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ABSTRACT

Millimeter-wave 5G devices need compact MIMO arrays that provide high gain while minimizing inter-port coupling; 
conventional arrays struggle to balance gain, bandwidth, and isolation in small footprints.This article discusses a 
compact, high-performance four-port orthogonal MIMO antenna system for millimeter-wave 5G uses that works in 
bands n257(26.50–29.50 GHz), n258(24.25–27.50 GHz), and n261(27.50–28.35 GHz). Each of the four ports has a 
4x4 sub-array with a total of 16 elements (individual element small size with dimensions of 0.32λ0×0.26λ0 excluding 
feed), along with a 13x10 double-negative (DNG) metamaterial reflector. The antenna is built on a Rogers 5880 
substrate, which is well-known for having great dielectric characteristics. The antenna has dimensions of 4.86λ0× 
4.81λ0× 0.073λ0, but it has a high gain of 14.3 dBi, a wide spread of 8.06 GHz, and a 97% radiation efficiency. 
Adding metamaterials that have negative permittivity, permeability, and refractive index greatly improves performance 
by getting excellent isolation of more than -32.7 dB and increasing the bandwidth by 200 MHz. The metamaterial’s 
unit cell was modeled with CST and validated by showing an identical circuit in ADS. A prototype antenna design was 
Fabricated and measured and the results were closely matched the simulations. Five machine-learning regression 
models were also used to verify and evaluate the antenna’s performance, including its gain. Support Vector Regression 
(SVR) and Extreme Gradient Boosting (XGB) methods were the most accurate, with 96% or more prediction accuracy. 
The results show that the suggested MIMO antenna system based on metamaterials works well and can be used in 
real-life 5G scenarios.
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INTRODUCTION

In an era marked by an explosive flow in annual data traffic, 
ranging from 40% to 70%, the future demands on wireless 
networks are projected to increase by an astonishing factor 
of 1000 compared to current requirements. To confront this 
monumental challenge, fifth-generation (5G) systems have 
emerged as a formidable solution, offering multi-gigabit-
per-second (Gb/s) peak throughput, positioning themselves 
as the linchpin for future communication applications  
(Tariq et al. 2021).  The constraints on capacity and 

bandwidth of channels operating below 6 GHz have led 
academic scholars and engineers to explore the unused 
mm-wave spectrum as a potential solution for implementing 
fifth-generation wireless communication systems (Rai et 
al. 2023; Singh et al. 2023). The significance of 5G 
technology transcends the fulfillment of burgeoning data 
rate demands. It expands its impact to tackle challenges 
related to low power consumption, reliability, and 
scalability arising from the rapidly growing number of 
connected devices. Furthermore, it acts as a driving force 
for emerging technological advancements such as smart 



466

cities, the Internet of Vehicles (IoV), and virtual reality 
(Rappaport et al. 2013). Nevertheless, this progress comes 
with a condition, as the utilization of the mm-Wave 
spectrum brings about certain challenges that affect signal 
quality, such as atmospheric absorption and attenuation 
due to path loss (Banday et al. 2019). Thus, the allocation 
of frequency bands assumes paramount importance in 
modeling effective communication systems, a concern that 
has spurred worldwide efforts by telecom regulatory bodies 
and industry leaders to standardize 5G communication 
networks. An overview of mm-wave spectrum allocation 
globally reveals a prevailing preference for the 26/28 GHz 
frequency band(Imam-Fulani et al. 2023).

The backbone of successful communication networks 
lies in the design and deployment of antennas. In the realm 
of 5G systems, set to deploy multiple antennas at both base 
stations and user terminals, Antennas become necessary 
elements, playing a key role in 5G millimeter-wave 
communication. Key factors that facilitate this include the 
use of antenna arrays, MIMO technology, and beamforming 
methods(Song et al. 2017). Recent research has explored 
a multitude of antenna configurations customized for the 
potential of mm-Wave bands (Al-Bawri et al. 2024; Bang 
& Choi 2018; Mandloi et al. 2023; Mulla et al. 2021; Omar 
et al. 2024; Pozar ; Sultan et al. 2020).Intensive research 
has been conducted on high-gain antenna arrays with 
beamforming capabilities to enhance signal strength and 
expand spatial coverage (Bang & Choi 2018; Mandloi et 
al. 2023). It is crucial to acknowledge that augmenting the 
quantity of radiators in an array improves antenna gain. 
Nonetheless, larger array configurations might experience 
losses in the power dividers. As a result, there is an 
increasing focus on creating high-gain antennas that have 
a minimal profile. This involves designs such as antennas 
utilizing metamaterials (Omar et al. 2024). Furthermore, 
to support the capacity of the communication system, 
MIMO technology emerges as a necessary tool, allowing 
multiple antennas to operate simultaneously. This 
advancement significantly enhances data rates, overall 
capacity, and communication link reliability (Al Abbas et 
al. 2019; El-Nady et al. 2021; Mulla et al. 2021; Pozar; 
Sultan et al. 2020). Noteworthy breakthroughs include the 
introduction of bi-layered Frequency Selective Surface 
(FSS) superstrates to address mutual coupling effects, 
thereby achieving substantial improvements in isolation. 
Additionally, techniques such as metamaterial-based 
corrugations have been implemented to reduce coupling 
between MIMO antennas, achieving notable isolation 
enhancements (Sehrai et al. 2021).

