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Reconfigurable 28/38 GHz wideband and high isolation MIMO antenna
for advanced mmWave applications

Abdulelah Alsalman?, Azzam Alhumaid?, Abdulaziz Alnogithan?,
Ehab K. I. Hamad?, Mahmoud Shaban!2*

This research presents a high-performance MIMO antenna for 5G and next-generation wireless communication. Operating in
the millimeter wave (mmWave) band, the antenna offers frequency and radiation pattern reconfigurability. A compact-size
antenna, with dimensions of 22.5%30x0.787 mm?3, exhibited peak gains of 7.5 and 6.5 dBi at 28 and 38 GHz, respectively. The
envelope correlation coefficient (ECC) was improved through proper spacing and adopting a simple decoupling technique,
ensuring efficient MIMO operation. Based on the evaluated reflection coefficients, bandwidths of 2.3 and 12.9 GHz at 28 and
38 GHz, respectively have been accomplished. The mutual coupling between antenna elements was minimized achieving im-
proved isolation of —37 and —40 dB at the desired frequency bands. This corresponds to an envelope correlation coefficient and
diversity gain of 1.6x107* and 9.99, respectively. The antenna gain was enhanced by incorporating a metasurface designed to
optimize gain and improve isolation. For a single-element antenna, the gain was enhanced to 7.9 and 7.3 dBi at frequencies of
28 GHz, and 38 GHz, respectively. The antenna design incorporates frequency and pattern reconfigurability through switching
selected antenna ports and patches. The proposed design's simplicity and antenna compactness make it practical for various

mmWave communication systems.
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1 Introduction

In recent years, the demand for high data rates in
wireless communications has grown explosively as the
number of electronic devices continues to increase
rapidly. This trend has driven the need for wireless
technologies to meet the increased requirements for
faster and more efficient data transmission. The
evolution of wireless communication has witnessed
different generations of technologies, each bringing
significant advancements and improvements. Each
generation of wireless technology has introduced new
services and capabilities to meet the evolving needs of
users [1-5]. In the first generation, analog systems were
primarily used for voice communication, employing
frequency division multiple access (FDMA) for
multiplexing. The second-generation technology
transitioned to digital systems, enabling voice, short
messaging service (SMS), and basic data transmission.
Time division multiple access (TDMA) and code
division multiple access (CDMA) were the key
multiplexing techniques [3]. With the advent of third-
generation (3G) technologies, data rates increased
significantly, allowing for services beyond voice and
messaging, including data and video transmission.
CDMA and wideband code division multiple access
(WCDMA) were the dominant technologies in this
generation [3]. Fourth-generation (4G) technologies,
such as Long-Term Evolution (LTE) and Worldwide

Interoperability for Microwave Access (WiIMAX),
further enhanced data rates, enabling high-speed internet
access and advanced multimedia services [4]. In the
current era, fifth-generation (5G) wireless technology
has emerged, promising even higher data rates, lower
latency, and massive connectivity to support a wide
range of applications [5]. 5G operates at higher carrier
frequencies, utilizing orthogonal frequency division
multiple access (OFDMA) and massive multiple-input
multiple-output (MIMOQO) for improved spectral
efficiency and capacity [5-9]. It enables advanced
services such as ultra-high-definition video streaming,
Internet of Things (IoT) connectivity, and mission-
critical applications [5-9]. The emergence of 5G
technology has enabled higher data rates, lower latency,
and massive connectivity to support a wide range of
applications.

The generation partnership project 3GPP has defined
three main 5G scenarios, including enhanced mobile
broadband, ultra-reliable, low latency communications,
and massive machine-type communications. The 5G
wireless communication utilizes several frequency
bands for different applications. Sub-1 GHz bands, in-
cluding frequencies below 1 GHz, offer wide-area cov-
erage and better penetration. Mid-bands, around 2-6
GHz, strike a balance between coverage and capacity.
Millimeter Wave (mmWave) bands, above 24 GHz up
to 300 GHz, provide high data rates but have limited
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coverage [9-11]. The Federal Communications Com-
mission (FCC) has allocated several mmWave bands for
the 5G. These bands include 24 GHz (Band N257) span-
ning 24.25 GHz to 24.45 GHz, and 28 GHz (Band N261)
ranging from 27.5 GHz to 28.35 GHz, both utilized for
5G wireless communication [12]. The 37-40 GHz range
is designated for 5G applications, with Bands N260 and
N261 covering the frequencies from 37 GHz to 40 GHz.
Additionally, the 47 GHz band operates from 47.2 GHz
to 48.2 GHz for 5G wireless communication. Further-
more, the frequency range of 64-71 GHz is allocated for
unlicensed wireless communication, commonly utilized
for WiGig and other high-speed wireless applications
[12].

