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ABSTRACT: This article proposes an 8-port MIMO antenna based on double-negative metamaterial Split Ring Resonators (SRRs) for
three-dimensional (3D) non-planar applications, such as hotspots. The antenna features eight radiators arranged orthogonally to each
other, placed in two perpendicular planes, operating at 3.5 GHz. Each resonator incorporates six embedded SRRs to enhance the meta-
material behavior, achieving a 40% size reduction compared to a conventional disc monopole at the same frequency. Simulated and
measured results demonstrate excellent performance for MIMO applications, with Envelope Correlation Coefticient (ECC) values below
0.001 and Diversity Gain (DG) around 20 dB. The Total Active Reflection Coefficient (74RC) bandwidth is approximately 930 MHz at
the —10 dB threshold. The S-parameters indicate excellent electromagnetic isolation between radiators exceeding 20 dB, and a very low
cross-polarization level below —30 dB. However, the main limitation of this design is a reduction in gain, an expected result.

1. INTRODUCTION

ultiple-Input Multiple-Output (MIMO) antennas play a
Mcrucial role in the performance of modern and near-future
communication systems. These antennas consist of multiple
radiators placed in close proximity for personal devices. How-
ever, for optimal performance, these radiators must simultane-
ously achieve high diversity and multiplexity gain. On the other
hand, miniaturization of radiator elements is a key requirement
for modern handsets and hotspot architectures. Several tech-
niques have been employed to reduce the size of passive cir-
cuits, including antennas. These techniques encompass De-
fected Microstrip Structures [1], acoustic excitation [2], stub
loading [3], fractal geometries [4], metamaterials [5], and oth-
ers.

In the case of MIMO antennas, especially those designed for
handsets, the close spacing among radiators leads to high mu-
tual electromagnetic coupling, which can degrade the perfor-
mance of the antenna array. Several architectures have been
proposed to address this challenge [6]. Therefore, while minia-
turization of MIMO arrays is essential for mobile communica-
tions, a trade-off between element size and radiator spacing is
necessary to overcome the detrimental effects of electromag-
netic coupling.

On the one hand, as mentioned before, metamaterial struc-
tures can be a useful technique to reduce the size of a passive
circuit, in this case, an antenna. However, metamaterial sur-
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faces can also provide other advantages when being employed
in these devices, such as increasing the gain [7]. In this ar-
ticle, the metamaterial surface, implemented using embedded
Split Ring Resonators (SRRs), is used to reduce the size of the
antenna without compromising its bandwidth and impedance
matching performance.

Several proposals for eight-element MIMO antennas in a 2D
configuration have been reported [8—13]. While some of these
designs offer the advantage of simplicity by using resonant
slots, others present challenges in design and geometry. Other
configurations utilize eight resonators in a 3D structure, as ex-
emplified by the works in [14-16]. The antenna in [14] fea-
tures a 3D arrangement of eight elements with both symmetric
and non-symmetric configurations on an octagonal polystyrene
structure, targeting system-in-package applications and wire-
less personal networks. This antenna also leverages a metama-
terial configuration to improve radiator performance. In [15],
although the authors claim that the proposed antenna is intended
for handsets, caution is necessary due to the array structure. The
radiators are perpendicular to the main plane, indicating a 3D
structure. Finally, the authors in [16] present a configuration
where the radiators are placed on two perpendicular planes, re-
sulting in orthogonal antennas.

In this article, an eight-element MIMO antenna is presented,
configured in two perpendicular planes similar to the one de-
scribed in [16]. The unit radiator is designed as a monopole
with embedded SRRs to reduce the overall antenna size com-
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pared to a conventional disc monopole. Each plane houses four
orthogonally placed radiators. The design, simulations, and re-
sults are presented in the following sections.

2. ANTENNA DESIGN AND SIMULATION RESULTS

The design is based on a configuration of embedded split-ring
resonators (SRRs). It has been demonstrated that a set of two
SRRs [17] exhibit metamaterial behavior, and thus, by includ-
ing more embedded rings, the metamaterial behavior is en-
hanced. As a result of the increased metamaterial effect, a
higher slow-wave factor is obtained, indicating a longer elec-
trical length for a smaller metallic structure. With this result,
a more compact resonant structure can be obtained, but it res-
onates at a lower frequency. Additionally, by using a larger
set of embedded rings, a metamaterial effect is achieved over a
wider bandwidth than that when only two rings are employed.
The proposed antenna, based on a set of embedded SRRs, is
presented in Figure 1, designed on a Duroid substrate with a
permittivity of 4.5 and a thickness of 0.787 mm. The radiator
is fed by a microstrip line, where the ground plane, on the back
side of the substrate, is represented in black, and the SRR radi-
ator is colored in gray, on the front side of the substrate. The
initial dimensions are selected such that the length of the radia-
tor, from the ground plane, is at least 30% shorter than a quarter-
wave monopole resonating at the same frequency. The selected
band is 3.5 GHz due to its interest in 5G telephony applica-
tions. The optimization of the dimensions is achieved through a
parametrization process using the Ansys Electronics simulation
software, considering a trade-off between bandwidth, compact
size, and port matching below —10 dB.