While metamaterials show promise in improving 
antenna performance, there is an ongoing drive to strike 
an optimal balance between gain enhancement and 
isolation improvement, recognizing the paramount 

importance of both factors for efficient antenna performance. 
The work in (Mulla et al. 2021), suggests a millimeter-wave 
massive MIMO system designed for a single user, and the 
implementation involves the utilization of a defected 
ground structure alongside a square array of patch antennas 
constructed of metamaterials. The system, characterized 
by its compact dimensions, functions at a frequency of 28 
GHz, possesses a bandwidth spanning 3.1 GHz, and attains 
a gain of around 6.28 dBi. Likewise, in(Murthy 2020), an 
alternative method is introduced to reduce coupling 
between MIMO antennas. In other recent studies, have 
been on how to improve MIMO output using metamaterials. 
In (El Houda Nasri et al. 2024), Presenting a metamaterial 
that incorporates a 4x4 MIMO antenna featuring circular 
polarization at a frequency of 28 GHz. This design utilizes 
square split ring resonators and possesses dimensions of 
45.5 x 45.5 x 0.8. The bandwidth of this metamaterial spans 
from 24.3 to 30.9 GHz, while maintaining isolation levels 
below -25 dB.

In Iqbal et al. (2019), A mm-wave MIMO antenna 
with two ports is documented, incorporating an 
Electromagnetic Band Gap (EBG) structure to enhance 
gain. Integrating EBG leads to a gain enhancement of 1.9 
dBi, reaching a maximum gain of 6 dBi. The design 
proposed in(Saad & Mohamed 2019), demonstrated in the 
study, specified the application of An Electromagnetic 
Band-Gap (EBG) reflector placed beneath   a a MIMO 
antenna with two ports to augment the antenna’s gain. A 
peak gain of 11.5 dBi was achieved by the proposed 
geometry The antenna exhibits effective MIMO capabilities 
alongside significant gain, its overall structure has 
relatively large dimensions, limiting its compatibility with 
forthcoming miniaturized communication devices. 
Nonetheless, the antenna is relatively large in size and if 
expanded to a a MIMO configuration with four ports from 
its original two-port configuration, the size will further 
grow, accompanied by a reduction in the achieved 
operational bandwidth. In light of the constraints elucidated 
in previous discussions regarding antenna designs, this 
study advocates the implementation of a 16-element 
Multiple Input Multiple Output (MIMO) antenna tailored 
specifically for millimeter-wave (mm-wave) 5G 
communication devices. Emphasizing both compact 
antenna dimensions and performance enhancement, the 
integration of a metamaterial (DNG reflector) exhibiting 
double negative characteristics is proposed. This inclusion 
aims to augment gain, bandwidth, and isolation properties. 
To elevate gain performance, a singular antenna element 
undergoes transition into an array configuration, resulting 
in each MIMO antenna comprising a 4×4 array of elements, 
all energized by a parallel feeding network. The rationale 
behind this approach is to further amplify gain while 
simultaneously mitigating interference among MIMO 
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elements. Situated strategically beneath the MIMO 
elements lies a rectangular plate housing a 13×10 array of 
DNG reflector with double negative elements. Operational 
within the mm-wave frequency spectrum spanning 25.94-
34 GHz, aligning with radiation bands designated within 
the 5G millimeter wave frequency band n257, the proposed 
antenna showcases notable gain enhancement, with peak 
gain reaching 14.3 dBi. Furthermore, the incorporation of 
the DNG reflector yields improvements in isolation, gain, 
and bandwidth characteristics.

THE DESIGN AND CONSTRUCTION PROCESS OF 
ANTENNAS

The proposed antenna design is an innovative arrangement 
consisting of 16 elements in a MIMO configuration. The 
objective is to enhance the effectiveness of wireless 
communication systems by increasing their efficiency. The 
chosen substrate for this design is Rogers RT/Duroid 5880, 
known for its favorable attributes in high-frequency 
applications. The substrate has a size of 51.6× 52.2 mm2, 
providing sufficient space for accommodating the antenna 
elements and other components. Rogers RT/Duroid 5880 
offers excellent electrical properties, The dielectric constant 
(εr) of 2.2 has an impact on how electromagnetic waves 
propagate within the substrate, affecting the antenna’s 
characteristics such as impedance matching and radiation 
efficiency. The substrate also has a thickness (h) of 0.787 
mm, which contributes to the overall compactness and 
thickness of the antenna design. To ensure proper full 
ground and minimize undesired radiation, a copper ground 
plane is employed to back the substrate. Copper is a 
common choice for its excellent electrical conductivity and 
suitability for high-frequency applications. Providing a 
solid grounding plane helps reduce electromagnetic 
interference and improve the overall performance of the 
antenna system. In addition to the MIMO antenna structure 
and substrate configuration, an essential component 
integrated into the design is the DNG reflector unit cells. 
These unit cells are strategically positioned below the 
MIMO antennas, approximately 0.465 λ the distance from 
the antennas. Metamaterials exhibit unique electromagnetic 
properties not found in natural materials, facilitating the 
manipulation of wave propagation characteristics. The 
antenna design incorporates Conformal Substrate 
Integrated Waveguide (CSIW) cells to improve performance 
in terms of bandwidth, gain, and radiation pattern, which 
constitutes the primary objective. The configuration is 
replicated and simulated using the commercially available 
electromagnetic (EM) simulator, CST Microwave Studio. 
Figure 1 illustrates the successive stages of the design 
process. Subsequent sections provide an in-depth 

exploration of the stepwise design methodology, the 
optimization techniques employed, and the corresponding 
results. Figure 2  showcases the prototype of the proposed 
design.

FIGUR1.The steps of the proposed antenna are loaded with 
metamaterial.