Considering the evolution of wireless technologies
and their associated features, it becomes clear that the
design of reconfigurable MIMO antennas for upcoming
5G wireless communication is a crucial area of research
[9-12]. The objectives of designing such antennas in-
clude enhancing spectral efficiency, improving interfer-
ence mitigation, and optimizing bandwidth flexibility
[13, 14]. These objectives align with the demands of 5G
technology, which requires efficient spectrum utiliza-
tion, robust interference management, and adaptable
bandwidth allocation. Reconfigurable MIMO antennas,
with their compact size, design simplicity, flexibility, ef-
ficiency, and multi-band capabilities, address these ob-
jectives. It offers frequency reconfiguration abilities, al-
lowing for dynamic adaptation to varying communica-
tion requirements. The antenna enables spatial multi-
plexing and beamforming techniques to enhance spec-
tral efficiency, while also mitigating interference
through adaptive radiation patterns, polarization, and
beamforming directions. Moreover, the antenna design
optimizes bandwidth flexibility, ensuring efficient use of
available spectrum resources [13-15]. The main obsta-
cles in MIMO antenna design include mutual coupling
between antenna elements, achieving compact size and
form factor, ensuring wide bandwidth and frequency re-
configurability, optimizing antenna efficiency and radi-
ation patterns, managing manufacturing and cost consid-
erations, and addressing electromagnetic interference
and integration challenges [16-19].

In this context, the presented antenna design
describes a notable development in overcoming some of
these obstacles. Through reshaping and optimizing our
antenna design in addition to the design simplicity, we
provide the flexibility and adaptability that responds to
the network’s dynamics, which thus improves
performance and results in the optimal utilization of
resources. In this design, we initially proposed a
straightforward design for a single-element antenna that
effectively covers the desired mmWave bands,
specifically at 28/38 GHz using a single patch
comprising a single radiating slot. Subsequently, we
constructed the MIMO array that has been evaluated and

optimized through a combination of antenna simulations
and experimental measurements. Therefore, we were
able to achieve significantly improved performance
assessed using various MIMO design metrics such as
reflection and transmission coefficients, diversity gain
(DG), envelope correlation coefficient (ECC), channel
capacity loss (CCL), and diversity gain (DG). Moreover,
we propose structures with radiation patterns and
frequency reconfigurability by utilizing a simple tech-
nique that involves switching selected antenna ports and
parts of the radiating patches.

The main contribution of this proposed design lies in
its reconfigurability as a dual-band 28/38 GHz 4-port
MIMO antenna. Noteworthy for its simple yet effective
design, the antenna offers high gain and exceptional iso-
lation capabilities. This combination of features sets it
apart as a versatile solution catering to the demands of
modern wireless communication systems.

2 Materials and methods

Designing and implementing reconfigurable MIMO
antennas for 5G wireless communication systems
follows a systematic methodology that integrates theory,
simulation, prototyping, and validation. The metho-
dology encompasses the study of specific requirements
imposed by 5G technology, the selection of suitable
antenna types, the definition of reconfigurable para-
meters, exploration of reconfigurable techniques,
optimization of antenna parameters, testing and verifi-
cation of reconfiguration capabilities, performance
assessment, and iterative refinement and optimization.
The methodology begins with a comprehensive study of
the specific requirements set by 5G technology,
including frequency bands, data rates, coverage, and
latency. This involves reviewing relevant 5G standards
and protocols to align the antenna design with the
protocol specifications [20-23]. Based on the identified
requirements, suitable antenna types are chosen. Factors
such as size, radiation patterns, and polarization
diversity for MIMO systems are considered during the
selection process. Elements of the antenna that require
adaptability to meet dynamic 5G requirements, such as
frequency, polarization, and radiation pattern, are
identified. These parameters will be subject to
reconfiguration during the design process. Defining the
reconfigurable parameters is essential for determining
the design constraints and optimizing the antenna's
performance. Various reconfigurable techniques are
explored to enable the necessary adjustments in the
identified parameters. This may involve the use of
switchable networks, tunable elements, or metamaterial-
based structures [24-27]. Each technique is evaluated in
terms of its effectiveness, feasibility, and compatibility
with the antenna design. Sophisticated electromagnetic
simulation tools are employed to model the antenna
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structures and predict their performance prior to the
manufacturing process. Using these tools, the antenna
parameters are optimized to achieve the desired
performance metrics, such as gain, bandwidth, and
efficiency. The optimization process considers the
reconfigurability constraints imposed by the selected
techniques. Parameters such as frequency and radiation
pattern are altered to observe the antenna's response and
validate its reconfiguration capabilities [24-28].
Following this systematic methodology, the design and
implementation of reconfigurable MIMO antennas for
5G wireless communication systems can effectively
address the challenges posed by dynamic requirements
and provide efficient and adaptable solutions for the next
generation of wireless communication.

