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ABSTRACT 

This paper introduces a new Ultra-Wideband (UWB) metasurface-based Millimeter-Wave (mmWave) 

Multiple-Input Multiple-Output (MIMO) antenna designed for mmWave applications. The proposed 

MIMO antenna, incorporating a metasurface, achieves a wide fractional bandwidth of 66.1%, covering 

frequencies from 23.33 GHz to 46.4 GHz. It delivers a peak gain of 11 dB with a variation of 3.5 dB across 

the band and maintains high radiation efficiency between 91.7% and 95.2%. With a minimal footprint of 

32 × 32 mm², the design integrates four antenna arrays. First, a single antenna array is optimized for UWB 

performance and enhanced gain using a metasurface. Next, a MIMO configuration is developed, 

preserving the performance of the single antenna while incorporating a metasurface for further gain 

improvement. The antenna supports multiple mmWave bands, including the 24 GHz Industrial, Scientific, 

and Medical (ISM) band, the K-band, the Ka-band (27–40 GHz), and key mmWave frequencies such as 26 

GHz, 28 GHz, and 38 GHz. This design demonstrates strong potential for high-performance mmWave 

communication systems.  

Keywords-Multiple-Input Multiple-Output (MIMO) antenna; Ultra-Wideband (UWB); metasurface antenna; 

Millimeter-Wave (mmWave); UWB MIMO 
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I. INTRODUCTION  

In recent years, the demand for higher data transmission 
rates has continued to grow, leading to increased pressure on 
existing frequency bands and a shortage of available spectrum. 
To address this challenge, communication systems are shifting 
toward Millimeter-Wave (mmWave) frequencies, which offer 
wider bandwidth and less signal interference due to their 
shorter wavelengths, making Ultra-Wideband (UWB) 
mmWave technology a promising solution for achieving faster 
data rates and overcoming spectrum limitations [1-7]. Recent 
works have designed UWB antennas for mmWave use cases to 
increase data rates; moreover, UWB antennas support many 
mmWave bands for different applications and offer advantages 
such as low latency, high resolution, and high precision [1-6].  

In modern communication systems, multiple antennas are 
expected to be used at both user devices and base stations, 
making Multiple-Input Multiple-Output (MIMO) technology 
and antenna arrays essential components; antennas, as core 
elements, are key to developing wireless devices that are 
efficient, cost-effective, and compact, and, as a result, 
significant research has focused on designing broadband, high-
gain, and compact MIMO antennas to meet the needs of 
modern wireless communication systems. To improve channel 
capacity through greater bandwidth or transmit power, MIMO 
configurations are incorporated into designs; MIMO and 
massive-MIMO (m-MIMO) employ multiple components at 
both the transmitting and receiving ends, enhancing spectral 
efficiency, data rates, and capacity [6-12]. Combining wider 
bandwidth with MIMO can further amplify these benefits, 
motivating research on UWB MIMO antennas to explore their 
potential [6, 7, 9, 10, 12]. 

To enhance the performance of the antenna, particularly its 
power gain, a metasurface is employed while ensuring the 
compactness of the design [13-16]. A metasurface is an 
artificially constructed structure composed of regularly 
arranged Perfect Electric Conductors (PECs) on a dielectric 
substrate, backed by a metallic layer, which does not exist 
naturally. The metasurface exhibits a remarkable ability to 
manipulate and control the properties and behavior of 
Electromagnetic (EM) waves that interact with it. By applying 
modifications to the EM waves, the metasurface introduces 
improvements in terms of antenna gain, leading to enhanced 
performance [15]. Therefore, the metasurface technique is used 
for the UWB MIMO antenna to further improve its power gain. 
Researchers have studied UWB MIMO antennas with 
metasurfaces to improve the power gain. In [17], authors 
presented a 4-element UWB MIMO antenna with a 
metasurface that operates at the 24.55–26.5 GHz frequency 
range. A metasurface array of 9 × 6 Circular Split Ring (CSR) 
resonators was employed, achieving a peak gain of 10.27 dBi 
and improving isolation by 5 dB, with a minimum isolation of 
−38 dB. The study in [18] proposed a 2 × 2 metasurface placed 
underneath a four-element antenna array that operated from 
23.3 GHz to 28.8 GHz with more than 80% efficiency and 
achieved a peak gain of 10.44 dBi. In [19], authors presented a 
compact 4-port UWB MIMO antenna utilizing orthogonal 
element orientation and Defective Ground Structure (DGS), 
achieving an operational bandwidth of 25–50 GHz with high 

