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ABSTRACT: In this paper, a very small 4-port MIMO antenna is designed, based on a metamaterial structure composed of embedded
octagonal Split-Ring Resonators (SSRs). The antenna array shows an axial symmetry configuration with dimensions of 32 × 32mm2,
corresponding to 0.157λ2, approximately, related to a center frequency of 3.5GHz, with a high electromagnetic isolation despite the
radiators’ closeness, reaching values bigger than 26 dB for adjacent antennas, and more than 28 dB for opposite antennas. The antenna
is built on a substrate with dielectric permittivity of 2.2 and 1.27mm thick. The Total Active Reflection Coefficient (TARC) presents a
steady behavior for different random phases at the incoming signals, keeping a system bandwidth of 0.9GHz for a −10 dB value. On
the other hand, the Envelope Correlations Coefficient (ECC) reports values lower than 0.001 in all the antenna relationships, achieving a
very uncorrelated performance of the electric fields in each element. The radiation pattern is quasi-omnidirectional, obtaining a low gain
around −2 dBi, a trade-off that is considering the size reduction of the MIMO antenna.

1. INTRODUCTION

Current mobile communications require high data rates to
satisfy the users’ necessities. To increase these rates, var-

ious strategies can be employed, and one of them is the use of
Multiple Input-Multiple Output (MIMO) antenna arrays, in or-
der to take advantage of multipath effects, especially in mobile
environments. Due to these factors, the antennas in mobile sys-
tems require very restrictive characteristics that allow them to
operate in such adverse environments, without causing distor-
tions in the desired signals. Because the mobile is a system
that has space limitations, small antennas are mandatory, but at
the same time, they must have an ideal performance in hostile
multipath conditions. The low correlation between the electric
fields of each element that makes up the MIMO array, the high
electromagnetic isolation among radiators, as well as a stable
behavior of the bandwidth when there are different signals in
each antenna of the array, and high diversity gain, are some of
the characteristics that have to be satisfied, among other factors.
All these characteristics are naturally opposed to the reduction
in the size of the antenna, due to the proximity of the elements,
resulting in an increase in their interaction, reducing electro-
magnetic isolation, and growing the correlation between fields.
To achieve the different goals of a MIMO array, different

proposals have been made to reduce the size, by using geome-
tries [1] and element interconnections [2]. On the other hand, to
increase the electromagnetic isolation, several proposals have
been published, including slots and shorting pins [3], Defected
Ground Structures [4, 5], electromagnetic barriers, and imper-
fect structures, among other techniques.
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In this work, a metamaterial structure is used to increase the
electrical length of the radiator, in such a way that an antenna
with reduced dimensions is obtained in comparison with a con-
ventional antenna, such as a circular monopole.
Metamaterial is a media in which its physical characteris-

tics and the propagating wave on it are determined by nega-
tive dielectric and magnetic constitutive parameters. In such
media, the electromagnetic fields and the wavevector form a
left-handed triad. This means that the group and phase velocity
have opposite directions. This phenomenon can be employed to
enhance the electrical characteristics of passive circuits, in this
case antennas. Reducing the size of radiators by employing re-
active loads or shorting pins can result in poor radiation, narrow
bandwidth, and non-desired radiation. The use of metamate-
rial has been proven to be an option to improve some electric
characteristics of antennas, such as those demonstrated in [6–8].
In those works, efficient antennas were developed for applica-
tions like WiMAX, WiFi, wireless, and personal applications,
respectively, showing the potential of employing this kind of
technique.
To improve the isolation without increasing size or volume,

simple electromagnetic barriers are introduced, which are easy
to implement and design, based on tape-type transmission lines.
The proposed structure and its simulation and measurement re-
sults are shown in the following sections.

2. MIMO ANTENNA PROPOSAL
The proposed configuration of the metamaterial antenna is pre-
sented in Figure 1(b), taking into account that the SRR has been
proven to perform as a metamaterial structure in several publi-
cations [9, 10]. To initiate the design and for comparison pur-
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(a) (b)

FIGURE 1. Comparison of: (a) conventional disc monopole, (b) metamaterial based monopole.

