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ABSTRACT A single-layered multiple-input multiple-output (MIMO) antenna working at 28 GHz
loaded with a compact planar-patterned metamaterial (MTM) structures is presented in this paper for
millimeter-wave application. A combination of a split square and hexagonal shaped unit cell is designed and
investigated with a wide range of effective near-zero index (NZI) of permeability and permittivity, along with
a refractive index (NZRI) property. The metamaterial characteristics were examined through the material
wave propagation in two main directions at y and x-axis. For wave propagation at the y-axis, it demonstrates
mu-near-zero (MNZ) with more than 6 GHz bandwidth, near-zero refractive index (NZRI), and epsilon-near-
zero (ENZ) properties. However, it indicates a wide negative range of single mu metamaterial (MNG) from
27.6 to 28.9 GHz frequency span at x-axis wave propagation. A single antenna with 3× 3 metamaterial unit
cells is proposed to operate at a frequency band (24 – 30) GHz. Furthermore, MIMO antenna with only 4 mm
space between antenna elements provides high isolation of more than 24 dB. The measured results show that
the MIMO antenna is satisfied with 6 GHz bandwidth, and maximum peak gain of 12.4 dBi. In addition to
that, the proposed MIMO antenna loaded with MTM has also shown good performances with high diversity
gain (DG > 9.99), envelope correlation coefficient (ECC) lower than 0.0013, channel capacity loss (CCL)
< 0.42, total active reflection coefficient (TARC) <−7 dB, total efficiencies of higher than 98%, with an
overall antenna size of 52 mm × 23 mm.

INDEX TERMS Millimeter-wave (mm-wave), antenna array, metamaterial (MTM), high isolation, near-zero
index (NZI) metamaterial, envelope correlation coefficient, high gain.

I. INTRODUCTION
Nowadays, the tremendous development of the next
millimeter-wave (mm-Wave) fifth-generation (5G) commu-
nication technology and antennas have been highly demanded
due to meet the call for low latency, higher data rate, low
cost, less usage of energy and supported transfer information
for a considerable number of subscribers devices that deals
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with various applications beyond mobile communications
and cellular industry [1], [2].

Currently, researches of 5G wireless communication
systems are mostly concentrating significantly on the
mm-Wave range due to the spectrum resources limitation.
Moreover, the 28 GHz frequency band has gained signifi-
cant attention worldwide due to the ingenious spectrum and
larger bandwidth [3]. The system channel capacity can sig-
nificantly be increased by employing the MIMO technol-
ogy without increasing the antenna transmitting power and
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FIGURE 1. MTM unit cell configurations: (a) unit cell geometry, (b) y-axis
simulation set up, (c) x-axis simulation set up.

FIGURE 2. Transmission coefficients at y-axis. (a) without inner
connector, (b) with inner connector, (c) proposed MTM unit cell.

FIGURE 3. Transmission coefficients at x-axis. (a) without inner
connector, (b) with inner connector, (c) proposed metamaterial unit cell.

spectrum resources [4]. Furthermore,MIMO elements should
be properly decoupled with a minimum distance from the
neighboring elements [5], [6].

However, the main challenge for the researchers is the
isolation enhancement between each adjacent elements of

FIGURE 4. Metamaterial experimental setup of the proposed
metamaterial structure.

FIGURE 5. MTM unit cell surface current distribution at (a) 27 GHz,
(b) 28 GHz.

designedMIMO aswell as miniaturization, whereas the inter-
coupling will affect the antenna efficiency and the overall
performance of the wireless system. A lot of approaches
have been discussed previously in literature to achieve the
high isolation between the MIMO antenna elements. These
decoupling techniques include hybrid feeding with orthogo-
nal modes, frequency selective surfaces to displace current
between elements, parasitic structures at the expense of size
and space, metasurface shielding [7]–[11], artificial metama-
terials [12], and electronic bandgap (EBG) [13]. Moreover,
the enhancement of mutual coupling has been introduced in
literature as one of the essential factors in MIMO technology.

Besides, different types of metamaterials are also used to
decrease the isolation among the elements of the designed
antenna [14], [15]. However, the decoupling techniques men-
tioned earlier are challenging to implement on miniaturized
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FIGURE 6. Measured and simulated metamaterial S-parameters at the
y-axis.

FIGURE 7. Measured and simulated metamaterial S-parameters at the
x-axis.