FIGURE 1. Metamaterial structure antenna with SRRs.

The widths and separations between the rings are set to
0.2 mm. The antenna is designed to resonate at 3.5 GHz. Com-
pared to a conventional quarter-wavelength (\/4) radiator, the
proposed antenna is nearly 34% shorter after dimension opti-
mization.

The metamaterial behavior is presented in Figure 2. Equa-
tions (1) to (4) in [18] detail the calculation of the real and
imaginary parts of the permittivity and permeability. Follow-
ing the procedure outlined in [18], the permeability (1) is ob-
tained by 1 = mz, and the permittivity (¢) is obtained by the
expression € = n/z, where n is the refractive index, and z is
the impedance. The refractive index and impedance are closely
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related to the S-parameters as:

(1+Sn)’ - 53

z = ©)
(1—5n)* - 8%
1 e 1 (1—=5} 453
The signs in (1) and (2) are determined by:
2 >0 3)
n” >0 4

where ()’ and (-)” denote the real part and imaginary part op-
erators, respectively.

Simulating the structure shown in Figure 1 as a two-port con-
figuration, where the second port is considered as a part of the
radiation environment in front of the rings, as depicted in Fig-
ure 2(a), and employing (1) to (4), the real and imaginary parts
of the permeability and permittivity are presented in Figure 2.

As observed in Figure 2, the real parts of both the permittiv-
ity and permeability exhibit negative values at the design fre-
quency of 3.5 GHz, signifying a double-negative metamaterial.

3. 8-PORT MIMO ARRAY CONFIGURATION

Leveraging this property, the antenna array is designed on two
orthogonal planes, each one placing four elements in axial sym-
metry. The elements are positioned perpendicular to each other
on each orthogonal plane to enhance electromagnetic isolation
between radiators, as shown in Figure 3. Figure 3(a) shows the
arrangement of the radiators in one plane, depicting the axial
symmetry, and Figure 3(b) presents the isometric view of the
8 elements in both orthogonal planes. The separation among
radiators was obtained considering the higher electromagnetic
isolation.

Each planar element measures 45 mm by 45 mm. The center-
to-center separation between the radiators is 26.3 mm. Anten-
nas 1 to 4 are located on the horizontal substrate and are colored
red for distinction. Antennas 5 to 8 are positioned on the ver-
tical substrate and are shown in a dark color for clarity. The
simulated S-parameters of the proposed antenna array are pre-
sented in Figure 4. Because of the axial symmetry, the results
are limited to the interaction of the radiators with Antenna 1,
since other combinations result in similar behavior.

The simulated S-parameters in Figure 4(a) indicate that all
radiators exhibit a resonance around 3.3 GHz, but still coupling
at 3.5 GHz. Conversely, the electromagnetic isolation between
elements of the array is below —20 dB, reaching values around
—30dB at the desired frequency. An exception is the interac-
tion between Antenna 1 and Antenna 8, where the S1g parame-
ter remains around —20 dB. Nevertheless, the overall isolation
is sufficient for MIMO applications.

Next, the results obtained from the simulation process are
used to evaluate metrics relevant to MIMO performance. The
envelope correlation coefficient (ECC) is calculated for each
pair of antennas. Due to the axial symmetry of the array, only
the ECC between the first antenna and the other antennas is
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FIGURE 2. (a) Two port simulation model. (b) Real and imaginary parts of the permittivity. (c) Real and imaginary parts of the permeability.
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FIGURE 3. (a) One plane view. (b) Isometric view of the 8-port MIMO antenna.

presented in Figure 5. It can be inferred that the ECC values for
other pairings of antennas will exhibit similar characteristics.
The ECC is given as a function of the S-parameters as (5):

191,81 + S5y Saa?

e (1 — |81 [* - |521|2) (1 — [Saaf® — |512|2)

The results of the envelope correlation coefficient (ECC) for
other antenna pairs exhibit high similarity to the curves pre-
sented in Figure 5. To enhance clarity and avoid redundancy,
additional curves have not been included.

