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Developing a millimeter-wave (mm-wave) antenna that enables wide bandwidth with its operating band covering the entire global
5G spectrum is highly desirable but very challenging for achieving both compact size and high-performance antenna. Herein, the
mm-wave microstrip patch antenna (MPA) and its multiple-input multiple-output (MIMO) configuration based on the
metasurfaces for 5G system applications are proposed and investigated by the simulation method. To improve performance
and keep the low-profile and low-cost MPA antenna, square ring resonator (SQRR) metasurface and radiating patch are
printed on a single dielectric layer. With the presence of the metasurfaces that acting as a secondary radiator, the performance
of the designed antenna is significantly improved with a wide operating band in the range of 23.9-30.7GHz, high peak gain of
9.4 dBic, and radiation efficiency of above 87%. Based on this design, four-port MIMO antenna configuration is performed for
evaluating a MIMO system that realizes the advantage features such as compact size, wide bandwidth covering the entire
global mm-wave 5G spectrum band of 24.25-29.5GHz, and excellent diversity performance characterized by good isolation
between the adjacent elements and low envelope correlation coefficient. Thus, the MIMO antenna design is a very promising
candidate for 5G MIMO mm-wave applications, specifically in cellular systems.

1. Introduction

In recent years, the 5G millimeter-wave (mm-wave) systems
are fast-growing fields in wireless communication systems
that can support extreme capacity and blazing-fast data
speeds to meet the needs of emerging technologies such as
mobile ecosystems, autonomous vehicles, and smart cities.
The 5G mm-wave networks have been deployed in some
regions of the world (US, Japan, Europe, Korea, China,
etc.) in the range from 24.25 to 29.5GHz [1, 2]. Besides, a
multiple-input multiple-output (MIMO) system has been
identified as an important enabling technology for future
5G communication applications, allowing simultaneous use

of multiple antennas, and thus obtaining higher data rates
and greater channel capacity [3]. Therefore, the developing
mm-wave MIMO antenna has attracted significant attention
for 5G network applications.

However, the design of a compact MIMO antenna is a
huge challenge due to the close arrangement of antenna ele-
ments that causes the enhancement of isolation between ele-
ments and deterioration of the overall performance of the
multiple antenna system. Some approaches have been
reported to reduce the mutual coupling for MIMO antennas
by attenuating and blocking the surface current flow such as
defected ground structures, decoupling networks, neutraliza-
tion lines, parasitic elements, and electromagnetic bandgap
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structures [4–7]. Furthermore, MIMO antenna designs
require a high gain to deal with the high propagation and
atmospheric losses in mm-waves and large enough band-
width for concurrent functioning [6].

Metasurface is a two-dimensional array of periodic or
nonperiodic structures that can manipulate the electromag-
netic (EM) waves at the subwavelength scale [8–10]. Due
to the exotic features, an appropriate combination of meta-
surfaces has been found to enhance the MIMO antenna per-
formances such as isolation, gain, and bandwidth. For
example, by placing a metasurface above or below of patch
resonator, the antenna performance has been reported to
enhance markedly [2, 11, 12, 13, 14, 15, 23]. The mechanism
for enhancement of the antenna performance is due to the
formation of surface wave resonance that creates surface
wave propagation along the metasurface for extra resonance
[2]. However, these designs use multidielectric layers, lead-
ing to high-profile, fabrication complexity, and cost. There-
fore, the printing of metasurface structures on the top
patch resonator and/or bottom ground plane is developed
to enhance the antenna performance without increasing its
profile [16–18]. Li et al. reported a broad-bandwidth and
high-gain patch antenna using planar-patterned metamater-

ial concept operating in the range of 5.3-8.5GHz [16]. Fur-
thermore, Liang et al. developed a novel single-layer
metasurface antenna for wideband operation in the fre-
quency range of 5.11–6.12GHz [17]. Most of these studies
have successfully designed wideband antennas operated at
the microwave. More recently, Hussain et al. proposed the
metasurface-based single-layer broadband MIMO antenna
covering the frequency range of 25-29.5GHz with good radi-
ation characteristics and excellent diversity performance
[18], but its bandwidth is not enough wide to cover the
global mm-wave 5G spectrum in the range of 24.24-
29.5GHz.

In this study, we proposed a facile approach to the design
of mm-wave broadband MIMO antenna by synergistic
benefits-driven through the merger of metasurface and
patch resonator of microstrip patch antenna (MPA) struc-
ture on a single dielectric layer that can use the advantages
of low-profile and low-cost MPA structure and the ability
to improve the gain and enlarge bandwidth of metasurface
structures. Based on this combination, the proposed antenna
has a compact size and high performance that exhibits the
operating frequency band in the wide range of 23.9-
30.6GHz covering the entire global mm-wave 5G spectrum.

