be challenging to manufacture
at scale. Ongoing work focuses on developing cost-effective and scalable fabrication techniques. The performance of
metamaterial antennas can be influenced by the properties of the materials used. Seamlessly integrating metamaterial-
inspired antennas with existing 5G infrastructure and technologies is an ongoing challenge. Ensuring compatibility and
optimizing performance across diverse applications is key to widespread adoption. Developing new materials that offer
better performance characteristics and disabilities are the future work of the proposed paper.

4., Conclusions

In this paper, wide-band single, 2 x 1 and 4 x 1 MIA arrays are designed and simulated. The simulated result
reveals that the designed single-element MIA bandwidth, return loss, gain, and total efficiency are 1.97 GHz, -82.95 dB,
7.36 dBi, and 95.55 % respectively. The bandwidth, return loss, gain, and total efficiency of 2 x 1 and 4 x 1 MIA arrays
are 2.279 GHz, -67.1 dB, 9.11 dBi and 94.01 % and 4.704 GHz, -69.12 dB, 11.4 dBi and 95.87 %, respectively.
Likewise, the obtained bandwidth and radiation efficiency of the 4 x 1 MIA arrays are 4.704 GHz and 95.87 %,
respectively. From the achieved results, it can be concluded that the bandwidth of the antenna is improved and the
magnitude of the return loss has been minimized as the antenna is inspired by meta-materials on both the radiating patch
and ground structures. Besides, as the number of SRR slots increases at the ground of the antennas, the surface wave
loss is decreased but the side lobe level is increased. The proposed design enables the design of compact antennas with
high performance. This is particularly important for 5G devices, which are often designed to be smaller and more
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integrated and can achieve higher gain and directivity compared to conventional designs. This means they can focus
energy more effectively, improving signal strength and coverage. Higher directivity also reduces interference from side
lobes, enhancing overall network performance. The ability to create compact and highly efficient antennas makes it
feasible to integrate them into a wide range of devices, including smartphones, 10T devices, and wearable technology.
This facilitates more seamless integration of 5G capabilities into everyday technology. Therefore, the proposed antenna
arrays can be used for 5G wireless communication systems.
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