The analysis of Figure 5 reveals that the value of this pa-
rameter at the desired frequency is very small, reaching values
lower than 0.0012 at 3.5 GHz, and below 0.012 from 3 GHz to
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4 GHz. This indicates a very low level of correlation between
the electric fields of the radiators.

Another metric employed to assess the performance of
MIMO antennas is diversity gain. This parameter can be
calculated using Equation (6).

DG = 101/1 — (ECC)? (6)

Table 1 shows the behavior of the DG for the antennas related
to Antenna 1 at 3.5 GHz.

An analysis of Table 1 reveals that the antenna exhibits
significant improvement in diversity gain, achieving near-
maximum values of 20 dB for all radiator combinations.

On the other hand, the Total Active Reflection Coefficient
(TARC) is then evaluated to assess the system bandwidth and
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FIGURE 4. Simulated S-parameters of the proposed MIMO antenna. (a) Return loss of each antenna. (b) Isolation between Antenna 1 and the

remaining resonators.
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FIGURE 5. Envelope Correlation Coefficient relating Antenna 1 to ¢ with
i=2to8.

TABLE 1. Diversity gain at 3.5 GHz.

Antenna 1 to Antennan | DG [dB]
n=2 19.99
n=3 19.99
n=4 20
n=>5 20
n==~6 20
n="7 20
n=3y 19.99

overall functionality of the antenna array. As described in
Equation (7), the TARC for N antennas is expressed as:
N

N .
TARC = NO*”\/Z,_1 >, el

Considering the large number of antennas and the inherent
complexity of analyzing all possible phase combinations given
in (7) by 6;_1, the investigation focuses on a simplified case
where all phases (; to 6;) are initially set to 0°. Subsequently,
0, is varied to evaluate the impact on the TARC. The results of
this analysis are presented in Figure 6.

This analysis aims to demonstrate that the behavior of the
curves as a whole, for various incoming phases of the random
signals at each radiator, maintains the system bandwidth below
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FIGURE 6. TARC of the proposed antenna varying 6.

—10dB. As observed, all curves for different phases exhibit a
similar pattern, and the system bandwidth ranges from 2.9 GHz
to 4.15 GHz, satisfying the requirement for the operating fre-
quency of 3.5 GHz.

Following these results, the prototype was constructed, and
the measurements will be presented in the subsequent section.

4. MEASURED RESULTS

The prototype was built, and its photograph is presented in
Figure 7. The measured S;; parameters, characterizing the re-

FIGURE 7. 8-port MIMO antenna prototype.

Www.jpier.org



Progress In Electromagnetics Research M, Vol. 130, 11-17, 2024

PIERM

@

& o

—S511 —822 —833 —S44

Sii-parameters [dB]
=]

855 866 —S877 —S88 ’(

2 25 3 35 4
Frequency [GHz]

4.5

(b)

—521 —831 —§41 —851 —861 —571 —881 | J\
-70 T
-80 v
90
2 25 a5 5

3 3.5 4
Frequency [GHz]
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FIGURE 9. (a) Calculated ECC from measured S-parameters. (b) Calculated ECC from far-field.

flection response of individual antenna elements, are presented
in Figure 8(a). Figure 8(b) shows the measured S;; parame-
ters, which quantify the isolation between different radiators in
the array. As observed in Figure 8(a), each element exhibits
good impedance matching at the design frequency. Addition-
ally, the isolation between radiators, as indicated in Figure 8(b),
is greater than 20 dB, reaching values even closer to 40 dB at
3.5GHz.

To evaluate the overall efficiency of the antenna array, the
measured Envelope Correlation Coefficient (ECC) metric is
presented in Figure 9. This metric is calculated based on Equa-
tion (5).

Figure 9(a) depicts the (ECC) among Antenna 1 and the re-
maining antennas in the array using expression (5). This ap-
proach is justified by the symmetrical design of the array, which
is expected to exhibit similar behavior for any chosen reference
antenna; however, ECC can also be calculated using the rela-
tionship of the electric fields of the antennas under considera-
tion. The far-field expression is given in (8).

Ej (6, w)} dQ(z

= 2
E; (0.¢)|

where Ej, (6, ¢) is a complex vector function that describes the
kth 3D radiation pattern at the Fraunhofer zone, - the Hermitian

‘ff4ﬂ' {Eﬁ (9’ 90)
[fye |Be0.0)] a2 11,

Pe;; =
d§2
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product, and df) the solid angle differential. The results con-
sidering (8) are presented in Figure 9(b). Comparing both fig-
ures, the behavior of the ECC obtained by the far-field method
presents higher quantities, but still showing smaller values than
0.05 at the desired frequency of 3.5 GHz.