MIMO elements and are challenging to function. Therefore,
this paper performs a series of compact split-ring res-
onators (SRRs) as resonators and to mitigate the coupling
between antenna array, unlike conventional Franklin antenna
arrays in [16]. Currently, metamaterials with negative (per-
meability, refractive index and permittivity) characteristics
are employed to enhance antenna’s bandwidth [17]–[19],
[21]. Additionally, a significant increase in the gain, along
with excellent radiation, is achieved by employing the meta-
material structure within the antenna design [22]. However,
a double negative and NZRI based metamaterial operat-
ing in S, C, and X-band are used to improve the antenna
performance, i.e., gain, efficiency, radiation characteristics,
etc. [23]–[26].

In this paper, a unique metamaterial (MTM) based near-
zero property of refractive index, permeability, and permittiv-
ity is designed for simultaneous enhancement of the isolation
and the overall MIMO antenna system performance. The
proposed MTM is loaded and applied as a series of square-
hexagonal-shaped of six-element patch radiators elements of
MIMO antenna systems. The proposed MTM based MIMO
antenna can cover the frequency range from 24 to 30 GHz

FIGURE 8. MTM measured and simulated results at y-axis: (a)
permittivity, (b) permeability, (c) refractive index, (d) impedance.

FIGURE 9. MTM measured and simulated results at x-axis
(a) permittivity, (b) permeability, (c) refractive index, (d) impedance.

with a measured bandwidth (BW) of 6 GHz. Unlike con-
ventional isolation reduction techniques, the suggestedMTM
based method provides high decoupling up to 24 dB between
MIMO radiating elements and ECC < 0.0013 with minia-
turized array element. Also, to validate the proposed tech-
nique, the extracted results from CST microwave studio have
been compared with the experimental results, which demon-
strate an excellent agreement with each other verifying the
properly of the suggested MTM, single antenna, and MIMO
antenna.

VOLUME 8, 2020 181005



S. S. Al-Bawri et al.: Hexagonal Shaped NZI MTM Based MIMO Antenna for mm-Wave Application

FIGURE 10. Single element antenna step-by-step design.

FIGURE 11. Design methodology for different MTM array cells.

II. DESIGN OF METAMATERIAL UNIT CELL
The proposed MTM unit cell schematic view, along with
its geometrical design parameters, is illustrated in Fig. 1(a).
Each single unit cell consists of a compact square split ring
resonator (SSRR) combined with a hexagonal-shaped struc-
ture by a 0.3 mm width slab. Low loss Rogers 5880 substrate
has been used for MTM unit cell design which has a tiny
thickness with 0.79 mm, a loss tangent δ of 0.0009, and
2.2 value of dielectric constant (εr).

To verify the unit cell working principle, two simulations
setup were applied, as demonstrated in Figs 1(b) and (c) in
the y-direction and x-direction, respectively. It represents
the simulated electromagnetic wave propagation of the pro-
posed metamaterial design where it was placed between two
waveguide ports. The boundary condition including perfect
electric conductor (PEC) has been applied to either the x-axis
or y-axis, whereas the perfect magnetic (PMC) is applied
for the z-axis. It is formed in vertical x-direction on top of
the same substrate with a 3 mm distance between every two
units. Finite-difference time-domain solver has been used

FIGURE 12. The proposed single antenna Geometry (Unit: mm).

FIGURE 13. Fabricated single antenna prototype (a) top view (b) back
view of ground-plane.

FIGURE 14. 2-D view of the two-port MIMO antenna structure (Unit: mm).

for simulation-based on Computer Simulation Technology
(CST).

The proposed MTM unit cell is divided into two metallic
rings. The initial outer square ring was split by 0.4 mm
on the top arm (see Fig. 2a) prior to including an addi-
tional inner hexagonal-shaped conductor. A metallic strip
of 0.4 mm width is employed to connect both rings together,
as illustrated in Fig. 2(c). The metal strip lines will perform
as inductors, whereas capacitive characteristics are achieved

181006 VOLUME 8, 2020



S. S. Al-Bawri et al.: Hexagonal Shaped NZI MTM Based MIMO Antenna for mm-Wave Application

FIGURE 15. Fabricated MTM MIMO antenna prototype.

FIGURE 16. Simulated current distribution of the proposed MIMO
antenna at (a) 27 GHz, (b) 28 GHz.

due to gaps in the outer and inner strip line connectors.
Figs. 2 and 3, summarizes the step-by-step MTM unit cell
design process at y and x-axis whereas the transmission
coefficients indicate the resonance shifted toward the lower
frequency band.