The authors in reference [29] describe a planar 4-port
MIMO antenna designed for 5G millimeter-wave
frequencies of 28/38 GHz. It features a rectangular patch
antenna for a second resonance at 28 GHz and a split-
ring resonator metamaterial unit cell for an additional
resonance at 38 GHz. Constructed on a Rogers-RT5880
substrate, the MIMO structure realized bandwidths of
26.6 to 29 GHz and 37.3 to 39.3 GHz with a 25 dB
isolation among antenna elements across both bands.
The design does not require complex decoupling
structures. Diversity performance parameters such as an
ECC below 0.005, DG close to 10 dB, and channel
capacity loss under 0.35 bits/s/THz demonstrate its
suitability for millimeter-wave 5G applications. Article
[30] introduces a 28/38 GHz dual-band "inverted-F"
array antenna. This antenna, consisting of 32 elements,
can be integrated into OLED panels for lighting or
display purposes. Each element in the array is shaped
like an "inverted-F" antenna, allowing it to cover the 28
GHz and 38 GHz bands with low mutual coupling. The
antenna achieves a gain of around 16.52 dB at 28.38
GHz and 15.35 dB at 38.49 GHz.

The article in [30] introduces a 28/38 GHz dual-band
"inverted-F" array antenna. This antenna, consisting of
32 elements, can be integrated into OLED panels for
lighting or display purposes. Each element in the array
is shaped like an "inverted-F" antenna, allowing it to
cover the 28 GHz and 38 GHz bands with low mutual
coupling. The antenna achieves a gain of around 16.52
dB at 28.38 GHz and 15.35 dB at 38.49 GHz.

The work in [31] introduces a dual-band patch
antenna composed of an adjusted circular patch along
with a parasitic element. The primary patch is fed
through a microstrip feed line, while the secondary patch
is indirectly fed via edge coupling with the main patch.
The antenna is fabricated on Rogers Ro3003TM
substrate with & = 3 and a thickness of 0.25 mm.
A MIMO structure is created using two elements of this
combined patch with different arrangements. The
antenna achieves impedance-matching bandwidths of
approximately 1.23 GHz at 28 GHz and 1.06 GHz at 38

GHz with minimum reflection coefficient values of
—34.5 and —27.3 dB, respectively. The peak gain of the
radiation pattern is 6.6 dBi at 28 GHz and 5.86 dBi at 38
GHz, showing omnidirectional characteristics. The
antenna's dimensions are 7.5 x 8.8 x 0.25 excluding the
transmission line.

The paper in [32] introduces compact, dual-band
MIMO antennas designed for 5G communications,
operating at 28 GHz and 38 GHz. The first design is a
two-element patch antenna with an inset feed, tailored
for both frequency bands. The second design features
symmetric dual-band MIMO antennas with slotted
rectangular patches, incorporating inverted I-shaped
slots to achieve dual-band functionality. The third
design features a symmetric dual-band four-element
MIMO antenna comprising slotted rectangular patches
and a slot-generated defected ground structure within a
partially rectangular ground plane. All antennas are built
on a substrate measuring 55 x 110 mm? They
demonstrate favorable performance characteristics,
including good return losses, wide bandwidths, and low
mutual coupling without additional structures.

The paper in [33] discusses the design of a high-gain
MIMO antenna for 5G millimeter-wave applications,
operating at 28/38 GHz with bandwidths of 400 MHz
and 2.58 GHz, respectively. The antenna is constructed
on an RT-Duroid-5880 substrate, with each element
measuring 9.53 x 7.85 x 0.8 mm?®. It features a fully
grounded patch, a 50-ohm stepped impedance microstrip
feed, an I-shaped slot, and two parasitic slotted
components. A six-element MIMO configuration with
overall dimensions of 50 x 35 x 0.8 mm?,

The work in [34] presents a super-compact 4-port
dual-band MIMO antenna that uses a metamaterial-
inspired electromagnetic bandgap (EBG) structure. This
design, built on a Rogers TMM4 substrate and
measuring 17.76 x 17.76 mm?, features four planar patch
antennas arranged perpendicularly, each designed for
dual-band operation at 28 GHz and 38 GHz. The antenna
includes rectangular patches with slots and a full ground
plane, with a gap of 0.5 Ao between patches, and uses an
EBG to effectively reduce mutual coupling (MC) among
elements. Simulation and measurement results indicate
a significant reduction in MC, ranging from —25 to —90
dB, which improves envelope correlation coefficient
(ECC), total active reflection coefficient (TARC), mean
effective gain (MEG), and diversity gain (DG). Time-
domain and specific absorption rate (SAR) analyses
confirm the antenna’s effectiveness and suitability for
5G devices.

In [35] a 28/38 GHz quad-port cross-shaped antenna
designed for 5G networks, printed on a 0.203 mm thick
Roger RO4003 substrate, features a compact size of 29
mm X 24.2 mm X 0.203 mm is presented. The antenna
includes a rectangular patch with three triangular slots



470 Abdulelah Alsalman et al.: Reconfigurable 28/38 GHz wideband and high isolation MIMO antenna ...

for better impedance matching and a thin parasitic strip
for enhanced port isolation. Simulations show that it
achieves S11 < -10 dB at both frequencies, with
isolation > 20 dB. Its performance was validated in an
anechoic chamber, showing excellent MIMO para-
meters: ECC < 0.001, DG > 9.95 dB, and CCL < 0.2
bit/s/Hz across the desirable bands.