FIGURE 2. Depicts the prototype of the suggested design, 
showing the (a) front;(b) back;(c) front and (d) back .

DESIGN OF METAMATERIAL UNIT CELL

The effective parameters of the proposed MTM unit cell 
are extracted utilizing the postprocessing module of CST 
Microwave Studio. Commonly, the analysis and design of 
metamaterials incorporate an effective medium model to 
characterize their external electromagnetic behavior. This 
approach models the metamaterial as a continuous medium, 
facilitating simplified analysis and design processes. This 
particular medium exhibits a notable property of having 
an effective scalar electric permittivity Ɛeff (ω) and 
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magnetic permeability µeff (ω) where ω is the angular 
frequency (Simovski & Tretyakov 2020).  Researchers 
typically utilize the Nicolson-Ross-Weir (NRW) method 
(Chen et al. 2004) as the most commonly adopted approach 
to obtain the effective constitutive parameters of 
metamaterials. D. R. Smith and co-authors used it for the 
first time in reference (Smith et al. 2002) to describe a 
metamaterial structure created by a periodic arrangement 
of wires and split ring resonators.The recovery of the 
effective electromagnetic constitutive parameters, such as 
permittivity, permeability, and refractive index of a 
metamaterial slab, can be achieved by solving the 
subsequent system of equations, shown in (Musaed et al. 
2024).

The MTM design is depicted in Figure  3 , and  Table  
1 introduces a DNG MTM unit cell. The design features a 
primary outer square ring on the top layer, serving as the 
main boundary of the unit cell. Nested within is another 
square ring at the center, crucial for defining the resonant 
frequencies of the unit cell and thereby determining its 
electromagnetic response. At the center of the top layer, a 
circular ring, along with smaller ones, is integrated. The 
bottom layer incorporates dual concentric ring ground 
planes, including an inner ring. These ground planes are 
instrumental in reflecting waves, thus significantly 
enhancing the gain and efficiency of the antenna system. 
The MTM unit cell is constructed with dimensions of 
4×4.16 mm² and is fabricated on a Rogers 5880 substrate. 
This substrate is selected for its superior electromagnetic 
characteristics, featuring a dielectric constant of 2.2 and a 
remarkably low loss tangent of 0.0009. With a thickness 
of 0.787 mm, the separation between the substrate’s top 
and bottom layers is optimized to minimize signal loss, 
thereby maximizing overall performance.

TABLE 1.Design parameters of the proposed metamaterial
Par. Dim.(mm) Par. Dim.(mm)
L1 4.16 R1 1.49
L2 2.75 R2 1
L3 0.616 R3 0.599
W1 4 R4 0.3
W2 3.8 R5 1.6
W3 3.4 R6 1.2
T 0.8

Figure 4 illustrates the sequential steps in configuring 
the double-negative (DNG) metamaterial reflector unit cell. 
1 st step the unit cell begins as a simple square ring, 
establishing the fundamental boundary conditions 
necessary to define its electromagnetic behavior. 2nd step 
A circular ring is introduced within the square ring to 
enhance isotropic properties, ensuring uniform 

electromagnetic wave interaction. From the back view, a 
single circular ring starts to form. Final Configuration, the 
design reaches full complexity, incorporating stacked 
square and circular rings to achieve precise resonant 
properties. The back layer features two concentric ring 
ground planes, optimizing wave reflection and resonance.

FIGURE 3. Top and bottom views of the proposed MTM unit 
cell structure.

FIGURE 4.Evolution steps for the designed metamaterial.

Figure 5 illustrates the development steps of the 
proposed metamaterial. In the first step, two square rings 
with a gap on both sides are added, resulting in a single 
resonant frequency at 22 GHz with a bandwidth ranging 
from 21.9 to 23.1 GHz.  In the second step, three circular 
rings are added, along with a square ring at the front and 
another circular ring at the back. These additions create 
three resonant frequencies: 21.01 GHz, 25.53 GHz, and 
26.44 GHz. These frequencies operate within two distinct 
bands: the first ranges from 20.99 to 21.3 GHz, and the 
second ranges from 22.7 to 27.1 GHz. In the third step, a 
circular element is placed at the center of the square, along 
with circular rings added to the front section and another 
ring positioned at the back. This modification creates two 
resonant frequencies of 23.02 GHz and 26 GHz, resulting 
in a wide bandwidth that spans from 21.59 GHz to 28.3 
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GHz. The proposed metamaterial operates in the mm wave 
range, making it suitable for 5G applications.

FIGURE 5.Transmission Coefficient Across Design Stages.

Figure 6  illustrates the development of the equivalent 
circuit for the proposed unit cell. Inductance and 
capacitance values were optimized using ADS simulation 
tools. In the circuit, the symbols L1 through L8 denote 
various inductors formed by the rings, while C1, C2, C3, 
C4, C5, C7, C8, C9, C10, C11, C12, C13, and C14 represent 
the capacitors induced by the gaps. Figure 5 (a) illustrates 
the MTM unit cell’s configuration, where the square ring 
resonator comprises inductive elements L8, L7, L6, and 
L5. Concurrently, the gaps between these rings introduce 
capacitive components C14, C13, C12, and C11. In 
contrast, Figure 6(a) 2 nd  step depicts circular rings which 
generate capacitors C3 through C10 and inductors L4, L3, 
and L2. It is important to note that the inductors’ internal 
resistances significantly influence the magnitude of the 
transmission coefficient |S21|. These resistances are 
omitted in the schematic presented in Figure 6 (b) to 
streamline the circuit representation. The resonance 
frequencies are tunable by altering the values of the circuit 
components, such as the inductors and capacitors. 
Adjustments to these component values markedly affected 
the resonance frequencies, which were subsequently fine-
tuned to achieve the desired resonances. Figure 7 compares 
the S21 results obtained from ADS and CST simulations 
for the proposed metamaterial. While the results differ 
slightly, the CST simulation exhibits two resonant 
frequencies at 23.03 GHz and 26 GHz, with an operating 
bandwidth ranging from 21.5 to 28.3 GHz. In contrast, the 
ADS simulation shows two resonant frequencies at 24.6 
GHz and 26 GHz, operating within two bandwidths 20.4 
to 25.7 GHz and 25.8 to 27.8 GHz.