Robust method is applied to extract the efficacious meta-
material parameters by using the normal collected incidences
data of scattering parameters [22]. Initially, simulations are
applied in a frequency range of (23-30 GHz) and analyzed
the (S21) and (S11) parameters of the proposed MTM.

The achieved MTM unit cell S-parameters are retrieved
by using an Agilent N5227A PNA Network Analyzer
attached with waveguides to co-axial adapters. A waveguide
SAR-1834031432-KF-S2-DR (18 GHz - 40 GHz) has
been utilized for the desired frequency range, whereas
the MTM prototype has been placed for measurements

FIGURE 17. Simulated and measured reflection coefficient of the single
port antenna array.

FIGURE 18. Simulated and measured S-parameters of the MIMO antenna.

between two waveguides in x and y directions as shown
in Fig. 4.

III. METAMATERIAL WORKING PRINCIPLE
The surface current distribution at different frequencies is
utilized to understand the MTM unit cell behavior, physical
work phenomena in the electric and magnetic field regions.
The proposed unit cell MTM surface current distributions
at 27 GHz and 28 GHz are shown in Figs. 5(a) and 5(b).
Arrows represent the surface current distribution while the
color represents the density of the surface current. A per-
ceptible surface current is observed at 27 GHz. However,
the surface current is more concentrated and intensive on the
edge of outer symmetric square-shaped portions. Moreover,
the surface current is perturbed in the overall MTM unit
cell structure. Although, opposite side directions of the cur-
rent distribution are observed of MTM-shaped etching strips
once the current flows, which is nullifying the current and
generates a stopband.
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FIGURE 19. Fabricated MIMO antenna S-parameters, measurement setup.

FIGURE 20. Envelope correlation coefficient (ECC) and diversity gain of
the proposed MIMO antenna.

FIGURE 21. Gain and efficiency over the frequency of the proposed
MIMO antenna.

The measured and simulated S-parameters (S11 and S21)
results of the y-axis and x-axis are displayed in Fig 6 and
Fig. 7, respectively. For y-direction, it illustrates that the
frequency resonance band at the range of (26.4 – 29.1 GHz)
is a part of the Ka-band as well as covering the 5G band. The
outer split square-shaped resonator integrated with the inner
hexagonal shape is considered as the sufficient cause of the
attained stopband operational band. However, for x-direction,
a wide stopband resonance is observed above 23 GHz.

FIGURE 22. MIMO system performance parameters. (a) CCL. (b) TARC.

The metamaterial effective parameters of the selected
frequency span are calculated by using a Robust Method
[17], [27]. The S-parameters are simulated and optimized
using CST, as an electromagnetic full-wave software whose
accuracy has been certified. The MTM unit cell is simulated
along the y and x directions, with periodic structure bound-
aries which applied along the z-x and z-y directions, respec-
tively. The resonant property phenomena are accompanied by
resonant behavior which mainly results from endeavoring to
extract the properties of spatially local material within the
desired frequency range.

The proposed metamaterial effective parameters are
plotted in Figs. 8 and 9. These parameters include effective
imaginary and real values of refractive index, permeability,
permittivity, and impedance for different MTM unit cell con-
figurations. In all diagrams, the negative indexed zone for
single-negative metamaterial (SNG), Epsilon/Mu near zero
(ENZ/MNZ) metamaterial along with NZRI are highlighted
with light yellow color.

An extensive real value of NZRI exhibits in the range of
(23 – 30 GHz) at y-axis wave propagation, as shown
in Fig. 8(c), whereas ENZ and MNZ portions are achieved
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TABLE 1. Performance comparisons with the published state of the art.

with 6 GHz and 5.1 GHz bandwidth, respectively, as illus-
trated in Figs 8(a) and 8(b). A bandwidth of more than 3 GHz
is realized with NZRI property in wave propagation of the
x-axis, as depicted in Fig. 9 (c). This frequency band can
be used for high gain antenna design and electromagnetic
cloaking.Moreover,MNZ property exhibits for the frequency
span from 27.6 to 28.9 GHz as represented in Fig. 9(b) while
the lower band of the KA band is covered using the unique
proposed MTM in wave propagation at x-direction.

IV. CONFIGURATION OF THE PROPOSED ANTENNA
Two metamaterial antennas are designed and mounted on
the Rogers 5880 substrate with relative permeability, per-
mittivity, thickness, and tan δ of 1, 2.2, 0.79 mm, and
0.0009, respectively. The detailed configuration approach of
the suggested antennas is demonstrated as follows.

