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ABSTRACT A compact metasurface (MS) based MIMO antenna with wideband operation and high isolation
characteristics is proposed for sub-6 GHz applications. A single element is constructed by a slot coupled
with 2 x 2 unit cells MS. For mutual coupling suppression, the MS of each MIMO element is grounded
at proper positions by metallic vias. Compared to other reported designs, the proposed antenna possesses
several unique features including a simple decoupling method with no extra space requirement, compact
size, and wideband operation. For verification, the measurements have been implemented on a fabricated
prototype with overall dimensions of 0.85\, x 0.48)\, x 0.03\. (). is the free-space wavelength at center
operating frequency) and the center-to-center element spacing of 0.43)\.. The measured results indicate that
the proposed design has a wide operating bandwidth of 15% (3.7 — 4.3 GHz) with high isolation of better
than 25 dB. In addition, the measured maximum gain is about 4.1 dBi, and good diversity performance is
also achieved. The proposed MIMO antenna is a potential candidate for 5G applications operating at the
NR77 band.

INDEX TERMS Compact, high isolation, metasurface, MIMO, shorting vias, wideband.

I. INTRODUCTION

Achieving optimal isolation in a compact size is one
of the most critical challenges in designing a multiple-
input-multiple-output (MIMO) antenna. Additionally, mod-
ern wireless communication systems require high-speed data
transfer or multiple services working on the same device,
leading to strong demand for wideband antennas. There-
fore, the literature on achieving high isolation and wideband
operation in a compact size is notably rich, with numerous
proposed techniques.
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For mutual coupling suppression, a lot of attempts have
been made in the literature. Among them, the simplest
method is to cut the ground plane with various shapes of
slots [1], [2], [3]. However, this technique might not be
particularly appealing when the antenna is mounted on a
metallic object. Using parasitic elements [4], [5], [6], [7], [8],
[9], [10], [11] or metamaterial [12], [13], [14], [15], [16],
[17], [18], [19] without disturbing the ground plane, which
is introduced in between or close to the radiating elements,
is another solution to decouple antennas. Although high iso-
lation can be achieved, these methods always require extra
space in either a horizontal or a vertical direction and signifi-
cantly increases the design complexity as well. To overcome
these deficiencies, simple decoupling methods utilizing strip
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lines printed on the upper surface of the dielectric resonator
antenna (DRA) [20] or metallic vias [21] placed inside the
DRA have been reported. The main advantage of [20] and
[21] is that no extra space for decoupling structure is needed,
which shows potential for the simple and compact MIMO
antenna system.

In terms of operating BW, slot/monopole structures [22],
[23], [24], [25] are well-known for wideband operation. How-
ever, these antenna types feature an omnidirectional beam
with low gain radiation. This paper only concentrates on
the MIMO antenna having a unidirectional radiation pat-
tern and higher gain than the slot/monopole antennas. It is
worth noting that most of the reported directional MIMO
designs focus on narrowband operation with high isolation.
The literature review indicates that wideband operation with
a unidirectional broadside beam can be easily obtained with
DR antennas [15], [16], [21] and patch antennas [9], [10].
To conclude, most of these designs have limited operating
BW, which is typically less than 15%. They also suffer from
disadvantages such as large size, high profile, or complicated
decoupling networks.
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FIGURE 1. Geometry of the single element. (a) Overview and (b) Top-view
of each layer.

In this paper, a metasurface (MS) based MIMO antenna
with compact size, wideband, and high isolation character-
istics is presented. The MIMO element is constructed by a
slot coupled with 2 x 2 unit cells MS. It is worth noting
that the use of shorting vias as the decoupling network has
been applied in the DRA [21], but this antenna only has
a narrowband operation. In [19], extra space between the
MIMO elements is required for the shorting vias. In contrast,
for the presented work, the shorting vias are positioned inside
the MIMO elements. Thus, it doesn’t require any extra space,
which contributes to simplifying the design’s architecture
and miniaturizing the antenna’s dimensions. Meanwhile, the
proposed antenna still achieves wideband operation and high
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isolation. This distinguishes the proposed work from the
MIMO antennas using similar decoupling methods.
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FIGURE 2. Performance of the single element.