(a)

(b)

FIGURE 6.Evolution of the equivalent circuit of the unit cell.

FIGURE 7.ADS and CST simulations of S21 parameters for 
the proposed metamaterial are compared.

Figure 8 (a) and (b) display the integration of array 
unit cells into a larger 13 × 10 array, with overall 
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dimensions of 59.4 × 58.8 × 0.787 mm³. A vector network 
analyzer (VNA) is used to measure the S-parameters and 
validate the performance of the proposed metamaterial 
(MTM) array structure along both the Z and X-axes. 
whereas the MTM’s prototype is positioned between a pair 
of waveguide ports as depicted in Figure 9. The CST 
simulations, shown in Figure 10 provide results that extract 
the real and imaginary components of permittivity, 
permeability, refractive index, and impedance. These 
simulations reveal that the analyzed unit cell exhibits the 
characteristics of a DNG-MTM, with negative values 
observed for both permittivity and permeability. Notably 
in Figure 10 (a), the negative permittivity is present within 
the frequency range of 26.5 to 30 GHz. Additionally, Figure 
10 (b) illustrates the negative region of the real part of 
permeability (μr), spanning from 20 to 28.2 GHz. 
Moreover, Figure 10 (c) highlights the negative nature of 
the refractive index (n), with observed limits ranging from 
25.1 to 25.2 and 25.8 to 28.2 GHz. These findings provide 
valuable insights into the electromagnetic properties of the 
proposed metamaterial unit cell.

(a)

(b)

FIGURE 8.DNG reflector array 13×10 (a) Simulation and (b) 
Fabrication.

FIGURE 9.Experimental perfo rmance measurement setup for 
the proposed.

(a) (b)

(c)

FIGURE 10.(a) Permittivity ;(b) permeability;(c) refractive 
index .

The distribution of surface currents in the proposed 
metamaterial-based structure at 26 GHz is depicted in 
Figure 11 (a). It reveals that the current mainly gathers 
along the edges of the nested square rings and the elliptical 
inner circle. This high concentration of current along the 
edges can be explained by the edge effect. At high 
frequencies, electromagnetic waves tend to cluster near 
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the edges of conductive elements, a behavior dictated by 
the boundary conditions outlined in Maxwell’s equations. 
This effect boosts surface wave propagation around the 
edges of the resonant elements, resulting in strong 
electromagnetic interactions. The electric field distribution 
for the proposed metamaterial-based structure at 26 GHz 
is shown in Figure 11(b). You can see that the strongest 
electric field areas are focused around the elliptical and 
square resonators, especially along the curved parts of the 
elliptical ring and the inner edges of the nested square rings. 
The high intensity of the electric field in these regions is 
mainly due to resonance effects. This structure supports 
multiple resonance modes, where the electric field gets 
tightly confined in certain areas because of constructive 
interference. The elliptical ring, in particular, helps 
concentrate the field to its curvature, which leads to a boost 
in localized field strength. The electric field distribution 
we see suggests a strong electromagnetic coupling between 
the various resonant elements. The closeness of the nested 

structures enhances capacitive effects, which play a part 
in the observed field confinement. This coupling is essential 
for determining the effective permittivity of the metamaterial 
and its capability to manipulate incoming electromagnetic 
waves.

Figure 11 (c) shows how the magnetic field is 
distributed in the proposed MTM structure at 26 GHz. The 
elliptical resonator and the edges of the nested square rings 
exhibit the strongest magnetic field concentrations. The 
areas with the highest intensity of the H-field are mainly 
situated along the curved parts of the elliptical ring and 
around the square resonators. This pattern indicates that 
the MTM structure is designed to support strong magnetic 
resonance at 26 GHz, effectively localizing and amplifying 
the magnetic field in certain regions. This behavior is 
typical of metamaterials that are specifically engineered to 
display DNG properties, where both permittivity and 
permeability are customized for particular electromagnetic 
responses.

FIGURE 11.(a) Surface current distribution (b) E- field, and (c) H-field.

