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ABSTRACT A compact self-isolated four-element MIMO antenna is introduced for use in ISM systems and
WLAN applications in the 2.4 GHz frequency band. The proposed design consists of four printed dipoles so
four integrated baluns are responsible for feeding these antennas. By choosing an appropriate arrangement of
the elements next to each other and using the feature of self-isolated antennas, great isolation is achieved in
the first step. Finally, by utilizing a printed decoupling component in the space between the dipoles, the value
of the envelope correlation coefficient (ECC) parameter comes very close to zero for the MIMO antenna. The
major part of the isolation in this design is the responsibility of the self-isolated technique, and adding the
decoupling element at the last stage of the design is to complete the antenna isolation process. The fabricated
prototype of the proposed MIMO antenna operating at 2.25-2.87 GHz frequency band reaches the measured
port-to-port isolation of better than 19 dB, ECC of less than 0.0009, the peak gain of 8.6 dBi with total
dimensions of 1.11Ap x 1.114¢ x 0.34X1¢. The numerical and experimental results approve the excellent
MIMO performance for 2.4 GHz applications.

INDEX TERMS Self-isolated, MIMO antenna, WLAN, ISM.

I. INTRODUCTION

In recent decades, with the need to increase the chan-
nel capacity and overcome the problem of multipath fad-
ing, MIMO antenna design has become more popular. The
MIMO configurations have significantly improved the capac-
ity and reliability of systems by making a different kind
of diversity [1]. The MIMO antenna designers face two
chief challenges: reducing the antenna size and creating
adequate isolation between ports. Various techniques have
been reported in the literature to eliminate mutual coupling
between the antenna elements, such as optimization of the
antenna geometries [2], metamaterial structure [3], decou-
pling network [4], [5], the dual-polarized antenna [6], the
defected ground structure (DGS) [7] and [9], the neutral-
ization line [10], [11], [12], and the multimode decoupling
method [13]. Furthermore, a four-element MIMO antenna
is introduced in [14] for sub-6 GHz 5G wireless appli-
cations. This antenna uses Split Ring Resonators (SRRs)
to increase the antenna bandwidth. Also, by locating the
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antenna elements at an appropriate electrical distance, port-
to-port isolation and the ECC of the antenna become less
than —15 dB and 0.1, respectively. A printed MIMO dipole
antenna with integrated baluns for WLAN applications at
2.4 GHz frequency is investigated in [15]. To improve the
isolation between the adjacent elements, they are placed
together in the perimeter of a square. In this configuration,
the parallel elements are isolated with the same polarization
by a sufficient distance. Oppositely, the orthogonal elements
have different polarization, leading to proper isolation. More-
over, the mentioned antenna has an impedance bandwidth of
2.20-2.72 GHz, a peak gain of 8.37 dBi, isolation of less than
—15 dB, and ECC under 0.01. A microstrip line resonator
of thickness 0.5 mm as a decoupling element decreases the
mutual coupling between the ports [16]. One end of this
resonator is opened, and the other side is shorted to the
ground using a metallic via. This MIMO antenna operates at
2.2-12.3 GHz bandwidth with isolation of less than —16 dB,
and the ECC value is below 0.3. Furthermore, the use of
the defected ground plane [17], employing the decoupling
configurations between the antenna components, and using
various slots and stubs on the ground plane are two popular
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methods to increase the MIMO antenna isolation [18] and
[19]. Also, other designs are presented in references [20],
[21], [22], [23], [24], which have acceptable results. The last
part of the paper compares the references mentioned with the
proposed design in a table. The references mentioned above
often follow two types of design. These antennas either have
a planar structure like references [14] and [18], [19], [20],
or they support a 3D configuration like references [15], [16],
[17] and [21], [22], [23], [24]. Planar antennas usually have
lower gain and isolation and can often show good gain and
performance at higher frequencies. Nevertheless, regarding
antennas with 3D configuration, it can be said that in these
references, no effort has been made to improve the antenna’s
performance by investigating the arrangement of the radiation
elements. Radiation elements in these references are often
placed next to each other in the form of a cross-shaped or
arranged in a square-shaped. In this paper, an attempt has
been made to choose the best arrangement for antenna radia-
tion elements by studying different topologies so that, in addi-
tion to creating excellent isolation between the elements, the
space occupied by the antenna can be reduced as much as
possible. By applying the methods mentioned earlier, the
suitable performance of the MIMO antennas is overshadowed
by increasing the dimension and complicating the structure
of the antenna. On the other hand, the prominent feature of
the self-isolated MIMO antennas without using additional
elements or any external networks in the antenna structure is
the preferred choice to solve this problem. In the configura-
tion of the MIMO antennas with the self-isolated feature, the
radiation elements located next to each other at a very short
distance perform their function as an antenna and prevent the
production fields from affecting each other simultaneously.
Recently, some self-isolated antennas have been introduced
that have not used additional elements to create sufficient
isolation in these antennas [25] and [26]. A MIMO system
using the antenna elements that have the self-isolated feature
for the 5G applications is presented in [26]. The antenna is
composed of a T-shaped feeding element and two identical
L-shaped radiating elements positioned symmetrically. The
L-shaped elements work as the radiating elements and act
as a decoupling element between two neighboring radiating
elements. In this design, Isolation> 20 dB for the presented
structure is realized without any extra decoupling elements.
Consequently, it is possible to design this antenna with com-
pact dimensions. Furthermore, to reduce the weight of the
antenna, the use of Printed Circuit Board (PCB) technology
and the application of the dielectric substrates in their fabri-
cation is recommended [15].