isolation (>20 dB). The study in [20] showed a quad-port 
MIMO antenna with an X-shaped decoupling structure, 
achieving a wideband operation from 22.5 GHz to 29.2 GHz 
and a peak gain of 4.25 dBi. In [21], authors presented a quad-
port MIMO antenna with a Frequency-Selective Surface (FSS) 
array and DGS techniques, achieving a UWB operation from 
23.57 GHz to 39.35 GHz, a peak gain of 7.78 dBi, and high 
isolation (>31 dB).  

In this study, a novel UWB MIMO antenna array with 
enhanced gain, employing a metasurface, is presented as a 
promising solution for a wide range of mmWave applications. 
The antenna size is 32 × 32 mm2, and it has been specifically 
designed on a Roger RT−5880 substrate that enables high-
frequency operation. The utilization of this substrate material 
ensures optimal performance and compatibility with the desired 
frequency range. With its improved gain characteristics and 
compact size, this novel UWB antenna array holds great 
potential for diverse mmWave applications.  

II. PROPOSED UWB MIMO ANTENNA WITH 

METASURFACE  

Several design techniques are applied to the proposed 
antenna to achieve UWB performance with enhanced gain, 
making it suitable for mmWave applications. As shown in 
Figure 1, the proposed UWB metasurface MIMO antenna 
consists of two separate metal layers. The first substrate 
includes the MIMO antenna arrays and a ground plane, 
whereas the second is a single metal layer dedicated to the 
metasurface. Both substrates are fabricated using RT-5880, a 
material selected for its excellent high-frequency properties. 
The following sections describe the single UWB antenna array, 
both without and with the metasurface, including its 
dimensions and simulation results. Subsequently, the design 
and performance of the MIMO antenna with the integrated 
metasurface are discussed. 

 

 

Fig. 1.  Proposed novel UWB MIMO metasurface antenna.  
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A. Single Antenna Design and Performance Analysis  

1) Antenna Array without Metasurface Design 

The single antenna array design incorporates a two-layer 
metallic substrate, as shown in Figure 2. Figure 2(a) provides a 
visualization of the top metal layer, whereas Figure 2(b) 
illustrates the bottom layer functioning as the ground plane. To 
enhance the antenna's gain while maintaining a compact size, a 
4 × 1 antenna array configuration is employed in the proposed 
design. Furthermore, a rectangular slot is strategically 
positioned in the center of the radiating patch for each element, 
effectively altering the current distribution to achieve a broader 
frequency response. Additionally, a semi-oval slot is 
introduced at the top of the radiating patch for each element to 
enhance the bandwidth. In terms of the feedline, it is designed 
to have a 50 Ω impedance to ensure compatibility with the 
SMA connector. Furthermore, the feedline width gradually 
decreases as it moves away from the port, resulting in an 
increase in characteristic impedance. This intentional 
adjustment leads to improved antenna performance in terms of 
gain and bandwidth.  

 

 
(a) 

 
(b) 

Fig. 2.  Single UWB antenna array substrate: (a) top layer, (b) bottom 

layer.  

In Figure 2(b), the DGS technique is employed to assist in 
achieving UWB performance, as described in [22]. 
Furthermore, middle and corner slots are implemented to 

effectively mitigate the reflection coefficient. The specific 
dimensions of the two-layer metal antenna array substrate can 
be found in Table I.  

TABLE I.  SINGLE UWB ANTENNA ARRAY DIMENSIONS 

Top layer 

�� �� �� �� �� ��� 

2.5 1.6 0.6 1.5 0.5 1.0 

��	 ��	 �� �
� �� �� 

4.1 0.6 7.4 4.09 3.0 2.42 

Bottom layer 

��� ��� ��� ��
� ��
� 

7.3 0.5 0.7 1.5 2.12 

a. All units are in mm. 