 ANTENNA DESIGN PROCEDURE: 
SINGLE PORT

SINGLE DESIGN

The modeling process for the antenna design commences 
by analyzing a single antenna element. Figure 12(a) Step 
one demonstrates the effect of reducing the rectangular 
patch’s dimensions to 3.4×2.22 mm. This variation leads 
to different reflection coefficients of -15.58 dB at 24.5 GHz 
and -12.9 dB at 27.5 GHz. Notably, the frequency response 

has slightly shifted compared to the original design, and 
the bandwidth is now assessed from 23.9 GHz to 28.8 GHz. 
Figure 12(a) step two investigates the consequences of 
increasing the rectangular patch’s dimensions to 5×3.82 
mm. This modification yields a different reflection 
coefficient of -15.5 dB at 22.19 GHz. Similarly, the 
frequency response experiences a slight shift, and the 
bandwidth is now measured from 21.6 GHz to 24.6 GHz. 
By modifying the size of the rectangular patch, the resonant 
frequency and bandwidth are affected, indicating the 
sensitivity of the antenna’s performance to geometric 
variations. On the other hand, Figure 12(a) three one shows 
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the optimized rectangular patch with dimensions of 4.2×3 
mm. The antenna design includes an inset feed and a 
complete ground plane. The reflection coefficient at the 
resonance frequencies of 23.74 GHz and 28 GHz is 
evaluated at -27.76 dB and -13.18 dB, respectively. The 
antenna demonstrates a frequency range spanning from 

22.5 GHz to 30 GHz. To study the impact of size variations 
on the antenna’s performance, Figure 12(b) provides a 
comprehensive comparison of the evolution steps in terms 
of the reflection coefficient and resonance frequency, 
Figure  12 (c) provides gain.

(a)

(b)

(c)

FIGURE 12.parametric study according to size. (a) Optimizing steps for patch width and length. (b) Reflection coefficient(c) Gain.

ARRAY DESIGN
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Figure 11 illustrates the geometry of the 1 × 2 array. Within 
the array configuration, a power divider is employed and 
carefully optimized to ensure equal power distribution to 
each antenna element, thus promoting favorable radiation 
characteristics. Through this optimization, the gain is 
elevated to 10 dBi. In contrast, increasing the number of 
elements to 1×4 results in a noticeable gain enhancement, 
reaching 14.15 dBi as shown in Figure13(a) and (b). The 
spacing among these elements is kept at 1.4 mm, which 
equates to 0.14 of the wavelengths at 28 GHz. This spacing 
is crucial for preventing interference among the antenna 
elements, a critical concern in array structures. In the 
presented design, the challenge at hand is systematically 
addressed through meticulous adherence to a prescribed 

spacing of 1.4 mm, coupled with the incorporation of stub 
feed lines. These stubs serve the critical function of 
impedance matching between the antenna and the 
transmission line, thereby enhancing the efficacy of power 
transfer. The selection of a spacing parameter is purposefully 
guided by the objective of achieving an optimal z-impedance 
of 50 ohms, with a zero imaginary part(Moniruzzaman et 
al. 2021). Furthermore, the stubs are leveraged for precise 
adjustments to the antenna’s resonant frequency and 
bandwidth, as well as for mitigating cross-polarization 
effects a necessity in applications necessitating specific 
polarization orientations.as shown depicted in Figure 
14(c)&(d). Further details about the parameters of the array 
antenna are in Table 2.

FIGURE 13.Geometry antenna (a) Double element; (b) Four element; (c)Z-impedance (Real and imaginary), and (d) Simth chart.
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TABLE 2.Parameters optimized for the proposed design (in 
millimeters)

Par. Value Par. Value Par. Value
For Two Elements

Wd1 17 Lf1 2.65 Lf2 2.228
Ld1 11.7 Wf1 2.375 Wf2 0.758

dispa 2.39 Lbp 2.327
For Four Elements

W 27 Wf3 1.9 Lf1 5.1
L 20.8 Wf4 1.57 Lf2 4.2

Wf1 2.59 Wf5 6.2 Lf3 1.29
Wf2 2.8 Wf6 11.15 Lf4 5.1

For MIMO Elements
WMIMO 51.6 LMIMO 52.2 S1 25.2

S2 27.3 S3 21.5 S4 3.1
S5 0.44 S6 2.1 Ld 4.6

Figure 14 (a) presents a comparison of the reflection 
coefficients within the single antenna element, the 1×2 
array, and the 1×4 array configurations. In all suggested 
designs, the reflection coefficient consistently stays below 
-10 dB. Specifically, for the single antenna element, the 
reflection coefficient magnitude measures -27.76 dB at 
23.74 GHz and -13.1 dB at 27.9 GHz. In contrast, for the 
1×2 array, the magnitude of the reflection coefficient is 
-43.02 dB at 22.7 GHz and -34.02 dB at 27.3 GHz. For the 
1×4 array, the magnitude of the reflection coefficient is 
-24.05 dB, observed at 28.3 GHz within the desired 
frequency band. Based on the -10 dB criteria, the observed 
bandwidths are as follows: 22.55˗30 GHz for the single 

element, spanning a dual-band from 21.1 ˗23.6 GHz, and 
26.47˗30 GHz for the two and four-element array antennas, 
respectively.It is notable that the incorporation of an array 
structure in the antenna design entails a slight reduction in 
bandwidth, primarily attributable to the inclusion of a 
power divider. This results in marginal losses during the 
excitation of individual antenna elements. However, this 
challenge has been effectively addressed through the 
implementation of tapered feed lines, leading to a notable 
enhancement in bandwidth (Pozar 2021).

The values presented in Figure 14(b) compare the gain 
of single, double, and four-element antenna arrays. The 
gain value for a single element is 6.53 dBi, for a double-
element array it is 10.2 dBi, and for a four-element array, 
it is 14.1 dBi.  The observed differences in gain values are 
primarily due to the array factor, which enhances the overall 
directivity and gain of the antenna system(Haupt 2010). 
In a single-element antenna, the gain is solely dependent 
on the individual element’s characteristics. However, when 
multiple elements are combined into an array, the 
constructive interference of the radiated waves from each 
element results in increased directivity and thus higher 
gain. In a double-element array, the gain increases to 10.2 
dBi because the elements are phased in a manner that their 
radiation patterns combine constructively, leading to a 
narrower beamwidth and higher directivity. Similarly, in 
a four-element array, the gain further increases to 14.1 dBi 
as the array configuration allows for even more constructive 
interference and a further narrowed beamwidth, resulting 
in a significant boost in directivity and gain . 