The research work in [36] introduces a dual-band,
four-port MIMO structure for 28 and 38 GHz milli-
meter-wave suitable for wearable applications. The
antenna, measuring 18 x 8.5 x 0.25 mm?, uses a novel
design combining circular and elliptical structures
connected by a narrow strip and fed by a tapered
feedline. It achieves peak realized gains of 4.15 dBi at
28 GHz and 7.73 dBi at 38 GHz, with total efficiencies
of 80.13% and 85.44%, respectively. The antenna's
performance metrics, including ECC, DG, Mean
Effective Gain (MEG), CCL, and total active reflection
coefficient (TARC), are in acceptable values. At an SNR
of 20 dB, the channel capacity is 21.61 bps/Hz.

The authors in [37] present a compacted MIMO
antenna designed for 5G millimeter-wave applications,
especially targeting frequency bands N257, N260, and
N262. The antenna features a simple design with a
dimension of 10 mm X 16 mm and is constructed on a
0.508 mm thick Rogers RT-Duroid-5880 substrate. It
includes two crescent-shaped radiating elements on the
top side and a slotted ground on the bottom, fed by a 50-
Q microstrip line. The antenna operates across three
bands: 27.2-29 GHz (centered at 28 GHz), 34-40.2 GHz
(centered at 39 GHz), and 47.5-51.3 GHz (centered at
48.7 GHz). These bands are achieved through specific
design features like slotting and engraving. A hardware
prototype was manufactured, demonstrating excellent
agreement with simulations. The designed antenna,
featured a compact size, wide bandwidth, and high gain,
with favorable MIMO parameters such as low ECC,
TARC, DG, and CCL.

In this design, we proposed a straightforward and
efficient approach for a single-element antenna,
specifically targeting the desired mmWave bands at
28/38 GHz. This was accomplished by utilizing a single
patch with a radiating slot. Subsequently, we developed
a MIMO array that underwent thorough evaluation and
optimization through a combination of antenna
simulations and experimental measurements. The
performance of the MIMO system was significantly
enhanced, as demonstrated by various metrics including
reflection and transmission coefficients, ECC, DG, and
CCL. Additionally, we achieved radiation pattern

reconfigurability by implementing a simple technique
involving the switching of selected antenna ports. This
achievement was attained by inverting each two adjacent
ports upside down, effectively creating two distinct
configurations. This methodology not only provided
reconfigurability but also enhanced the isolation within
the MIMO antenna.

3 Results and discussion
3.1 Single-element antenna design and simulation

Figure 1 illustrates the design steps of a single-element
antenna that operates in the 28/38 GHz mmWave bands.
The chosen substrate material of the antennas is the in-
expensive Rogers-RT-5880 with a substrate thickness of
0.787 mm, a dielectric constant of 2.2, and a loss-tangent
of 9x107*. These material characteristics offer excellent
electrical properties necessary for high-frequency appli-
cations [38-40]. The antenna comprises a single patch
with dimensions (WpxLp) of 7.44x5.39 mm?. In addition,
a single rectangular slot with a round end was created to
achieve aradiating slot that assessed achieving three res-
onant frequencies around 28, 38, and 45 GHz, as dis-
played in Fig. 1(a). The slot width (Wsiet) is 1.05 mm,
while its length Lsior is 2.01 mm with a semicircle of a ra-
dius Rsot 0f 0.6 mm. The slotted patch was fed using a
50 Q microstrip feedline with a width (Ws) of 2.38 mm
and a length L of 9.02 mm. The substrate dimensions
(Wsw and Lsub) as well as the ground plate dimensions
(Wg and Lg) were 20x20 mm?. The impedance matching
for the resonating frequencies was achieved by optimiz-
ing the inset feeder and slot dimensions (Winset and Linset).
The optimal inset feeder dimensions are a width of 0.2
mm and a length of 0.95 mm. Table 1 summarizes the
single-element antenna dimensions. In Fig. 1(b), the re-
flection coefficient (S11) of the antenna is displayed, in-
dicating its resonant frequencies at 28.02 and 37.78
GHz. This highlights the desired level of reflection co-
efficient below —50 and —60 dB at the frequencies of in-
terest, respectively. The bandwidth of these two resonant
frequencies expanded from 27.03 to 29.30 GHz around
28 GHz and from 35.68 to 48.05 GHz around 38 GHz.
For the first resonant frequency, a bandwidth of 2.3 GHz
is extracted, while for the second frequency, a broader
bandwidth of 12.3 GHz is observed. These simulation
results were essential and greatly helpful in predicting
and assessing the antenna performance before construct-
ing the proposed MIMO antenna. Figure 1(c) illustrates
the optimized antenna structure along with its design di-
mensions.
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Table 1. Single-element antenna parameters

Parameter Value (mm) Parameter Value (mm)
Wp 7.44 Wi 2.38
Lp 5.39 Ly 9.02
Wilot 1.05 Winget 0.20
Lsiot 2.01 Linset 0.95
Rstot 0.60 Waub, Lsub,Wg, Lg 20.00
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Fig. 1. (a) Design steps of the single-element antenna structure, (b) reflection confection of the antenna,
and (c) optimized antenna structure along with its design dimensions.
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3.2 MIMO antenna design and simulation