A. SINGLE ANTENNA
The metamaterial-based antenna design is a novel method
to achieve better impedance matching in the compact unit
cell configuration. The evaluation process of the MTM based
single antenna is illustrated in Figs. 10 and 11. Initially, a clus-
ter of three MTM cells is arranged horizontally and attached
to the microstrip line. By using a 3-cell array, an impedance
matching over 27.5 GHz to 28.8 GHz frequency band is
achieved, not covering the entire mm-Wave frequency band.
The proposed antenna design bandwidth is improved by using
the 6-cells MTM array configuration. The array elements
are inter-linked through metallic strips. A wider bandwidth
from 26.5 GHz to 29 GHz is achieved by using this array
configuration. This array is also not covering the intended
frequency range. Finally, a 9-cells array configuration is

FIGURE 23. Measurement setup of the radiation pattern.

applied to achieve a wider bandwidth with S11 < −10 dB
in 24 GHz to 30 GHz frequency band. The single antenna
element design procedure and the noticeable effect on the
reflection coefficient are illustrated in Figs. 10 and 11. During
the single antenna design process main goal is to achieve
better matching in 24 GHz to 30 GHz frequency band.

Fig. 12 demonstrates the geometry configuration of the
simulated single-port antenna. A series of 3 × 3 compact
MTMunit cell elements are presented, whereas each structure
forming a hexagonal radiator. Moreover, the proposed
antenna is fed by a transmission line with a length and width
of 6mm, and 2.4mm, respectively, as well as 50� impedance
of feedline. It is followed by E- shaped divider, this junction
has three thin arms with a 0.4 mm width. A full ground plane
is printed on the antenna backside. To verify the designed
approaches, a 3×3 single-port antenna is fabricated, as illus-
trated in Fig. 13. Following the formerly fabrication process,
an end launch connector (number: 1092-03A-5) manufac-
tured by Southwest Microwave is fixed firmly to the antenna
feedline.
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FIGURE 24. Simulated and measured 2D rad. patterns for the MIMO antenna at 28 GHz for planes (a,c) YZ (Ø = 90◦ ) for
port 1, (b,d) YZ (Ø = 90◦ ) for port 2, (e,g) XZ (Ø = 0◦ ) for port 1, (f,h) XZ (Ø = 0◦ ) for port 2, (i,k) XY (θ = 90◦ ) for
port 1, and (j,l) XY (θ = 90◦ ) for port 2.

B. MIMO ANTENNA
An array of 3×6 MTM patches MIMO antenna (see Fig. 14)
is built on a two-layer printed circuit board (PCB), whereas
two feeding ports are placed on the opposite side to each other
with a 180o angle to enhance the isolation. Fig. 15 depicts the
fabricatedMIMO antenna prototype to validate the outcomes.
A useful technique for ECC calculation is recently introduced
by [28] for jth and ith elements of antenna array, respectively.
As seen in (1), the ECC will be used based on the 3D far-field
radiation pattern method:

ρij (e) =

∣∣∣∫∫4π d�EFi (θ, φ)× EFj (θ, φ)∣∣∣2∫∫
4π d�

∣∣∣EFi (θ, φ)∣∣∣2 . ∫∫4π d� ∣∣∣EFj (θ, φ)∣∣∣2 (1)

where EFi (θ, φ) and EFj (θ, φ) are two radiating antenna
elements far field property with respect to θ .

V. RESULTS AND DISCUSSION
To provide an understanding of the suggestedMIMO antenna
working principle, an analysis of the simulated current distri-
bution is indicated. The effects of the MTM structure can be
verified by displaying the surface currents of the antenna at
27 GHz and 28 GHz to attain band rejection, as demonstrated
in Fig. 15. It is obviously seen that currents surface are mostly
intensified surround the edges of inner and outer MTM-shape
while the radiation from different sides will be cancelled by
each other due to the opposite directions of surface currents

along the edges. Fig. 16 shows that the effectiveness of iso-
lation, as when Port 1 is excited, the current distribution will
not flow to the Port 2 and vis versa while 50� impedance has
been used to terminate the other port.

The backscattered signal (S11) of the suggested single-port
antenna in both measured and simulated results is depicted
in Fig. 17, with impedance matching better than –10 dB over
24–29.9 GHz, referred to the provided simulation, which
covers the future 5G systems at 28 GHz resonance band.
The realized S11, S22, S21, and S12 parameters in both
simulation and experiment cases of the suggested MIMO
antenna based MTM are depicted in Fig. 18.