2. Antenna Design

This section describes the antenna design from single
antenna without and with metasurfaces to a four-port
MIMO antenna. In these design, substrate material of Roger
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Figure 1: Geometry of the proposed four-port MIMO antenna with metasurfaces: (a) top-view and (b) side-view.

Table 1: Optimized parameters of the proposed single and MIMO
antenna.

Parameter L h R t R1 g m d P K

Value (mm) 12 0.51 2 0.9 0.75 0.36 1.58 0.75 19.76 7.76
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5880LZ with dielectric constant (ε) of 2.0, loss tangent (tan δ
) of 0.0009, and a height (h) of 0.8mm has been used to
design the antennas. The aim of this work is to design the
antenna that can operate in the entire global mm-wave 5G
with simple structure and compact size.

To aid the design and optimization of the proposed
antenna, the Ansoft High Frequency Structure Simulator
(HFSS) software is used which is based on the finite element
method (FEM). For HFSS simulation, the driven modal solu-
tion type with maximum delta S of 0.02 and wave-port excita-

tion is used. It is known that in the Computer Simulation
Technology (CST), the time domain solver uses finite integra-
tion (FIT) technique which is good for wide bandwidth simu-
lation. Therefore, the CST microwave studio software is also
carried out to verify the reliability of the obtained results. In
this simulation, the open boundary conditions are applied in
the x, y, and z directions, and the antenna is fed by waveguide
port. It reported the good agreement between both HFSS and
CST simulations and experimental results of antennas; there-
fore, these simulation methods are used in this work.
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Figure 2: Geometry of the proposed four-port MIMO antenna with metasurfaces: (a) top-view and (b) side-view.
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Figure 3: (a) S-parameter jS11j. (b) Axial ratio of the proposal antenna.
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2.1. Single Antenna. The single antenna is initially designed
using an MPA structure due to its advantages such as com-
pact, simple to manufacture, and easy integration into the
circuit board [19]. The structure of the proposed antenna
is shown in Figure 1. The initial circular patch antenna of
28GHz is calculated using the well-known formula [20]. It
was reported that the etching of the slots in the diagonal cor-
ners of the antenna patch can improve the impedance band-
width [21]. Therefore, in the antenna design, the circle patch
is etched by two equal circle shapes in the diagonal patch
printed on Roger substrate backed with a continuous copper
ground plane, as shown in Figure 1(a) (referred to as Ant. 1).
The patch resonator is fed by 50Ω coaxial probe
(Figure 1(b)). The use of metasurfaces was proposed for
enlarging operation bandwidth and improve antenna perfor-
mance [22]. To design the compact antenna, the metasurface
of square ring resonators (SQRRs) is periodically loaded on
the top plane of the designed antenna (Figure 1(c), referred
to as Ant. 2. The patch resonator and unit cell of metasurface
along with the design parameters are shown in Figures 1(d)
and 1(e), respectively. The design in this work is aimed for
the antenna that can work in the global 5G mm-wave spec-
trum covering in the range from 24.25GHz to 29.5GHz [1,
2]. Therefore, the designed antenna parameters are opti-
mized to operate in the frequency range. The antenna
parameters for the optimum performance are shown in
Table 1.

2.2. MIMO Antenna. The single antenna using metasurface
is arranged into a four-element MIMO array with an overall
dimension of the Roger Printed Circuit Board (PCB) of
19:76mm × 19:76mm while the size of elements and meta-
surface unit cells is fixed as the proposed single antenna, as
shown in Figure 2 To obtain fewer coupling effects, the

MIMO antenna configuration was constructed that the
patch resonator elements were at a 90° distance from each
other. Each MIMO element consists of an antenna array
obtained previously design and is positioned to overlap each
other on a single substrate in order to reduce its overall
dimension (Figure 2(a)). Such MIMO antenna, the distance
between the two neighbor patch resonator elements is
7.76mm. The feed position and feed method of each element
are kept the same as a previously single antenna design as
shown in Figure 2(b).

3. Results and Discussion

In this section, the performance results of the designed
antennas, including the single antenna without and with
metasurfaces and MIMO antenna, are presented in the fol-
lowing subsections. The distinctive characteristics, including
suitable operating band, large relative bandwidth, high gain
and efficiency, and good isolation between adjacent antenna
elements, indicate the potential of the designed antenna.

3.1. Single Antenna. The performance of proposed antenna
is evaluated in terms of the reflection coefficient and axial
ratio characteristics, gain and radiation efficiency, and radi-
ation pattern in the operating frequency range.