 
The reflection coefficient (
�� ) simulation result without 

the metasurface is shown in Figure 3. The antenna operating 
frequencies are from 23.12 GHz to 45.92 GHz, providing an 
absolute bandwidth of 22.8 GHz. The fractional bandwidth of 
the proposed antenna is 66.05%. In Figure 4, the power gain 
and radiation efficiency without the metasurface are shown. 
The power gain for the proposed antenna varies from 5.54 dB 
to 8.0 dB across the operating frequencies, whereas the 
radiation efficiency ranges from 83.9% to 94.8%.  

 

 

Fig. 3.  Simulation results of the reflection coefficient (
��) for the single 

UWB antenna array with and without the metasurface. 

 

Fig. 4.  Simulation results of the power gain and radiation efficiency for 

the single UWB antenna array with and without the metasurface. 
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2) Antenna Array Metasurface Design  

The proposed structure of the metasurface unit cell, 
including its dimensions, is shown in Figure 5. The 
metasurface is a type of metamaterial consisting of a unit cell, 
which is repeated periodically in a two-dimensional form [23]. 
The proposed metasurface is an absorption metasurface, 
designed to effectively absorb electromagnetic waves at 
specific frequencies [24]. This particular type of metasurface is 
constructed using a single metal layer on an RT-5880 substrate 
without the presence of a ground plane.  

 

 

Fig. 5.  Single UWB antenna array with a 4 × 4 metasurface structure. 

The proposed metasurface unit is designed to operate across 
the target UWB frequency range. The structure includes four 
slots at the center and four rounded notches along the edges. 
These features introduce multiple resonances, which together 
create the UWB response. The slots and notches function by 
modifying the current paths and adding capacitive coupling, 
generating the resonant modes. Several design iterations were 
performed to refine the geometry and achieve the final unit 
structure. The dimensions of the proposed unit cell for the 
metasurface can be found in Table II. Furthermore, a 4 × 4 
arrangement of periodic cells is employed for the metasurface. 
The vertical and horizontal gaps between these metasurface 
cells are identical. To attach the metasurface above the antenna 
array, vias with a spacing of 3 mm are utilized, and nylon 
material with a dielectric constant of 3.7 is employed for the 
vias. The impact of mounting the metasurface at various angles 
was investigated, but it was found to have a negligible effect.  

TABLE II.  SINGLE ANTENNA ARRAY METASURFACE 
DIMENSIONS  

Single (top) layer 

��� ��	 ��� �� �� �
 

0.15 0.72 1.54 0.30 0.14 4.0 

a. All units are in mm. 

 

3) Simulation Results of the Single Antenna Array with 

Metasurface  

After integrating the metasurface on top of the antenna 
array using vias, the proposed antenna was simulated using EM 
software. The 
��  magnitude result, shown in Figure 3, is 
similar to that of the antenna array without the metasurface, 

with a fraction bandwidth of 66.05%. However, improvements 
are observed in gain and efficiency, as shown in Figure 4. The 
power gain varies from 6.12 dB to 9.4 dB across the operating 
frequencies, with a maximum gain increase of 1.4 dB 
compared to the antenna without the metasurface. The radiation 
efficiency varies from 86.2% to 96.1%, with an increase of 
1.3% at the peaks. These findings highlight the advantages of 
using a metasurface with the UWB antenna. The radiation 
patterns of the proposed novel metasurface antenna were 
simulated at multiple frequencies: 28 GHz, 32 GHz, and 38 
GHz.  

The simulated radiation patterns are shown in Figure 6, 
with the elevation plane (E-plane) and azimuth plane (H-plane) 
depicted in Figures 6(a) and 6(b), respectively. The E-plane 
provides information about the antenna's radiation 
characteristics in the vertical direction, and shows that the 
antenna radiates in an omnidirectional pattern. The H-plane 
provides information about the antenna's radiation 
characteristics in the horizontal direction, and shows that the 
antenna radiates in a directional pattern.  