Il. ANTENNA DESIGN

A. SINGLE ELEMENT

The MS antenna has been extensively investigated as a new
kind of antenna with a low profile and wideband charac-
teristics [26], [27]. In this design, the proposed antenna is
constructed by an array of 2 x 2 unit cells with dimensions
of Wy x Wy and periodicity of P, as presented in Fig. 1. The
dielectric substrate FR-4 with a relative dielectric constant
of 4.4 and a loss tangent of 0.02 is used throughout and the
thicknesses are 0.8 and 1.6 mm for the bottom and top layers,
respectively. A slot is located at the center of the ground
plane and the proposed antenna is excited through a 50-$2
microstrip line. The antenna is modeled and characterized
using a commercial simulation tool High-Frequency Struc-
ture Simulator (HFSS). The optimized dimensions of the
single element are as follows: i1 = 0.8, hy = 1.6, [y = 24.1,
wr = 1.5, =16, wy = 1.5, Wy = 15, P = 16 (unit: mm).
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FIGURE 3. Geometry of the proposed 2-element MIMO antenna.

Side-view

Fig. 2 presents the simulated |S11| and broadside gain
of the proposed MS antenna. As observed, the design with
a compact size of 0.47)\. x 0.41X\. x 0.03)\. exhibits
wide —10 dB impedance BW of 21.1%, ranging from
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3.44 to 4.25 GHz. Here, the principle for wideband perfor-
mance is to produce two nearby resonances. The lower band
is generated from the slot and the higher band is produced
by the MS. The slot’s length is chosen about half-effective
wavelength at the desired frequency, while the MS is initially
predicted by using characteristic mode analysis to define the
operating band [28], [29]. In terms of gain, the gain values
within the impedance BW are better than 3.5 dBi and the
maximum gain is 5.2 dBi. Note that with the help of the
MS, the gain is about 3 dB higher than the slotted antenna
due to the increase in the radiating aperture. Besides, the
electromagnetic fields are confined between the ground plane
and the MS layer. Thus, it contributes to decreasing the
backward radiation. In the meantime, the front-to-back ratio
is enhanced. In fact, when more unit cells are utilized, the
antenna’s gain can be further improved and the backward
radiation can be further mitigated. However, this results in
a large footprint antenna, which is not our target in this paper.
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FIGURE 4. Performance of the 2-element MIMO antenna. (a) S-parameter
and (b) realized gain.

B. TWO-ELEMENT MIMO ANTENNA

Based on the proposed MS antenna element, its MIMO sys-
tem is further investigated. The proposed MIMO design is
presented in Fig. 3. The MIMO antenna consists of two identi-
cal elements arranged in the H-plane configuration. Note that
the distance between the MIMO elements is chosen so that the
periodicity of the unit cells remains unchanged. Due to the
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close proximity, the isolation between the MIMO elements
is quite low at about 15 dB. For mutual coupling reduction,
four vias are employed to connect the MS unit cells to the
ground plane. The positions of the vias are as shown in Fig. 3.
The optimized dimensions of the proposed 2-element MIMO
antenna are L = 64, W =36, h; = 0.8, hp = 1.6, [y = 24,
wr=111=148 wy =15 Wy =152, P=16,r, =1,
dy = 3.6, dy, =5 (unit: mm).
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FIGURE 5. Simulated S-parameter of the MIMO antenna with and without
vias.

The simulated S-parameter in terms of reflection coeffi-
cient and transmission coefficient and realized gain of the
proposed 2-element MIMO antenna are depicted in Fig. 4. As
observed, the antenna has a wideband operation with —10 dB
impedance BW from 3.64 to 4.32 GHz, equivalent to about
17.1%. Meanwhile, the simulated isolation values are always
better than 27 dB across the impedance BW. In terms of
gain, Fig. 4(b) shows the broadside gain when the antenna
is excited at Port-1. The data indicate that the gain across the
—10 dB impedance BW ranges from 3.0 to 4.2 dBi.

Ill. DECOUPLING MECHANISM

For a better understanding of the role of shorting vias, the
performances of the MIMO antenna with and without short-
ing vias are considered. Fig. 5 shows the simulated reflection
coefficient |S11| and transmission coefficient |Sy;| of these
antennas. In both cases, the antenna shows good impedance
matching in the frequency range from 3.6 to 4.4 GHz. In terms
of isolation, the coupled MIMO antenna has an isolation of
about 14 dB. With the presence of four shorting vias, the
isolation is significantly enhanced to 27 dB.