Good performance is fairly achieved by indicating isola-
tion under quite a low level while varying the location of
the antenna element. The minimum bandwidth obtained for
S11 is approximately 5.1 GHz with less than −10 dB. It also
shows that the maximum realized isolation is below −24 dB
in the region of interest. Fig. 19. shows the S-parameters
measurement setup for the suggested antenna. Two-elements
of the antenna meet the condition of obtaining diversity gain
as a very low envelope correlation coefficient is gained and
remains below 0.0013, as evident from Fig. 20, which shows
a simulated and measured graph of ECC as a function of the
frequency between ports 2 and 1.Moreover, themeasured and
simulated MIMO system diversity gain (DG) is around 9.99
dB at 28 GHz.

The performance of the mm-Wave two-port MIMO
antenna systems evaluated by TARC, ECC, and CCL.
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These performance parameters are extracted by using the
Equations (1) for ECC, (2 and 3 ) for CCL and TARC
[29]. In mm-wave applications, the values of TARC, CCL,
and ECC should be lower than 0 dB, 0.5 bits/s/Hz, and
0.5, respectively, for an efficient system of MIMO antenna
[29]–[31].

CCL = −log2det
[
α11 α12
α21 α22

]
(2)

where j and i = 1, 2

αii = 1−

∣∣∣∣∣
n=2∑
n=1

S∗inSni

∣∣∣∣∣ and αij = −

∣∣∣∣∣
n=2∑
n=1

S∗inSnj

∣∣∣∣∣
(2a)

TARC =

√∣∣(S11 + S12ejθ )∣∣2 + ∣∣(S21 + S22ejθ )∣∣2
2

(3)

The realized gain is shown in Fig. 21, where its peak
values over the achieved operating frequency band make the
suggested antenna applicable for 5G communication. The
prototype measured peak gain is 12.4 dBi at 28 GHz as
calculated after measurements in an anechoic chamber using
a well-defined two horn antennas as a reference receiver
antenna and transmitter antenna. Besides, the simulated total
and radiation efficiencies vary from 88 % to 97 % and
96 % to 98%, respectively, as demonstrated in Fig. 21.
Measured and simulated TARC and CCL are portrayed in
Figs. 22 (a) and (b). For the proposed two-port metamaterial
MIMO configuration, TARC and CCL values are lower than,
−7 dB and 0.42 bits/s/Hz, respectively.

The proposed antenna’s measurement set up of the radi-
ation pattern is illustrated in Fig. 23. Table 1 presents a
comparison of the investigated MIMO antenna based MTM
with other reported antenna designs published recently. The
MIMO antenna measured and simulated 2D radiation pat-
terns are carried out into E-plane at yz direction and xz direc-
tion within phi = (90◦, 0◦) and xy direction (H-plane) within
theta = 90◦, as shown in Fig. 24. The far-field properties
show excellent directional broadside main beam at yz and xz
planeswith a certain tilt at 28GHz due to very close placement
of array elements, when port 1 is excited, the other elements
will be occupied as a reflector. However, from the theta 90o

the pattern demonstrates a radiating directive beam towards
the direction between xy axis plane when the right or left port
is excited. It is clearly indicated that complementary radiation
patterns of the ports are occurred to prove the presence of
pattern diversity.

VI. CONCLUSION
A low profile millimeter-wave metamaterial-based MIMO
antenna array has been suggested for future 5G communication
systems, consisting of two ports, each has 3× 3 array MTM
unit cells. The design evolution with performance analysis
of MTM, and both single antenna, and MIMO antenna
has been analyzed and described. Results demonstrate that
the proposed low-profile MTM design exhibited a wide

range and effectiveness of near zero for permittivity, per-
meability, and refractive index characteristics. High isolation
>24 dB between MIMO antenna ports is achieved over wide
impedance bandwidth from 24 to beyond 30 GHz with low
envelope correlation coefficient (ECC) values <0.0013 over
the whole operational band. Besides, measured peak gain
with 12.4 dBi at 28 GHz, more than 98% efficiency is attained
with an overall size of 52 mm × 23 mm. The measured and
simulated results are in high agreement, whereas satisfac-
tory performance makes the proposed MTM MIMO antenna
appropriate for upcoming 5G networks.
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