 

(a) 

 

(b) 

 

Fig. 6.  Radiation patterns of the single antenna array with metasurface at 

different frequencies: (a) elevation plane (E-plane), (b) azimuth plane (H-

plane).  
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B. Proposed MIMO Antenna Array with Metasurface 

1) MIMO Antenna Implementation 

In designing the proposed MIMO antenna array, several 
important factors are considered to ensure optimal 
performance. Maintaining the UWB characteristics observed in 
the single antenna array is a primary objective, along with 
further enhancing the gain. Additionally, the overall size of the 
MIMO antenna array is carefully addressed to achieve a 
compact design suitable for practical applications.  

The configuration of the MIMO antenna's top and bottom 
layers are shown in Figures 7(a) and 7(b), respectively. In 
Figure 7(a), four single antenna arrays are arranged in an 
orientation that preserves UWB performance while minimizing 
the overall footprint, representing the optimal layout for this 
design. Each single antenna within the MIMO array retains the 
same dimensions for the top and bottom metal layers as 
previously specified. The spacing between the antenna 
elements, labeled as 
��, 
��, 
��, and 
��, is kept constant at 
4.7 mm to maintain consistent performance across the array.  

 

 
(a) 

 
(b) 

Fig. 7.  Structure of the proposed UWB MIMO antenna array: (a) top 

layer, (b) bottom layer.  

2) MIMO Antenna Metasurface Construction 

The proposed MIMO antenna's metasurface configuration 
is illustrated in Figure 8. The metasurface unit cell structure is 
the same as that used for the single antenna array, but the 
number of metasurface cells and dimensions are different. To 
accommodate the increased size in the MIMO configuration, 
the metasurface cell size is increased, and the number of cells 
in the metasurface layer is set to 5 × 5. All relevant dimension 
values are provided in Table III. This approach ensures that the 
MIMO antenna array remains compact, retains its UWB 
properties, and benefits from the performance enhancements 
offered by the optimized metasurface design.  

TABLE III.  MIMO ANTENNA ARRAY METASURFACE 
DIMENSIONS  

Single (top) layer 

��� ��	 ��� �� �� �
 

0.25 1.30 2.60 0.30 0.28 5.8 

a. All units are in mm. 

 

 

Fig. 8.  UWB MIMO antenna with a 5 × 5 metasurface structure. 

3) Simulation Results of the Proposed MIMO Antenna Array  

The reflection coefficients (
�� ) of the proposed MIMO 
antenna array, both with and without the metasurface, are 
shown for ports 1 and 4 in Figure 9(a). Ports 1 and 4 are 
selected for illustration, as the other ports exhibit nearly 
identical behavior. The results demonstrate that the reflection 
coefficients for all four ports remain very similar regardless of 
the presence of the metasurface. The proposed MIMO antenna 
with metasurface has an absolute bandwidth of 23.07 GHz and 
a fractional bandwidth of 66.1%. In addition, Figure 9(b) 
displays the isolation coefficients between all four ports. These 
values consistently remain below -20 dB, indicating strong 
isolation and effective suppression of mutual coupling within 
the MIMO antenna array.  

Figure 10 presents the measured power gain and radiation 
efficiency for the MIMO antenna array in both configurations: 
with and without the metasurface. A clear improvement in gain 
is observed when the metasurface is integrated into the design, 
highlighting its positive impact on antenna performance. 
Specifically, the MIMO antenna with metasurface achieves a 
peak gain of 11.0 dB at 30.5 GHz, with the gain fluctuating by 
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3.5 dB across the entire operating frequency band. This 
indicates that the metasurface not only enhances the peak gain 
but also contributes to maintaining stable gain performance 
throughout the bandwidth. In terms of radiation efficiency, both 
configurations demonstrate consistently high values, ranging 
from 91.7% to 95.2% across the operating frequencies. The 
addition of the metasurface does not introduce significant 
losses, as the efficiency curves for both cases remain closely 
aligned. These results confirm that the metasurface effectively 
improves gain without compromising radiation efficiency.  