To explain the decoupling mechanism, the simulated sur-
face current distributions on the ground plane, shorting vias,
as well as MS of the antennas with and without decoupling
networks are given in Fig. 6. Note that the simulated results
are attained with Port-1 excitation. For the coupled MIMO,
Fig. 6(a) observes a strong coupling from the excited element
to the non-excited element in both the MS layer and ground
plane layer. Here, the current highly concentrates around the
slot and two unit cells close to the excited element. For the
MIMO with the proposed decoupling network, the current is
just strongly distributed on the excited element. Meanwhile,
the coupling is blocked by the shorting vias with strong

67739



lEEEACCGSS H.-H. Tran et al.: MS-Based MIMO Antenna With Compact, Wideband, and High Isolation Characteristics

J-surf [A/m] =

"
|
L) Sl -
n x I = N——
0 MS layer Ground plane layer
(a)
J-surf [A/m] F
o )
- __
[ | 47 -——C
_ ¥
i

MS layer Ground plane layer

vias unit cell

ground

—

Shorting vias
(b)
FIGURE 6. Simulated current distributions at 4.0 GHz on (a) Coupled

MIMO without decoupling network, and (b) decoupled MIMO with the
proposed decoupling network.
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FIGURE 7. Simulated |S;;| of the proposed MIMO antenna for different
lengths of /5.

currents concentrated on the vias, as shown in Fig. 6(b).
In fact, the presence of vias contributes to generating LC
circuits, which can provide a rejected frequency band [30].
Here, C denotes the capacitance between the unit cell and the

ground. L is the inductance of the shorting vias.

IV. ANTENNA OPTIMIZATION

In this section, antenna optimization is presented. The pro-
cess is divided into three main steps: impedance matching,
wideband operation, and isolation. All design parameters are
considered for each step. Nonetheless, only the key parame-
ters are chosen to present for brevity. It is noted that when one
parameter is studied, the others are kept at optimal values as

presented in Section II-B.

A. IMPEDANCE MATCHING OPTIMIZATION

The antenna’s impedance matching can be controlled by
tuning the length of the feeding lines, /. Fig. 7 shows the
|S11] against the variations of /. As observed, this parameter
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FIGURE 8. Simulated |S;;| of the proposed MIMO antenna against the
variations of (a) /s and (b) W,.

strongly affects the matching performance of the proposed
MIMO antenna. With /[y = 24 mm, the antenna shows the
best -10 dB impedance BW. A shorter or longer feeding line
significantly degrades the matching performance.

B. WIDEBAND OPERATION OPTIMIZATION

The wideband operation is obtained by combining the res-
onances from the slot and the MS. Fig. 8 shows the |Sy;]|
with different values of the slot’s length, /;, and the unit cell
dimension, Wy. As shown in Fig. 8(a), changing I only has
a significant effect on the lower band operation. Longer slot
results in lower |S1| resonance. Meanwhile, the higher reso-
nance remains unchanged with the variation of /. Similarly,
the higher band operation can be controlled by tuning the unit
cell dimension, Wy. As presented in Fig. 8(b), larger Wy leads
to lower resonance in the high-frequency band. Since the MS
acts as an effective radiating aperture of the proposed antenna,
Wy also causes a strong impact on the lower operating band,
which shifts upwards as Wy decreases.

C. ISOLATION OPTIMIZATION

As shown in Section III, the mutual coupling between the
MIMO elements is suppressed with the help of the short-
ing vias. According to Fig. 6(b), the vias has a significant
effect on the field distributions. Therefore, their position
and size are critical parameters in determining the isolation
of the proposed MIMO antenna. Fig. 9 shows the antenna
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FIGURE 9. Simulated |S,; | of the proposed antenna against the
variations of (a) dx, (b) dy and (c) ry.

transmission coefficients for different values of dy, dy, and r,,.
The simulated data indicates that the isolation performance
is significantly affected by d, and dy. Besides, r, is also
another important parameter in mutual coupling reduction.
Better isolation can be achieved with the increase of r,. Note
that the effect of these parameters on the |S11| performance
is insignificant. Although dy = 7.6 mm, dy, = 1.6 mm, and
ry = 1.5 mm show better isolation, the | S| results are slightly
degraded. Thus, these parameters are chosen so that both
impedance matching and isolation over the operating band
are the best.

V. MEASUREMENT RESULTS
To confirm the proposed concept, measurements have been
implemented on a fabricated prototype. Photographs of
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FIGURE 10. Photographs of the fabricated MIMO antenna prototype.
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FIGURE 11. Simulated and measured S-parameter of the proposed MIMO
antenna. (a) |Syq 1. (b) 1Sy 1.

the fabricated antenna with respect to the bottom- and
top-view are shown in Fig. 10. Fig. 11 presents the sim-
ulated and measured S-parameter of the proposed MIMO
antenna. The simulations are well-matched with the mea-
surements with only a small discrepancy in the —10 dB
impedance BW, which could be attributed to the imper-
fection in experimental setup and fabrication tolerances.
With reference to Fig. 11(a), a wide —10 dB impedance
BW of 15% (3.7 - 43 GHz) is achieved. Along with
this, the measured isolation provided in Fig. 11(b) is more
than 25 dB.