poses, Equations (1) and (2) in [11] are considered for a disc
monopole design, resonating at 3.5GHz. According to these
equations, the radius of the disc monopole is around 16.16mm.
The disc monopole is displayed in Figure 1(a). Both antennas
are simulated considering a substrate with dielectric permittiv-
ity of 2.2 and thickness of 1.27mm. As a monopole structure,
the resonance of the antenna is determined by the length of the
feeding line starting from the edge of the ground plane and com-
plemented by the reactive load generated by the disc. The same
phenomenon is used for the metamaterial-based antenna; how-
ever, the reactive load is bigger in the second option, as will be
shown below. In the case of the metamaterial-based antenna,
it is excited by a microstrip line and terminated in the embed-
ded SRRs. These rings act as the radiation part of the antenna
but add a load to the transmission line. As explained above,
metamaterial allows to obtain a phase velocity contrary to the
propagation direction, which increases the slow-wave factor in
the structure. This fact permits obtaining a shorter wavelength,
and as a result, the physical size of the antenna can also be re-
duced.
As observed in Figure 1, the two antennas have the same di-

mensions. The metamaterial-based antenna shows 10 SRRs,
and each one is 0.8mm in width and separated also by 0.8mm.
The simulatedS11 parameters for each antenna are given in Fig-
ure 2.
In Figure 2, the S11 parameter for the disc monopole antenna

presents a resonance around 3.5GHz, which is the design fre-
quency; however, when the metamaterial configuration is used,
the resonance of the structure is obtained at a lower frequency,
around 1.8GHz. According to these results, the employment
of SRRs in the structure increases the slow-wave factor, reduc-
ing the electric length of the radiator, and as a consequence,
a lower resonance is obtained. To shift the resonance of the
metamaterial-based antenna to 3.5GHz, its dimensions must be
reduced. This process was made and optimized by employing
the Optimetrics Tool of the electromagnetic simulator HFSS.
The final dimensions of the metamaterial-based antenna are
presented in Figure 3, as well as its simulated S11 parameter.
From Figure 3, it is observed that the dimensions of the

metamaterial-based antenna were reduced almost four times
compared to the dimensions presented in Figure 1(b), and the

FIGURE 2. Simulated S11 parameter of the metamaterial-based and
disc monopole antennas.

resonance of the antenna is obtained at 3.5GHz. Then, the size
of the metamaterial-based antenna is reduced to an equivalent
of around 25% of the total dimension of the conventional disc
monopole. This size reduction is given by the metamaterial ef-
fect of the SRRs. To demonstrate this behavior, the extraction
of the permittivity of the structure is given below.
To obtain the permittivity, the antenna is arranged as pictured

in Figure 4. The feeding port is set at the feeding line, and the
receiving port is set above the antenna, on the upper face of the
radiation boundary.
According to Equations (1) to (4) [12], the extracted permit-

tivity based on the S-parameters is obtained and plotted in Fig-
ure 5.
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The signs in (1) and (2) are determined by:

z′ ≥ 0 (3)
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FIGURE 3. (a) Metamaterial-based optimized antenna and (b) simulated S11 parameter.

FIGURE 4. Simulation model to extract the permittivity of the
metamaterial-based structure.

FIGURE 5. Extracted permittivity of the metamaterial-based antenna.

n′′ ≥ 0 (4)

where µ = nz and ε = n/z, with n being the refractive index.
As observed in Figure 5, the extracted permittivity of the

metamaterial-based antenna presents a real part negative value
at the resonant frequency, demonstrating the metamaterial per-
formance at the desired band. As a result, the slow wave factor
on the structure is bigger than that shown on a conventional disc
monopole, giving a resonance of around 3.5GHz, with a much
smaller size radiator.
According to previous results, the reduction of the antenna

compared to a conventional disc radiator is close to 75%. Then,
the following section demonstrates the performance of a 4-port
MIMO array, considering the antenna presented in Figure 3.

3. 4-PORT MIMO ANTENNA ARRAY
The proposed 4-port antenna array is presented in Figure 6. The
dimension variables of the antenna are presented in the same
figure and are as follows: Wg = 2.85mm, Lg = 14mm,
Wf = 1.213mm, Lf = 8.36mm, R = 8.03mm, Lr =
3.34mm, La = 34mm, Ld = 18.3mm, As = 5.06mm,
Gs = 4.59mm, the electromagnetic walls are 0.75mm wide

FIGURE 6. Proposed metamaterial antenna array configuration and di-
mensions.

and 39.4mm long. Each octagonal ringwidth as well as the sep-
aration among them is set to 0.2mm. These dimensions were
obtained after an optimization process using HFSS, achieving
the best port matching and bandwidth considering an S11 ≤
−10 dB. The antenna array is simulated considering a substrate
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FIGURE 7. Comparison of current distribution, (a) without EM walls, (b) with EM walls.