The MIMO structure comprises four elements with a
total area of 20x80 mm?, designed on the same substrate
as that of the single-element antenna. The design of the
proposed antenna array enables simultaneous trans-
mission and reception of multiple independent data
streams. This capability enhances the system capacity
and improves the communication performance, making
it well-suited for 5G and next-generation technologies.
Utilizing multiple antennas, the system can leverage
spatial multiplexing to increase the data rate and spectral
efficiency. The simplicity of the proposed antenna
structure does not compromise its performance. The
antenna offers considerable gain, directivity, bandwidth,
MIMO isolation, and efficiency. These characteristics
are essential for realizing high-quality and reliable
wireless communication. The design specifically
focuses on a 4-port MIMO antenna array operating at
dual bands with center frequencies of 28 and 38 GHz.
Considering the MIMO isolation, to achieve improved

inter-element isolation, the design incorpo-rates proper
spacing between the antenna elements. This spacing
minimized the mutual coupling between the elements
and enhanced the overall performance of the MIMO
system. By reducing interference and improving
isolation, the antenna can ensure reliable and efficient
operation.

Figure 2 (a) shows the MIMO antenna structure from
both top and bottom perspectives. In this arrangement
each adjacent antenna port is inverted upside down,
providing two notable advantages: improved isolation
and the capability to reconfigure the radiation pattern as
will be discussed later. These simulation results
demonstrate a reduced reflection coefficient for each
port to be less than —45 dB at the desired 28/38 GHz
bands. This indicates an excellent impedance matching
between the antenna and the 50 Q transmission line. This
matching is essential for minimizing signal reflections
and losses, and efficient power transfer resulting in
improved signal quality and system performance.

(a)

PJ—

Port1
Port 2

Port 3
(b) Port 4

il

o

Fig. 2. MIMO array structure, (a) top view, and (b) bottom view. The overall dimensions of the 4-port MIMO
antenna are 20x80 mm?. Each two adjacent antennas are inverted to achieve improved isolation.
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Fig. 3. () Reflection coefficients of MIMO antenna, (b) isolation versus frequency of the MIMO array,
and (c) peak gain versus frequency.

Figures 3(a) and (b) present computed S-parameters
of the MIMO structure, revealing the reflection coeffi-
cients of each antenna port as well as the isolation char-
acteristics among the ports. Importantly, the achieved
bandwidths around the 28/38 GHz bands remain unaf-
fected, and the reflection coefficient for the individual
antenna element mentioned earlier is significantly re-
duced. Notably, mutual coupling, represented here by
transmission coefficients, was greatly enhanced as com-
pared to the conventional arrangement of MIMO ele-
ments, reaching approximately —40 dB with fluctuations
ranging from —37 to —80 dB at the resonant frequencies.
This proposed structure represents a remarkable ad-
vancement in MIMO decoupling without the need for
intricate complex structures like defected ground, para-
sitic patches, or meta-surfaces that are commonly pro-
posed as methods to reduce mutual coupling in MIMO
structures repeatedly reported in the existing literature.
Furthermore, the proposed antenna exhibits a directional
radiation pattern with achieved peak gains of 7.5 dBi at
28 GHz and 6.5 dBi at 38 GHz, as shown in Fig. 3(c).
This directional radiation allows for focused signal
transmission and reception, increasing the coverage and
communication range of the antenna.

Figure 4 provides additional insights into the radiation
pattern of the proposed antenna at the desired frequency
bands. The radiation pattern in the E- and H-plane illus-
trates the antenna's directional characteristics and the
distribution of radiated energy in different directions. At
28 GHz, the antenna exhibits a peak gain, indicating the
direction in which it radiates the most energy. From the
shown patterns, it can be observed that the peak gain of
5.7 dBi occurs at an elevation angle (8) of 58°. The beam
width of the radiation pattern, which represents the an-
gular span of the main lobe, is 54.5°. This wide beam
width indicates a broader coverage area for signal trans-
mission and reception. The MIMO antenna demon-
strates its reconfigurable radiation patterns, accom-
plished by activating switches of ports 1 and 3 simulta-
neously while deactivating switches of ports 2 and 4, and
vice versa. In the E-plane, the major lobe direction is
shifted from 6 = 58° to 6 = 119°, with respective angular
widths decreased from 54.5° to 39.7°. Similarly, in the
H-plane, the major lobe direction is shifted from 6 = 58°
to 6 = 124°, with angular widths of 62.3° and 60.6°, re-
spectively.
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Figure 4. Reconfigurable radiation patterns of the MIMO antenna, specifically highlighting (a) E-plane (¢ = 0°),
and (b) H-plane (¢ = 90°) at a frequency of 28 GHz.