(a) (b)

FIGURE 14.(a) reflection coefficient (b)  gain 

ANTENNA DESIGN PROCEDURE MULTI-PORT

The design is further advanced to achieve Multiple-Input 
Multiple-Output capability. Figure 16(a) and Table 2 
illustrates the addition of four array elements to its substrate 
with dimensions of 52.1 × 51.5mm2, distributed in a 

mutually orthogonal manner with a separation angle of 90 
degrees to reduce interference between elements (Leshem 
& Erez 2021). The distance between the edges of the 
elements is 4.6 mm. A parametric study was performed on 
the element spacing, where 4.6 mm was identified as the 
optimal distance. This spacing achieves the best isolation 
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performance by minimizing mutual coupling while 
maintaining a compact antenna array suitable for 5G 
mmWave applications. To enhance performance, slots are 
added to the design ground behind the power feeding 
networ.  As for Figure 15(b), they demonstrate the addition 
slots in the design ground aimed at improving isolation 
between elements. Slots in the ground plane can disrupt 
the continuity of the current paths, thereby reducing the 
coupling between adjacent elements. also, can act as 
reactive loads, altering the impedance characteristics of 
the ground plane. By strategically placing slots, the 
impedance seen by each antenna element can be modified 
and can help to absorb these surface waves, preventing 
them from coupling energy between adjacent elements and 
the Slots effectively increase the physical distance between 
different parts of the ground plane. This increased 
separation can reduce the electromagnetic coupling 
between antenna elements, leading to improved 
isolation(Sufian et al. 2021).

FIGURE 15.Layout of MIMO antenna: (a) front, (b) back.

To improve the gain of MIMO antennas for millimeter-
wave applications, a proposed configuration integrating 
metamaterial elements is presented in Figure 16. The 
MIMO antenna system includes a DNG reflector positioned 
5 mm behind, which effectively reflects backward waves 
and facilitates strong interaction between reflected and 
forward waves, resulting in a notable gain within the 
operating band. Metamaterial, employed within this design, 
possesses the capability to manipulate the phase of incident 
electro-magnetic waves. Through a meticulously devised 
metamaterial structure, precise control over the phase of 
radiated waves is achievable, facilitating constructive 
interference in desired directions. This controlled phase 
distribution enables effective beam steering, directing the 
antenna radiation towards specific angles of interest and 
consequently augmenting gain in those directions. 
Additionally, metamaterial facilitates the focusing of 
radiated energy, resulting in a more concentrated beam, 
thereby further enhancing antenna performance.

FIGURE 16.MIMO antenna integrated with metamaterial 
DNG reflectors.

EXPERIMENTAL RESULTS

The designed MIMO antenna has been simulated using 
CST and fabrication has been done to verify is performance. 
Port measurements were carried out utilizing a vector 
network analyzer (VNA), as illustrated in Figure 17. 

FIGURE 17. Experimental arrangement for the MIMO antenna 
measurement.

S-PARAMETER

The simulation of S-parameters for a Multiple-Input 
Multiple-Output (MIMO) antenna system, with and 
without the presence of metamaterial (MTM), has been 
investigated. The MIMO antenna operates within the 
frequency range of 25.69 to 34 GHz. Upon integrating an 
MTM decoupling structure alongside the antennas, the 
operational bandwidth extends by 200 MHz, as depicted 
in Figure 18(a). In the absence of the DNG reflector, a 
notable mutual coupling of -27.1 dB was observed between 
elements positioned opposite each other. However, the 
inclusion of the double-negative (DNG) reflector 
decoupling structure effectively mitigated mutual coupling, 
resulting in an improved isolation of 31.3 dB between 
MIMO elements, as illustrated in Figure 18(b). In contrast, 
Figure 18(c) presents the simulated reflection coefficients 
of the proposed design with a DNG reflector, which 
measured -27.5 dB and -37.5 dB at 26.9 GHz and 28.2 
GHz, respectively. Actual measurements yielded values of 
-29.4 dB and -34.5 dB at 26.5 GHz and 27.6 GHz, 
respectively. Additionally, Figure 18(d) illustrates both 
simulated and measured transmission coefficients of the 
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proposed design with (DNG) reflector, which measured 
-31.3 dB and -32.7 dB, respectively. The observed larger 
isolation in real-world MIMO antenna setups compared to 
simulations may be attributed to several factors. Real-world 
measurement environments introduce additional sources 

of isolation, such as electromagnetic interference from 
nearby objects, crosstalk from cables or connectors, and 
reflections from surrounding surfaces, which are not fully 
captured in simulations. 

(a) (b)

(c) (d)

FIGURE 18.(a) Reflection coefficient, (b) transmission coefficient for MIMO antenna element, (c) simulated and measured 
reflection coefficient, (d) the transmission coefficient was simulated and measured.

GAIN AND EFFICIENCY

In Figure 19(a), the gain values before and after the addition 
of the (DNG) reflector are depicted. The gain was initially 
14 dBi, which increased to 14.3 dBi after incorporating the 
(DNG) reflector. This enhancement in the operating 
frequency range is attributed to the (DNG) reflector’s 
ability to reduce losses associated with impedance 

mismatch and surface currents. Figure 19(b) illustrates the 
change in efficiency, which increased to 97% after the 
(DNG) reflector was introduced. Conversely, Figure 19(c) 
demonstrates the measured gain values in the laboratory, 
indicating a decrease due to manufacturing losses, 
measurement devices, and cables. Finally, Figure 19(d) 
presents the efficiency values measured in the laboratory, 
which decreased to 94% for the same reasons.