FIGURE 8. Comparison of simulated isolation with and without EM
walls.

with dielectric permittivity of 2.2 and thickness of 1.27mm.
The SRR has been probed to perform as a metamaterial struc-
ture, then, its behavior is exploited to increase the electric
length of the structure; in this way, the antenna resonates at
the desired frequency using a small dimension compared to a
conventional monopole.
The 4-element array presents an axial symmetry, in which

the radiators are placed orthogonally to each other. With this
arrangement, the electric fields are also orthogonally arranged,
and as a result, the correlation among fields is reduced. Also,
each radiator has its ground plane, avoiding the induced field on
this side of the substrate due to the surface mode propagation
fields. This fact is corroborated when the Envelope Correla-
tion Coefficient (ECC) is calculated. Since all non-ideal radia-
tors present cross-polarization, and due to the closeness among
antennas in the array, some electric coupling can arise. To in-
crease the electromagnetic (EM) isolation among elements, EM
walls were introduced on the ground plane. These structures
are very simple to design and implement, but they are highly
effective in isolating electromagnetically. The width of these
lines was obtained by a simulation process, achieving a value

of 0.75mm. The intersection of the EM walls is located at the
center of the array and extended to the edges of the substrate,
passing just below the center of each SRR set. The current dis-
tribution analysis is made using HFSS, and the results are pre-
sented in Figure 7, where the structure is analyzed with and
without EM walls. As a result, it is observed that the inten-
sity of the surface current distribution induced by the surround-
ing radiators is reduced considerably when the EM walls are
used. These lines do not modify, considerably, the frequency
response of the radiators as well as the radiation pattern, but
increase the EM isolation by more than 6 dB at 3.5GHz, com-
pared to when the structures are not employed. The isolation
among radiators is given by the Sij parameter, and the results
are presented in Figure 8.

4. SIMULATED AND MEASURED RESULTS
The prototype of the 4-port MIMO antenna is presented in Fig-
ure 9. Figure 9(a) displays the front layer, where the radiators
are placed, and Figure 9(b) shows the back view, where the
electromagnetic walls and ground planes are located.
The array was characterized, and a comparison of the simu-

lated and measured results of the S-parameters is given in Fig-
ure 10. Due to the symmetry of the configuration, for clearance
in the graphics, just the parameters related to port 1 are pre-

(a) (b)

FIGURE 9. 4-ports MIMO antenna prototype.
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FIGURE 10. Comparison of simulated and measured S-parameters of the MIMO antenna.

(c) (d)

(a) (b)

FIGURE 11. Simulated and measured ECC and TARC of the MIMO antenna, (a) simulated ECC, (b) measured ECC, (c) simulated TARC, (d)
measured TARC.

sented, since S11 = S22 = S33 = S44, and Sij = Sji, where i
and j go from 1 to 4.
From Figure 10, it is observed that the simulated and mea-

sured parameters show great convergence, obtaining a mea-
sured bandwidth from 2.99 to 4.13GHz, while the isolation
among radiators described by the Sij parameters reaches values
of more than 25 dB for adjacent and opposite antennas.

On the other hand, theMIMOmetrics like ECC,DG [13, 15],
and TARC [14] are described by (5), (6), and (7), respectively,
where N is the number of elements in the array.

ECC =
|S∗

11S12 + S∗
21S22|2(

1− |S11|2 − |S21|2
)(

1− |S22|2 − |S12|2
) (5)

DG = 10

√
1− (ECC)2 (6)
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FIGURE 12. Normalized gain pattern in dBi at 3.5GHz, (a) E-plane, (b)H-plane.

TABLE 1. Comparison of 4-elements MIMO antennas with the present work.