Figure 5 shows the reconfigurable radiation patterns
of the MIMO antenna at 38 GHz in which the pattern of
the antenna shows a similar trend to that of the 28 GHz.
The peak gain is observed at an angle of approximately
14°, indicating the direction of maximum radiation.
Compared to the 28 GHz frequency, the beam width at
38 GHz is narrower, measuring approximately 38°
degrees. The narrower beam width suggests a more
focused and concentrated signal transmission and
reception in a specific direction. From the shown

patterns, it can be observed that the major lobe direction
of the E-plane is shifted to 6 = 165° with an angular span
of the main lobe of 36°. The MIMO antenna
demonstrates its reconfigurable radiation patterns,
accomplished by activating switches of ports 1 and 3
simultaneously while deactivating switches of ports 2
and 4, and vice versa. In the H-plane, the major lobe
direction 1is shifted from 60 = 29° to 6 = 129°, with
respective angular widths that slightly increased from
41.4° to 43°.
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Fig. 5. Reconfigurable radiation patterns of the MIMO antenna, specifically highlighting (a) E-plane (¢ = 0°),
and (b) H-plane (¢ = 90°) at a frequency of 38 GHz.

The Envelope Correlation Coefficient (ECC) and
Diversity Gain (DG) serve as crucial metrics for
evaluating MIMO system performance. In Figure 6,
these metrics were computed and depicted, showcasing
the exceptional performance of the proposed MIMO
antenna system configuration. For the proposed MIMO
antenna, ECCs between adjacent antenna elements were
simulated, as demonstrated in Figure 6. ECC is
evaluated either using scattering parameters or radiation
patterns. The ECC values of the proposed MIMO

antenna are less than 1.6x107* falling within an
acceptable range and indicating effective MIMO
communication capabilities. DG quantifies the reduction
in transmission power loss achieved through a diversity
scheme employing a MIMO antenna. Ideally, DG should
reach 10 dB, though values close to this threshold are
acceptable due to various losses. The simulated DG
values for the proposed antenna exceed 9.997 dB
between adjacent antenna elements, suggesting its
potential suitability for diversity scheme applications.
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Fig. 6. Variations in the ECC and DG versus frequency

3.3 Frequency reconfigurability

PIN and varactor diodes are critical in providing dy-
namic control over the antenna's operating frequency.
The electrical characteristics of these diodes may be ad-
justed by supplying a suitable bias voltage, resulting in
a change in the effective size of the radiating patch. This
alteration caused the antenna's resonance frequency to
shift. The antenna's reconfigurability and gain were im-
proved by strategically placing a PIN diode at the opti-
mal location of the radiating patch. By activating the di-
ode, the antenna's operational frequency can be altered.
Additionally, this reconfiguration caused a considerable
shift in the antenna's radiation pattern. Figure 7(a) shows
a single-element antenna with a PIN diode mounted on
the radiating slot. When the switch is switched on, the
frequency is increased to 29 GHz, and when the switch
is turned off, it returns to 28 GHz, as shown in Fig. 7(b).
An I-shaped metasurface is put along the patch's borders
to serve two objectives. For starters, it offers isolation
when the antenna is used in a multi-user MIMO config-
uration. Second, metasurfaces improve antenna gain by
using their unique electromagnetic features. They have

effective medium behavior, which allows for custom-
ized electromagnetic responses that improve radiation
efficiency and directivity. Subwavelength resonators in
metamaterials alter wave propagation by focusing en-
ergy in certain directions and hence increasing gain.
Anomalous dispersion and negative-index metamateri-
als allow for irregular wave steering, which increases
gain even further. Metamaterials can improve isolation
between MIMO elements by acting as electromagnetic
shields to prevent unwanted electromagnetic coupling,
controlling wave absorption and reflection to reduce in-
terference, exhibiting spatial filtering properties to direct
energy away from neighboring elements, and using fre-
guency-selective surfaces to selectively transmit or
block specific frequencies. By utilizing these properties,
metamaterials enable more control over the electromag-
netic environment, minimizing interference and enhanc-
ing isolation between MIMO elements, resulting in im-
proved system performance and capacity. Figures 7(c)
and (d) show the results for the MIMO structure and the
structure's S-parameters, respectively. The isolation val-
ues are less than 23 dB and 40 dB at 28 GHz and 38
GHz, respectively.
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serted in the radiating slot, (b) frequency reconfigurability utilizing the diode on and off state to shift the frequency
between 28 and 29 GHz, (c) MIMO structure with an I-shaped metamaterial, and (d) for the S-parameters of the
simulated structure.

3.4 Gain improvement whereas negative permeability denotes its opposite mag-
netic response. When coupled in negative-index met-
amaterials, these features may change wave propaga-
tion, giving control over directivity and beamforming.
This distinct characteristic can boost antenna gain by