The self-isolated antenna characteristic is achieved by
locating the antenna elements properly rather than using
additional decoupling elements between them. The compact
self-isolated four-element MIMO antenna reaches excellent
isolation (ECC of less than 0.004) and good radiation per-
formance. In the last phase, a planar printed decoupling
component is used to reduce the mutual coupling of the
antenna further. Finally, a self-isolated MIMO antenna with
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an operating frequency band of 2.25-2.87 GHz and measured
port-to-port isolation of better than 19 dB and ECC of less
than 0.0009 is achieved.

Il. DIPOLE ANTENNA ELEMENT DESIGN

Since the dipole is a balanced element, while the coaxial
cable is an unbalanced transmission line, directly feeding
the dipole antenna with the coaxial cable can reduce the
antenna’s performance. A balun is a device that turns an
unbalanced transmission line into a balanced one. One of
the most widely used baluns employed in dipoles is the A/4
coaxial balun. In 2009, a printed model of this balun was
introduced and the integrated balun was named, which is used
in this article [27]. The A/4 coaxial balun has a 3D structure,
so the balun part is placed next to the coaxial cable and
soldered. However, in the integrated balun configuration, the
entire structure is placed on the printed circuit board, and its
various components are united. The integrated balun consists
of three general parts. The first portion of the balun consists
of a vertical I"-shaped feeding part and a short-circuited plane
behind it, which together form a tapered microstrip line and
receive the signal from the coaxial cable. The horizontal part
of the I'-shaped feed line and the middle gap between the
two short-circuited planes are an essential part of the balun,
which forms a slot line, and the signal is coupled to the
dipole and transmitted through it. This part is the second
portion of the balun. Finally, a small vertical part of the
I'-shaped feed with a short-circuited plane forms the third
portion of the balun, which is responsible for matching the
impedance of the feeding line and enhancing the electromag-
netic coupling. The overall structure of the proposed dipole
antenna element is demonstrated in Fig. 1. The introduced
dipole antenna involves two FR-4 substrates with a thick-
ness of 0.8 mm, a relative permittivity of 4.4, and a loss
tangent of 0.02. One of these substrates, with dimensions of
40 x 60 mm? (Substrate-1), which includes dipole arms and
integrated balun, is placed vertically on the other substrate,
with dimensions of 113 x 113 mm? (Substrate-2), which is
the ground of the antenna. The dipole arms are printed on the
vertical substrate, and the integrated balun structure is printed
on the contrary side of this substrate.

The horizontal substrate is covered with conductive plates
to shorten the vertical stubs of the balun and connect the
SMA to the antenna. A 3D view, a front view, and a side
view of the printed dipole antenna element are displayed
in Fig.1 (a), (b), and (c), respectively. It can be seen that the
integrated balun structure consists of a I'-shaped feed and a
slot-line, which is short-circuited at the end. In this config-
uration, the dipole length is denoted by L4, which plays a
significant role in determining the resonant frequency of the
dipole antenna.