Reference ECC DG TARC [dB]
Operating

Frequency [GHz]
Size (λ2

0)

[mm2]
Fractional
BW [%]

[2] ≤ 0.001 10 ≤ −10∗ 3.5 1.53 5.7
[3] ≤ 0.001 10 NA 3.5 3.062 15.7
[4] ≤ 0.001 10 ≤ −10 28 6.97 10.7
[19] 10E-4 10 ≤ −10∗ 13.5 4.86 1.5
[20] ≤ 0.001 9.99 NA 5.9 2.11 7.6
[21] ≤ 0.004 NA NA 3 0.5 26.6

This work ≤ 8E-5 10 ≤ −10 3.5 0.157 34.2

TARC = N−0.5

√∑N

i=1

∣∣∣∣∑N

k=1
Sikejθk−1

∣∣∣∣2 (7)

The corresponding values of the simulated andmeasured results
of these metrics are displayed in Figure 11.
In Figure 11, the simulated ECC reaches values as low as

0.0001 at the desired frequency, while the measured one gets
values lower than 0.001, showing a great result since very
poorly correlated electric fields among radiators are obtained.
According to (6), the Diversity Gain (DG), at the resonant fre-
quency, gives a value close to 10 either for simulation or mea-
sured results.
On the other hand, following Equation (7), for a four-element

array, the TARC can be expanded to (8).

TARC = 4−0.5
[∣∣S11 + S12e

jθ1 + S13e
jθ2 + S14e

jθ3
∣∣2

+
∣∣S21 + S22e

jθ1 + S23e
jθ2 + S24e

jθ3
∣∣2

+
∣∣S31 + S32e

jθ1 + S33e
jθ2 + S34e

jθ3
∣∣2

+
∣∣S41 + S42e

jθ1 + S43e
jθ2 + S44e

jθ3
∣∣2]0.5 (8)

According to (8), the TARC is dependent on three different
phases that can be random, giving as a result a set of curves as
big as the number of phases selected for the analysis. To sim-
plify the outcome, a small group of values for θ1 was chosen,
making θ2 and θ3 equal to zero. The simulated and measured
TARCs of the array are presented in Figures 10(c) and 10(d).
Also, in Figure 11, the simulated TARC reaches a system

bandwidth from 2.92 to 4.65GHz, while the measured one
shows a system bandwidth from 3.32 to 4.19GHz for values
less than −10 dB, demonstrating that the proposed array per-
forms adequately forMIMO applications without degrading the
stipulated bandwidth when different signals arrive at the an-
tenna.
Figure 12 presents the normalized measured and simulated

gain patterns, where the peak measured gain approximates
−2 dBi, also showing a quasi-omnidirectional pattern on theH-
plane and nulls close to 0◦ and 180◦ on the E-plane. The size
reduction of an antenna has the imperative drawback of either
decreasing the bandwidth or/and the gain. It has been explained
in different papers that a negative gain (in dB) is expected for
size-reduced antennas [15–18].

182 www.jpier.org



Progress In Electromagnetics Research C, Vol. 140, 177-184, 2024

FIGURE 13. Comparison of simulated and measured gain of the MIMO
antenna.

Figure 13 presents the comparison of the simulated and mea-
sured gains over the operational bandwidth, in which a conver-
gence of results and behavior of this parameter is observed.
Finally, Table 1 shows a comparison of different 4-element

MIMO antennas and the work proposed here.
In Table 1, to make a fair size comparison, all proposals are

related to their corresponding wavelengths in free space, ac-
cording to their operation frequencies. In this table, it is ob-
served that the published antennas present similar characteris-
tics regarding MIMO metrics compared to this work; however,
it must be pointed out that [2] and [10] show an incomplete re-
sult of the TARC, since in those graphics the proper analysis
is not made by selecting different random phases, as described
in (8), displaying just one curve. On the other hand, it is clear
to note that the present work obtains great results even when
the size is much smaller, and the individual elements of the ar-
ray are much closer to each other (around 0.0613λ), showing
an EM isolation among elements of around 25 dB at 3.5GHz.

5. CONCLUSIONS
In the present work, ametamaterial-based 4-elementMIMO an-
tenna is presented, where the metamaterial effect is exploited to
reduce the dimensions of the radiator, obtaining a size reduction
of more than 75% compared to a conventional disc monopole
operating at the same frequency. Besides, despite the closeness
of the elements, the electromagnetic isolation reaches values
above 25 dB for all the antennas, and the E-filed correlation,
given by the ECC, is very small. On the other hand, the TARC
presents values below−10 dB for bandwidth around 900MHz,
with a diversity gain close to 10. The antenna electromagnetic
isolation is improved by a simple geometry of strip lines on
the ground plane, behaving like electromagnetic walls, which
are very easy to design and implement. Therefore, the main
disadvantage of this configuration is the reduction of the gain,
getting a measured value of −2 dBi, which is a trade-off that
must be considered when size reduction, input matching, and
bandwidth are the main goals.
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