 

 
(a) 

 
(b) 

Fig. 9.  S-parameters of the MIMO antenna array: (a) reflection 

coefficients with and without metasurface at ports 1 and 4, (b) isolation 

coefficients with metasurface between all four ports.  

 

Fig. 10.  Simulation results of the power gain and radiation efficiency for 

the MIMO antenna array with and without the metasurface. 

Figure 11 shows the radiation patterns of the proposed 
UWB MIMO antenna at all four ports. In Figure 11(a), the 
elevation plane (E-plane) patterns are presented for each port, 
revealing consistent behavior despite the different antenna 
orientations. The E-plane patterns are bidirectional with 
multiple lobes, with the strongest radiation directed toward the 
broadside. Figure 11(b) shows the azimuth plane (H-plane) 
patterns for all four ports, which also demonstrate similar 
characteristics. The H-plane patterns are generally symmetrical, 
with broad main lobes and multiple side lobes. This uniformity 
in both E-plane and H-plane patterns across all ports highlights 
the antenna's ability to maintain stable and wide coverage, 
supporting effective MIMO performance and reliable signal 
transmission.  

 

(a) 

 

(b) 

 

Fig. 11.  Radiation patterns of the MIMO antenna array with metasurface at 

all four ports: (a) elevation plane (E-plane), (b) azimuth plane (H-plane).  

C. Comparison with State-of-the-Art Works  

A comparison of the proposed UWB MIMO antenna array 
with metasurface and other recently published similar works is 
presented in Table IV. It is observed the proposed MIMO 
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antenna with metasurface surpasses other reported works in 
terms of bandwidth and gain. Although the work reported in 
[22] achieves a higher bandwidth, the gain values reported 
(about 10 dB) correspond only to the diversity gain, meaning 
that the realized power gain will be significantly lower. In 
contrast, the proposed antenna achieves strong performance 
across multiple metrics, including wide bandwidth and high 
realized gain, leading to improved MIMO capabilities. These 
characteristics make the design highly suitable for both current 
and future wireless communication systems, where enhanced 
bandwidth and gain are essential.  

TABLE IV.  COMPARISON WITH RELATED WORK  

Ref., 

year 

Size (mm2) 

/material 

Freq. 

(GHz) 

BW 

(%) 

Peak gain 

(dBi) 

Isolation 

(dB) 
Port 

[17], 

2021 

22 × 24 / 

RT-5880 
23.5–29.4  22.3  10.44 < −20 4 

[18], 

2021 

30 × 43 / 

RT-5880 
24.5–26.4  7.26 10.27  < −45 4 

[19], 

2023  

33 × 33 / 

RT-4003C  
25–50  66.7 NA < −10 4 

[20], 

2024  

40 × 40 / 

RT-5880 
22.5–29.2  25.9 4.25  < −27 4 

[21], 

2025  

22 × 22 / 

RT-5880 
23.6–39.3 50.1 7.78 < −31.52 4 

This 

work 

32 × 32 / 

RT-5880 
23.3–46.4  66.1 11.0 < −20 4 

 

III. CONCLUSION  

This work presents a novel Ultra-Wideband (UWB) 
Multiple-Input Multiple-Output (MIMO) antenna array with an 
integrated metasurface, designed for millimeter-wave 
(mmWave) applications, achieving significant improvements in 
gain, bandwidth, and efficiency while maintaining stable 
radiation patterns across all ports. The design achieves an 
absolute bandwidth of 23.07 GHz and a high fractional 
bandwidth of 66.1%, supporting wideband operation. A peak 
gain of 11.0 dB is observed, whereas the radiation efficiency 
remains between 91.7% and 95.2% throughout the operating 
range. The isolation coefficients confirm strong port isolation 
and minimal mutual coupling, and the elevation plane (E-
plane) and azimuth plane (H-plane) radiation patterns remain 
consistent across all ports, ensuring uniform coverage and 
robust spatial diversity. These results highlight the 
effectiveness of the metasurface in improving antenna 
performance without compromising efficiency, making this 
design a strong candidate for high capacity, wideband wireless  
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