Due to the geometrical symmetry, only the far-field results
for Port 1 excitation are shown. Fig. 12 shows the simulated
and measured gain of the proposed design. The mea-
sured gain values within the operating band are in the
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FIGURE 12. Simulated and measured broadside gain of the proposed
MIMO antenna.

range of 3.0 to 4.1 dBi. The 3-D and 2-D gain radiation
patterns at different frequencies of 3.8 and 4.2 GHz are plot-
ted in Figs. 13 and 14. It observes a similar behavior between
the simulation and measurement results. The antenna also
shows good broadside radiation pattern.
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g

g

FIGURE 13. Simulated 3-D radiation patterns at different frequencies.

VI. MIMO DIVERSITY PERFORMANCE

The diversity performance of the proposed antenna is eval-
uated through several parameters including Envelope Cor-
relation Coefficient (ECC), Diversity Gain (DG), Channel
Capacity Loss (CCL), and Mean Effective Gain (MEG). The
calculated equations of these parameters are presented in [31]
and [32] and thus, they are not shown here.

The ECC indicates the correlation between the adjacent
MIMO antenna elements. In a practical environment, the
acceptable value of ECC must be less than 0.5. The DG
demonstrates the reliability and quality of a MIMO antenna
in wireless systems, and it must be high at about 10 dB in the
operating frequency band. In terms of transmission, the CCL
indicates the information that can be transmitted with almost
zero loss in the communication channel. The predefined CCL
value is smaller than 0.4 bits/s/Hz. With respect to MEG,
it is defined as the ratio of power received by the MIMO
antenna to the power received by the isotropic antenna. The
acceptable MEG is less than 3 dB. The calculated ECC,
DG, CCL, and MEG parameters are shown in Fig. 15. In
the operating frequency band from 3.7 to 4.3 GHz, all the
MIMO parameters satisfy the predefined values for practical
applications.
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FIGURE 15. Calculated diversity parameters of the proposed MIMO
antenna. (a) ECC, DG, and (b) CCL, MEG.

VIl. PERFORMANCE COMPARISON

To demonstrate the advantages of the proposed design,
Table 1 shows a comparison among the wideband MIMO
designs in the literature. In general, the attractive features
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TABLE 1. Comparison among wideband MIMO antennas.

No.

Ref of Overall size Extra  Spacing BW Iso.
ports A0 space*  (A) (%) (dB)

[4] 2 1.44 % 0.90 x 0.06 Yes 0.58 148 >20

[9] 4 N/G Yes 0.50 196 >17

[10] 4 1.51 x 1.51 x 0.04 Yes 0.76 155 >20
[12] 2 1.30 x 0.87 x 0.15 Yes 0.36 77 >20
[15] 2 2.82 x 2.82 x 0.40 Yes 0.50 148 >20
[16] 2 1.52 x 1.52 x 0.38 Yes 0.50 100 >26
[19] 4 1.74 x 1.74 x 0.04 Yes 091 159 >32
[21] 2 1.90 x 0.96 x 0.13 No 0.50 73 >30
Prop. 2 0.85 x 0.48 x 0.03 No 0.43 150 >25

*: Extra space for decoupling structures

of our design are compact size, small element spacing, wide
BW, as well as acceptable isolation. Especially, no extra space
is required for the decoupling network. On the other hand,
most of the reported works require additional space, which
leads to a large lateral size. In comparison with the proposed
antenna, there are several noticeable issues. Although the
MIMO designs in [9], [10], and [19] have wider BW, they
have smaller isolation and/or larger element spacing. Addi-
tionally, better isolation can be achieved in [16] and [21].
However, significant high profile and large lateral dimensions
are critical drawbacks of such designs. In [12], this work has
smaller element spacing, but with limited operating BW and
isolation.

VIil. CONCLUSION

A 2-element MIMO antenna with the capability of offer-
ing wideband operation, high isolation, as well as compact
size features has been presented and investigated in this
paper. The MIMO elements are arranged in the H-plane
configuration and the metallic shorting vias are employed
for mutual coupling reduction. Four vias connect the unit
cells to the ground plane, and therefore, no extra space is
required. The final design has a compact overall size of
0.85X: x 0.48)\. x 0.03)\. and a center-to-center element
spacing of 0.43)\.. The experiment results prove that the
proposed antenna exhibits a wide impedance BW of 15%
(3.7 - 4.3 GHz) and the isolation is higher than 25 dB.
Additionally, the proposed antenna achieves good MIMO
diversity performance with all diversity parameters satisfying
the predefined values for practical applications. According
to the achieved performance, the proposed MIMO antenna
is very promising for compact sub-6 GHz 5G applications.
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