3.1.1. S-Parameter and Axial Ratio. Figure 3 presents the
reflection coefficient and axial ratio (AR) of the designed sin-
gle antennas with and without metasurfaces. As shown in
Figure 3(a), by introducing metamaterials, the operating
band of antenna obtained from the reflection coefficient ðj
S11jÞ) below -10 dB is expanded from 25.6-30.5GHz to
23.9-30.7GHz. Thus, the fractional bandwidth of antenna
with metasurfaces of 25% with respect to the central
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Figure 4: (a) Gain and (b) radiation efficiencies of the proposed antenna.
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frequency is wider than that of the conventional MPA
antenna of 17%. Moreover, using metasurface can signifi-
cantly improve the 3 dB AR bandwidth of the antenna as
depicted in Figure 3(b). The 3 dB AR bandwidth of antennas
with and without metasurfaces is 21.9% covering 24-

29.9GHz frequency band and 9.7% covering the 25.6-
28.2GHz frequency band, respectively. To verify the perfor-
mance of the designed antenna with metasurface, the same
antenna is redesigned using CST software. It can observed
that both simulation results using HFSS and CST are
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Figure 5: Radiation patterns of the proposed antenna with metasurfaces in (a, c, e) E-plane and (b, d, f) H-plane at various frequencies of
25GHz, 27GHz, and 29GHz, respectively.
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interpreted correctly. These obtained results indicate that the
designed single antenna with metasurface achieves the wide-
band characteristics, and its operating band is suitable with
the entire global 5G mm-wave spectrum.

3.1.2. Gain and Radiation Efficiencies. The gain and anten-
na’s efficiencies are given in Figures 4(a) and 4(b), respec-
tively. It is clear that both gain and radiation efficiencies of
the antenna with metasurface are higher than those of
antenna without metasurface throughout the operating band
because the metasurfaces can act as a secondary radiator for
useful extra resources [18]. In the operating band of 23.9-
30.7GHz, the gain of the designed antenna with metasurface
keeps above 8.2 dBic. The maximum gain of antennas with

and without metasurface is 9.4 dBic and 8dBic, respectively.
And the efficiency of antennas with and without metasurface
is higher than 86% and 78% within the whole operating
band, respectively. Meanwhile, there is a slight difference
between CST and HFSS simulated results. These observa-
tions prove the high performance of the proposed antenna
by loading metasurfaces.

3.1.3. Radiation Patterns. The radiation patterns in both
principal planes (E and H-planes) at 25, 27, and 29GHz of
the designed antenna with metasurfaces are plotted in
Figure 5 Good agreement between simulated CST and HFSS
radiation patterns can be observed in both planes. In two
planes, the designed antenna exhibits nearly symmetrical
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Figure 6: Rotation of E-field with the phases of 0°, 90°, and 180° at various frequencies of (a) 25GHz, (b) 27GHz, and (c) 29GHz.
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radiation patterns with low side-lobe and back-lobe levels at
all frequencies of 25, 27, and 29GHz. Furthermore, at θ = 0
° , the magnitude of Right Hand Circular Polarization
(RHCP) is higher than that of Left Hand Circular Polariza-
tion (LHCP), indicating that the designed antenna has the
RHCP characteristic in its operating band [23].

Moreover, the polarization of the proposed antenna is
confirmed by investigating the distribution of the E-field at
various frequencies of 25GHz, 27GHz, and 29GHz.
Figure 6 presents the E-field distributions for various phases
(ω = 0 ° , 90 ° , and 180 ° ). It shows that the E-field distribu-
tions rotate in a counter-clockwise direction with the change
of phases (0°, 90°, and 180°), which demonstrates the RHCP
of the proposed antenna [2, 24].

3.2. MIMO Antenna Performance. The performance of four-
port MIMO antenna is evaluated based on the S-parameters,
envelope correlation coefficient (ECC), diversity gain (DG),
and channel capacity loss (CCL) between the adjacent
elements.

3.2.1. S-Parameter. The reflection (Sii) and transmission (Sij)
coefficients for all ports of the designed MIMO antenna in
the frequency range 22GHz to 32GHz are shown in
Figure 7. The four elements of the MIMO antenna reveal
almost similar reflection coefficient responses. Furthermore,
all elements of the MIMO antenna can keep the same oper-
ating band with Sii< -10 dB as the proposed single antenna.
The isolation between the antenna elements is a very impor-
tant parameter for the MIMO antenna design due to high
isolation (low coupling) between the elements that will result
in enhanced efficiency of the individual elements and
reduced power loss due to coupling [25]. As seen in

Figure 7, transmission characteristics of the MIMO array
are below -26 dB in the whole operating band, meaning that
the mutual coupling between two adjacent elements of the
MIMO array is significantly lower; thus, good isolation
among the array elements can be obtained. It was reported
that the isolation improvement in the MIMO antenna with
the presence of metasurface layer is due to the metasurface
elements that act as a decoupling structure [26]. To investi-
gate the role of metasurfaces in isolation improvement of the
proposed MIMO, we simulated the current distribution at
four different ports, and the result is shown in Figure 8 As
seen in Figure 8 the surface current is concentrated at the
excited patch and elements of the metasurface that locates
around the excited patch, indicating that the strong coupling
between the MIMO elements and metasurface rather than
between the MIMO elements and the nonexcited patch,
leading to the high isolation of the MIMO elements is
achieved.