Metamaterials' characteristics, such as negative per-
mittivity, permeability, and refractive index, enable un-
conventional wave manipulation. Negative permit-tivity
relates to a material's opposing electrical reaction,
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increasing radiation efficiency, channeling energy, and
allowing for precise wave control. Figure 8(a) shows the
acquired metamaterial characteristics of relative permit-
tivity (er), relative permeability (u), and refractive index
(n). The permittivity initially has a constant value until
the frequency of 28.8 GHz, at which point it declines and
becomes negative, remaining negative until 40 GHz. In
contrast, permeability behaves in the opposite way as
permittivity. The refractive index is positive before 28
GHz, then negative at 29 GHz, and finally near zero at
38 to 40 GHz. These findings emphasize the metamate-
rial's unusual electromagnetic properties, such as nega-
tive permittivity and refractive index, therefore we refer
to the improved gained and isolation to the metasurface
properties that were obtained with proper design and op-
timization of the position and dimension of that utilized
I-shaped metasurface. Figure 8(b) compares the gain
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T e e e e e

26 28 30 2 3 36
Frequency (GHz)
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40

performance of a single element and a MIMO arrange-
ment. The single element obtains gains of 7.9, and 7.3 at
28 GHz, and 38 GHz, respectively. When coupled in
a MIMO system, the gains increase dramatically, reach-
ing 13.7 and 12.8 dBi at the respective frequencies, as
listed in Table 2. Figure 8(b) depicts the combined gain
of a 4-port MIMO construction, demonstrating the sig-
nificant increase gained across all frequencies. This
demonstrates the efficiency of MIMO systems in greatly
improving gain performance, signal strength, and over-
all system capacity. In Figure 9, a comparison is made
between the peak gain and the achieved minimum isola-
tion of the MIMO structure with and without the addi-
tion of the metasurface (MS). Both figures demonstrate
a notable improvement in both gain and isolation. Simi-
lar results were reported for other antenna designs and
configurations [40-42].
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Table 2. Summary of antenna gain improvement results

Single-element antenna operating frequency 28 GHz 38 GHz
Gain without metasurface 7.5 dBi 6.5 dBi
Gain with metasurface 7.9 dBi 7.3 dBi
Gain of combined 4-port MIMO structure 13.7 dBi 12.8 dBi
Minimum isolation without metasurface 37.6dB 30.0dB
Minimum isolation with metasurface 38.0 dB 47.7 dB
3.5 Antennas fabrication and measurements measurement results for the frequency dependencies of

the reflection coefficient of each port is presented in
Fig. 10. The measured operation frequencies range from
25 to 45 GHz, with the lower and upper frequencies cen-
tered at 28 GHz and 38 GHz, respectively. This compar-
ison demonstrates good agreement between the simu-
lated and measured results, with a slight shift of the res-
onant frequency of approximately 2% towards the lower
frequency. This might be referred to as a slight mismatch
owing to the RF connector being used. The impedance
matching bandwidths for |S11| <—10 dB obtained through
measurements are approximately 9% at 28 GHz (2.5
GHz) and about 3.3% at 38 GHz (1.25 GHz).

The proposed single-element and MIMO antennas
were fabricated using a photolithography procedure and
measured using a vector network analyzer (VNA Rohde
& Schwarz “ZVA 677). The VNA can measure a wide
range of frequencies (10 MHz to 67 GHz). Therefore,
this instrument was used to measure the S-Parameters
and radiation pattern of the antenna. Figure 9 illustrates
the fabricated and measurement setup of the single-ele-
ment and MIMO antennas. The frequency response of
the reflection coefficients Si1 through Sas was measured
by the VNA. The comparison between simulation and
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Fig. 10. Prototypes of fabricated and measured (a) single-element, (b) MIMO antennas, (c) measurement setup of
MIMO antenna, and (d) measured and simulated frequency responses of reflection coefficients for the proposed
MIMO antenna.

Figure 11 displays the measured and simulated  between measured and simulated radiation patterns of
radiation pattern of single element antenna measured in  antennas often stem from a combination of factors,
E- and H-plane at 28 and 38 GHz. Discrepancies including inaccuracies in modeling assumptions,
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variations in material properties and manufacturing
tolerances, environmental influences, calibration errors,
frequency-dependent effects, and the inherent sensitivity
of radiation patterns to design nuances and operating
conditions. Resolving these discrepancies may entail

Abdulelah Alsalman et al.: Reconfigurable 28/38 GHz wideband and high isolation MIMO antenna ...

refining simulation models, incorporating more precise
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Fig. 11. Measured and simulated radiation pattern of (a) E-plane, (b) H-plane, at 28 GHz, (c) E-plane,
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material data, validating simulations with additional
measurements, and considering the impact of environ-
mental factors on antenna performance to achieve better
alignment between theoretical predictions and real-
world observations.
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Fig. 12. (a) Simulated and (b) measured frequency response of mutual coupling coefficients

of the proposed 4-port antenna
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Figure 12 presents the simulated and measured
frequency response of the mutual coupling coefficients
for the proposed 4-port antenna. The results provide
valuable insights into the antenna's performance and
specifically highlight the consistency between the
simulated and measured mutual coupling. In Fig. 12(a),
the simulated frequency response of the mutual coupling
coefficients is depicted. This simulation-based analysis
allows for a comprehensive understanding of the
antenna's behavior in terms of coupling between its
individual ports. The graph showcases the fluctuations
of the mutual coupling coefficients around —40 dB
within the desired frequency band. This indicates that
the antenna maintains a high level of isolation between
its ports, minimizing interference and enabling efficient
MIMO operations. Figure 12(b) presents the measured
frequency response of the mutual coupling coefficients.
The measured results closely align with the simulated
response, which demonstrates the consistency between
the two sets of data. The fluctuations observed around
—40 dB further validate the anticipated antenna
performance in terms of the mutual coupling. The close
agreement between the simulated and measured results
is crucial for ensuring the accuracy of the antenna design
and verifying its intended functionality. The high
isolation properties of the proposed 4-port antenna can