(a) (b)

(c) (d)

FIGURE 19.(a) & (b) Gain and efficiency for MIMO antenna with and without the use of metamaterial, (c) & (d) simulated and 
measured the gain and efficiency of the proposed design.
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SURFACE CURRENT

To understand how the metamaterial works in reducing the 
mutual coupling by suppressing surface waves, the 
distribution of surface current at 28 GHz will be 
investigated. Figure 20 represents the surface current 
distribution of the Multiple-Input Multiple-Output (MIMO) 
antenna design. In this figure, antenna 1 is excited while 
the other antennas are terminated with a 50-Ω load. Without 
the DNG reflector, Figure20(a), there is an obvious mutual 
coupling current seen at the neighboring antenna at 28 GHz 
when antenna 1 is excited. But when a DNG (Double 
Negative) reflector is applied, as seen in Figure 20(b), the 
isolation between adjacent antennas gets better. The effect 
of enhancing this isolation is by decreasing the mutual 
coupling between the neighboring fields. The presence of 
the DNG reflector changes the current distribution on the 
antenna surface due to interactions between incident waves 
and the metamaterial.

      
(a)                                          (b)

FIGURE.20.Surface current of the designed antenna.

RADIATION PATTERN

Through a combination of measurement data and 
simulation, Figure 21 showcases the radiation patterns of 
port 1 within the antenna system. This figure provides a 
visual representation of the E-plane radiation patterns along 
the YZ and XZ axes, specifically at a defined azimuthal 
angle (phi = 90°; 0°), as well as the H-plane radiation 
patterns at a specific polar angle (theta = 90°) for port 1. 
These patterns were observed at a frequency of 28 GHz. 
Upon analyzing the far-field observations, it becomes clear 
that the primary beam is perpendicular to the antenna, 
displaying distinct directional characteristics in both the 
YZ and XZ planes. For a comprehensive evaluation, Table 
2 presents various performance metrics such as gain, 
bandwidth, and isolation.

FIGURE 21.Radiation pattern of the designed antenna.

MACHINE LEARNING FOR ANTENNA DESIGN 
EVALUATION

In the last ten years, among many other aspects, the 
integration of machine learning techniques (ML), a subfield 
of Artificial Intelligence (AI), in antenna design has been 
important since it is possible for ML to learn and predict 
from simulated antenna data through well-structured 
training processes. Many researchers have adopted ML-
based regression prediction models for validating antenna 
performance to ensure gains, which are some of the most 
important parameters, in a more reliable and repeatable 
way (Haque, Saha, et al. 2023; Haque, Zakariya, Al-Bawri, 
et al. 2023; Wei 2023). In this work, machine learning is 
used to predict the gain of a MIMO array antenna and 
compare the ML predicted values to the real gain realized 
by CST simulation (ground-truth). By comparison, we seek 
to assess if CST produces gains close to those expected. 

The first phase in implementing this machine learning 
approach is collecting relevant data, which is critical 
because any machine learning model needs good data on 
which to learn. It begins with the design of the MIMO array 
antenna and several parametric sweeps (Haque, Zakariya, 
Singh, et al. 2023) on critical design elements such as slot 
and stub dimensions, ground plane, and feedline. These 
parameters are known to significantly affect the antenna’s 
performance, and their systematic variation contributes to 
a good volume of data. The size of the problem’s difficulty, 
input features’ dimensionality, and how high-level ML 
model selected determines how much larger volumes of 
data could improve predicting the right output. Therefore, 
we generated 200 data samples through simulations using 
CST Microwave Studio (CST MWS) to enable the second 
phase, which is the application of regression-based 
machine-learning algorithms for the extrapolation of 
realized gain of the antenna. Following best practices  
(Nguyen et al. 2021), the dataset is divided into two parts, 
80% is for training the ML predictor models and 20% is 
to test the learned ML models.  For each model, we used 
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the standard implementations available in Python’s scikit-
learn libraries, with standard hyperparameters of the 
library. After this, the ML algorithms are implemented for 
predictions of antenna gain values. The schematic diagram 
in Figure 22 illustrates the phases of ML process. This 
research investigates the following six distinct machine 
learning models: support vector regression, logistic 
regression, linear regression, random forest regression, 
decision tree regression, and XGBoost regression. These 
algorithms are selected based on their ability to effectively 
carry out nonlinear regression tasks, which are typical in 
advanced antenna design specifications. For this application,  
one of the most appropriate techniques remains regression 
models because of their capability to output numerical 
values accurately (Talpur et al. 2023). 

All machine learning algorithms implementations, 
training, and testing were carried out using Google Colab, 
a cloud-based Python simulation environment. Performance 
of these ML models is assessed using several statistical 
measurements. Some major metrics are R², variance score, 
mean squared error (MSE), mean absolute error (MAE) 
and mean squared logarithmic error (MSLE). They give 
an insight into how well the model is working and what 
might need to be improved. For a loss function in regression 
tasks (commonly employed), the mean squared error is 
computed by taking an average of the squared differences 
in actual/predicted values over all data point (Haque, Saha 
et al. 2023).