As evident in this figure, the ECC at the design frequency is
significantly lower than 0.005, indicating a low level of corre-
lation between the radiated fields from the antennas.

Figure 10 presents the measured Total Active Reflection
Coefficient (TARC). To enhance clarity and avoid excessive
curves, the TARC calculation adopted a similar strategy as the
simulation process, setting all initial phases to zero, and in this
case, varying 6; and 6,. As observed in Figure 10, the mea-
sured TARC remains below —10dB at the desired frequency.
This result signifies that the system bandwidth is maintained
between 3.4 GHz and 3.95 GHz, effectively covering the tar-
get frequency of 3.5 GHz, demonstrating that the array perfor-
mance is not degraded by the interaction of multipath signals
arriving with different phases.

Figure 11 presents the gain pattern for antenna number one.
The Figure shows the co-polarization patterns in both H-plane
and E-plane, along with the cross-polarization pattern in the H -
plane. This result is consistent with the gain patterns observed
for the remaining antennas in the array.

As observed in Figure 11, the antenna presents a quasi-
omnidirectional gain pattern in the H-plane, while, in the F-
plane, it shows a pair of nulls around 20° and 195°. On the
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TABLE 2. Antenna parameters at 3.5 GHz.

Peak directivity [dB]

Realized Peak gain [dB]

Radiation efficiency

—-2.6 —2.03 0.994
TABLE 3. Comparison of 3-D MIMO antennas.
Bandwidth Sij TARC Volume X-pol
Reference ECC Difficulty™*
[GHz] [dB] [dB] [mm’] [dB_copol]

[14] 3.1-10.6 < —20 | £0.001 —11" ~ 109,478 ~ 15 Complex

[15] 3.3-6.0 < -—17 <0.02 NA ~ 78,750 NA Medium

[16] 3.2-6.0 < -20 | £0.003 -10* ~ 287,496 NA Medium
This work 3.25-3.95 <-20 | <0.05 —15 ~ 91,125 ~ 30 Low

* Both [14] and [16] present only a single curve for the TARC parameter. However, to ensure good performance for MIMO
applications, the TARC should be evaluated across various phase configurations [19]. As a result, [14] and [16] present an

incomplete TARC analysis.

** The design complexity can be subjective, and this is just an appreciation of the authors, as different approaches with varying
degrees of difficulty can achieve the desired goals. For instance, the antenna in [14] exhibits excellent ultra-wideband perfor-
mance, but it necessitates a combination of a metamaterial Y-shaped structure and a m-shaped decoupling structure to achieve

sufficient isolation between elements.

other hand, the cross-polarization level in the H-plane is lower
than 30 dB compared to the co-polarization at the same plane.
The measured gain of the antenna at 3.5 GHz is —2.3 dBi, a con-
sequence due to the reduction of the overall size. However, the
antenna is diminished more than 30% compared to a conven-
tional disc monopole resonating at the same frequency, and the
MIMO performance is excellent related to different structures
given in the literature. Table 2 presents the antenna parameters
report, which includes antenna realized peak gain, radiation ef-
ficiency, and peak directivity.

Finally, Table 3 presents a comparison of the present work to
MIMO 3-D antennas. Regarding the Volume column, a regular
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body which fits each geometry was proposed, for example, this
work was referenced to a cube of 45 mm sides.

In contrast, this work employs various phase configurations
within the TARC equation, achieving an average value below
—15dB across all curves at the center frequency. This critical
metric, absent in prior works, is essential for ensuring proper
MIMO array function [19]. Consequently, a comparison of Ta-
ble 2 reveals that the proposed design offers a well-balanced ap-
proach between performance and simplicity. It achieves good
isolation, superior TARC values, comparable ECC, very low
cross-polarization levels, compact size, and ease of design and
fabrication.
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5. CONCLUSIONS

This paper proposes an 8-port MIMO antenna utilizing a set of
embedded Split Ring Resonators (SRRs). The SRR exhibits a
double negative index metamaterial behavior at 3.5 GHz, en-
abling a compact element design compared to a conventional
disc monopole. Consequently, the arrangement of the eight el-
ements in orthogonal planes leads to a miniaturized array suit-
able for non-planar applications. This design eliminates the
need for additional isolation techniques among radiators, as em-
ployed in some existing works, simplifying the design and fab-
rication process.

The proposed antenna achieves excellent MIMO perfor-
mance metrics. The TARC parameter indicates a system band-
width of approximately 900 MHz, a result not explicitly re-
ported in other publications. The (ECC) exhibits values lower
than 0.001, and the (DG) is around 20 dB. Finally, the cross-
polarization level is approximately 30 dB lower than the co-
polarization level.
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