be attributed to two key factors. First, the proper spacing
between the MIMO elements plays a significant role in
reducing mutual coupling. By carefully designing the
physical arrangement and separation between the
antenna elements, the undesired coupling effects can be
minimized, thereby enhancing the isolation properties.
Secondly, the inverted structure of the proposed antenna
contributes to its high isolation characteristics. Given the
simplicity of our design, it achieves peak gains
comparable to numerous recently published designs in
the literature. Furthermore, in terms of isolation, it
surpasses a significant number of them operating at the
28/38 GHz bands [29-37]. The unique design and
arrangement of the antenna's components help mitigate
mutual coupling, allowing for improved performance.
This innovative approach to the antenna's construction
contributes to the observed consistency between the
simulated and measured mutual coupling coefficients.

Table 3 lists a comparison between the MIMO anten-
nas previously documented in the literature, which were
notably similar to our proposed design. Our design sur-
passes the others in terms of both isolation and gain per-
formance. In addition, the proposed design offers recon-
figurability properties.

Table 3. Performance comparison with other MIMO antennas

Ref. Antenna type Substrate D"EEEJ; ns B:irgj:'vzi;ith (C;z:w) Isolation (dB)
(291 | pjanar 4-port MIMO | Rogers RT5880 14x14x0.8 ;:3 82 gg? 2:32(2(28(3('::')2’) 25
e | e SR [Hmmen |
[31] | 2-Port MIMO Rogers Ro3003TM | 7.5x8.8x0.25 152 gg gﬂg gg éz(gfgé)z) 35

321 1 4 port Mimo FR4 55%110%0.508 igg gg gﬂg ;;i gg gﬂg 28

B3] 1 6 port MiMO RT Duroid 5880 | 9.53x7.85x0.8 gggz(isegﬁ)z) ﬁﬁféfgf.’z) 20

341 | 4-port MIMO Rogers TMM4 .1572'76”7'76” 8:;2&288 CC;;:ZZ)) 8.9 (28 GHz) 25 10 90
[3°] iA-IIJ,(\)ArtOCross-shaped Roger RO4003 29%24.2%0.203 12 gg g:g 3; Z(Z(g SGS:')Z’) 20

(361 | 4 port MIMO flexible | Rogers 3003 18x8.5%0.25 g:giéf;BGi':)z)’ 3;2 gg gﬂg 20

T om0 SO | o | @0 S0mon | T
This | 4-port reconfigurable | Rogers RT/Duroid 20X80X0.787 2.3 (28 GHz), 7.9 (28 GHz) 37 (28 GHz)
work | MIMO 5880 12.9 (38 GHz) | 7.3 (38 GHz) 40 (38 GHz)
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4 Conclusions

This research presented a design of a compact,
linearly polarized MIMO antenna operating in the
mmWave band for 5G wireless communication systems.
The designed antenna exhibits several key features,
including wide bandwidth, low mutual coupling, and
radiation pattern reconfigurability. The simulation
results have shown that the MIMO antenna array
achieves peak gains of 7.5 dBi at 28 GHz and 6.5 dBi at
38 GHz, with reflection coefficients below —40 dB at the
operating frequencies. Additionally, the mutual
coupling between antenna elements is below —37 and
—43 dB at 28 GHz and 38 GHz, respectively. The pattern
reconfigurability of the antenna was achieved using a
simple approach comprising an inverted structure
allowing seamless operation in different frequency
ranges. Moreover, utilizing the PIN diode switch
inserted in the optimized position on the patch produced
frequency reconfigurability. The antenna gain is
significantly enhanced by incorporating a metasurface
designed to optimize gain and improve isolation. For the
single-element antenna, the gain improved to 7.9 and 7.3
dBi at frequencies of 28 GHz and 38 GHz, respectively.
These findings demonstrate the effectiveness of the
metasurface in boosting the antenna's performance,
increasing signal strength, and achieving improved
system capacity at different frequencies. This simple and
compact solution enables adaptability to the 5G requirements
and next-generation communication technologies operating in
the mmWave band. The antenna's gain, wide bandwidth,
low mutual coupling, and pattern and frequency
reconfigurability address the requirements of spectral
efficiency, interference mitigation, and bandwidth
flexibility. These attributes contribute to the
enhancement of network performance, higher data rates,
and improved signal quality in 5G and beyond. The
primary contribution of this suggested design is its
reconfigurability as a dual-band 28/38 GHz 4-port
MIMO antenna. Distinguished by its straight-forward
yet efficient structure, the antenna provides high gain
and considerable isolation capabilities.
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