3.2.2. Envelope Correlation Coefficient. The MIMO perfor-
mance of the antenna is evaluated using the parameter of
envelope correlation coefficient (ECC). ECC is used to
example the correlation between the radiating elements.
The ECC (ρ) between the antenna elements is calculated
using the following equation [27, 28].

ρij =
S∗iiSij + S∗jiSjj
�
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1 − Siij j2À Á
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The ECC ideally must be 0, and in practical applications,
and the acceptable limit of ECC is less than 0.5 for an iso-
lated MIMO diversity antenna [29]. Figure 9 presents the
ECC of the designed MIMO antenna. The results show a
very low value of ρ<0:0005 within the operating range which
proves the diversity performance and good isolation of the
MIMO elements.

3.2.3. Diversity Gain (DG). Another important parameter for
evaluating MIMO system performance is the diversity gain
(DG), which defines the effect of the diversity scheme on
the radiated power. To achieve good quality and reliability
in the MIMO antenna systems, the DG value must be high
and nearly 10 dB in the operating frequency range. The
DG is calculated using the following equation.

DGij = 10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ρij

�
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�

�
�
�

2
r

: ð2Þ

The DG for four elements of the MIMO antennas is
shown in Figure 10(a). It can be observed that the DG of
the antenna is close to the ideal value of 10 dB in the whole
operating range.

3.2.4. Chanel Capacity Loss. Channel capacity loss (CCL) is
one of critical parameters in MIMO systems, which esti-
mates the maximum limit up to which the message trans-
mission can take place without any loss in the
communication channel. The CCL is calculated using
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equations (3)–(6).

Cij lossð Þ = −log2 det Aij

À Á
, ð3Þ

where Aij is the correlation matrix, for i, j = 1, 2, 3 and 4.

Aij =
σii σij
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The elements of correlation matrix can be obtained by
the following equations:

σii = 1 − Siij j2 + Sij
�
�

�
�
2� �

, ð5Þ

σij = − S∗iiSij + SjiS
∗
jj

�
�
�

�
�
�: ð6Þ

Figure 10(b) shows CCL for all elements of the MIMO
antennas. The acceptable CCL value must be less than 0.4
bits/s/Hz to obtain the high throughout in the antenna sys-
tem [29]. As seen in Figure 10(b), the CCL of antenna ele-
ments of the MIMO systems is below 0.23 bits/s/Hz in the

global mm-wave 5G spectrum of 24.25-29.5GHz, which
proves the proposed MIMO antenna’s high throughput.

3.2.5. 3D Radiation Patterns. Figure 11 shows 3D radiation
patterns for all elements of the MIMO antennas. The radia-
tion patterns are not changed in MIMO configuration, indi-
cating that the performance of each antenna element is
independent of that of other antennas. The maximum gain
of antenna elements of the MIMO configuration is 9.4 dBic
as seen in Figure 11.

3.3. Performance Comparison. The performance comparison
of the proposed MIMO antenna with the existing state-of-
the-art mm-wave 5G MIMO antenna in terms of the
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working frequency band, total size, bandwidth, gain, isola-
tion, ECC, and substrate type is presented in Table 2. As
seen in Table 2, the proposed MIMO antenna has the most
compact size and the widest bandwidth while achieving a
moderate gain and isolation between the antennas.

4. Conclusion

The mm-wave MPA and its 4-port MIMO configuration
using metamaterials for 5G applications were proposed and
investigated by the simulation method. To improve perfor-
mance and keep the low-profile and low-cost MPA antenna,
the SQRR metasurfaces were printed on the dielectric layer
together with the radiating patch, acting as a secondary radia-
tor. Thus, by loading metasurfaces, the MPA antenna achieves
a broad bandwidth in the range of 23.9-30.7GHz with a high
peak gain 9.4dBic and radiation efficiency of above 87%.
Based on the high performance of the proposed antenna, a
four-port MIMO array was designed and evaluated. The
designed MIMO antenna revealed the advantages of features
such as compact size, wide bandwidth covering the entire
global mm-wave 5G spectrum band of 24.25-29.5GHz, and
excellent diversity performance characterized by good isola-
tion between the adjacent elements and low ECC; thus, this
antenna design is a highly desirable candidate for 5G MIMO
mm-wave applications, specifically in cellular systems.

Abbreviations

mm-wave: Millimeter-wave
SQRR: Square ring resonator
MPA: Microstrip patch antenna.
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