Table 3 depicts and compares the performance of the 
ML models using the evaluation metrics. For the Support 
Vector Regression (SVR) model, the MAE, MSE, and 

MSLE scores are among the lowest at 0.0403, 0.00353, 
and 0.000045.  Moreover, SVR has an R-squared value of 
96.7971% and a variance score of 96.1972%, which is very 
good in terms of predictive accuracy. Likewise, XGB 
Regression Model gives an excellent performance having 
slightly higher MAE, MSE and MSLE values at 0.0422, 
0.00381 and 0.00075 respectively with an R-squared of 
96.1283% and a variance score of 96.0397%.  The Random 
Forest Regression model is, admittedly, less accurate than 
both XGBoost and SVR. However, it still performs 
robustly: MAE 0.05312, MSE 0.00525, MSLE 0.00062. 
Its R-squared for the test data is at 95.9233%, and the 
variance score is 95.8822% reliable in its predictive 
abilities. Model suitability can also be confirmed by 
looking at the close alignment between predicted results 
and simulation results.  Figure 23 shows the difference 
between the simulated and projected gains for SVR & XGB 
for a set of 23 test samples. In addition, the average 
incorrectness rate does not exceed 4%. All of the available 
Regression models report an accuracy of 90% or above. 
Since the predicted result is so similar to the simulated 
result, this suggests both methods are robust and accurate, 
reinforcing the reliability of our results. The agreement 
between the simulation-based and ML-based approaches 
further validates our conclusions. Machine learning 
delivers powerful results but faces challenges such as 
dependence on large, high-quality datasets, vulnerability 
to bias and noise, limited interpretability, poor generalization 
to new conditions, high computational demands, and 
susceptibility to adversarial attacks—necessitating robust 
data management, validation, transparency, and governance.

FIGURE 22.Schematic diagram of machine learning-based prediction for MIMO antenna design.
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TABLE 3.Performance metrics of ML regressors for gain

No. Algorithms Var R2 MSLE MAE MSE

1
Support Vector 

Regression 96.1972% 96.7971% 0.000045 0.0403 0.00353

2 XGB 
Regression 96.0397% 96.1283% 0.00075 0.0422 0.00381

3 Random Forest 
Regression 95.8822% 95.9233% 0.00062 0.05312 0.00525

4 Decision Tree 
Regression 94.6339% 94.8762% 0.00056 0.05922 0.00958

5
Logistic 

Regression 92.3762% 92.6822% 0.00068 0.07448 0.01002

6 Linear 
Regression 90.2339% 90.6283% 0.00049 0.09191 0.01009

FIGURE 23.Simulated vs predicted Gain using support vector & XGB regression.

COMPARISON WITH EXISTING WORKS AND 
REAL-WORLD INTEGRATION POTENTIAL

Table 4 shows the qualitative improvements over previous 
designs in addition to the quantitative superiority of the 
suggested design in terms of gain, bandwidth, and isolation. 
Our method incorporates a DNG metamaterial reflector, 
ground-plane slots, and a 4x4 sub-array per port, in contrast 
to many previous designs that depended on larger physical 
dimensions or simpler decoupling techniques. Without 
compromising compactness, this dual enhancement 
mechanism simultaneously increases gain and isolation. 
For instance, the suggested antenna achieves a much higher 
gain (14.3 dBi vs. ≤9.53 dBi) while maintaining excellent 
isolation (>32 dB) in a footprint that can be integrated into 
portable devices, in contrast to other metamaterial-based 
MIMO designs [36, 38]. Our structure provides more robust 
isolation and a wider bandwidth compared to DGS-only 

designs [37]. demonstrating that metamaterial-assisted 
engineering can outperform traditional decoupling 
approaches. The implementation of machine learning 
verification further distinguishes our work, ensuring 
predictive reliability and paving the way for faster design 
iterations.

Beyond laboratory validation, the proposed antenna 
is well-suited for real-world deployment in mmWave 5G 
systems. Its compact geometry (52.1 × 51.5 × 0.787 mm³) 
facilitates integration into mobile devices, small-cell base 
stations, and IoT terminals where space is constrained. The 
orthogonal element arrangement and high isolation help 
sustain performance even in scenarios where devices are 
held close to the human body, reducing detuning effects 
from tissue proximity. Furthermore, the use of Rogers 5880 
substrate with low dielectric loss ensures stable performance 
when enclosed within common device housings such as 
polycarbonate or ABS plastics, where dielectric loading 
could otherwise degrade bandwidth and efficiency.
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CONCLUSION

A compact four-port orthogonal MIMO antenna for 
mmWave 5G applications was presented in this paper. It 
was improved with a double-negative metamaterial 
reflector to provide better isolation, gain, and bandwidth. 
For further decoupling, each port incorporates a 4x4 sub-
array on a Rogers 5880 substrate with ground-plane slots 
that are optimized. Excellent agreement between simulated 
and measured results is demonstrated by the design, which 
has a wide operating bandwidth of 8.06 GHz, a peak gain 
of 14.3 dBi, isolation exceeding 32 dB, and radiation 
efficiency up to 97%.Compared with previous works, the 
proposed antenna offers a unique combination of high 
performance and compact size, enabling easy integration 
into portable devices and base stations. The use of machine 
learning regression models for performance prediction 
further validates the design’s reliability and facilitates faster 
optimization in future implementations. These results 
confirm the proposed antenna as a strong candidate for 
next-generation mmWave 5G systems requiring high 
capacity, low interference, and robust operation in real-
world deployment scenarios. Future work could focus on 
integrating beamforming techniques, evaluating thermal 
effects on performance, and extending the design to 6G 
frequency bands.
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