In the proposed structure, a coaxial cable is responsible
for feeding the antenna so that an SMA is connected to it
from the back of the horizontal substrate. In this way, the
SMA outer conductor is soldered to the horizontal substrate
back-plate, and the SMA inner conductor is soldered to the
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FIGURE 1. Configuration of the patch antenna (a) at front- and -side
views and (b) at the 3D view (All dimensions are in millimeters, mm).

I"-shaped feed via a hole. It should be noted that the baluon
used in this design consists of three parts. The first part of the
baluon, connected to the SMA connector, is a microstrip line,
which receives the input power via the coaxial cable. The next
part consists of a horizontal stub that is the excitation point of
this antenna and can stimulate a slot line by electromagnetic
coupling. The slot line reaches the dipole arms at the top of
its path and is short-circuited at the bottom of its path at the
end. The third part of the baluon structure involves an open-
circuited microstrip line, which is responsible for making
an appropriate impedance matching. Applying the baluon
can improve the impedance matching and reduce its cross-
polarization level. The simulated S1; response and radiation
efficiency of the proposed dipole antenna element are shown
in Fig. 2.

It can be seen that the impedance bandwidth for the —10
dB specification is 19.6% (2.26-2.75 GHz), which covers
the operating frequency band of WLAN (2.4-2.48 GHz) and
ISM (2.4-2.5 GHz) systems. Also, the radiation efficiency
of the dipole antenna is more than 85% in the operating
frequency band. A parametric study was also performed on
the length of the dipole arms (Lg). The results of this analysis
are shown in Fig. 3. According to the results, it is observed
that as the length of the dipole arms increases from 14 mm to
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FIGURE 2. Numerical |S11| and radiation efficiency of the proposed
dipole antenna element.
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FIGURE 3. |S11]| response as a function of the dipole arms (Lq).
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FIGURE 4. Numerical gain and FBR of the dipole antenna element.

29 mm, the resonance frequency of the structure decreases
from 2.91 GHz to 2.18 GHz. Therefore, by adjusting the
Ld at 24 mm, a resonance frequency is obtained for the
antenna at 2.45 GHz. The gain diagram and Front-To-Back
Ratio (FBR) curve of the proposed dipole antenna element are
shown in Fig. 4. Obviously, this design has an average gain
and FBR of approximately 8 dB and 16 dB in the operating
frequency range, correspondingly. It must be emphasized that
the gain and FBR values of the dipole are calculated in the +Z
direction.

Fig. 5 shows the dipole antenna’s H-plane and E-plane
normalized radiation patterns. Consequently, stable unidirec-
tional radiation is achieved in the +Z direction.

The patterns also show that the X-pol radiation in both
planes is under —25 dB in the operating frequency due to
using the balun structure to feed the proposed antenna. Fur-
thermore, the half-power beamwidth (HPBW) is 85.5° in the
H-plane and 54.7° in the E-plane at 2.45 GHz.
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FIGURE 5. Numerical normalized patterns of the dipole antenna element
at 2.45 GHz: (a) H-plane (xz-plane) and (b) E-plane (yz-plane).

lll. MIMO ANTENNA DESIGN

The main goal of this paper is to reduce the space occupied
by the antenna. As it is known, reducing the space occupied
by the antenna in any wireless telecommunication system
reduces the overall dimensions of the system and thus reduces
its cost. On the other hand, according to Shannon’s Law, the
channel’s capacity is directly proportional to the number of
elements of the MIMO system. The channel capacity can also
be increased by increasing the number of MIMO antenna
elements. Furthermore, the problem of multipath fading is
solved with MIMO antennas. The antenna designed in this
paper is for ISM and WLAN applications, in both of which
the effort to reduce the dimensions of the system is appreci-
ated and justified. One of the ways to reduce mutual coupling
in MIMO antennas is to use spatial diversity. However, this
technique can significantly increase the dimensions of the
MIMO antenna system. Therefore, in the first step, the MIMO
antenna elements should be placed next to each other so
that in addition to reducing the dimensions of the antenna,
it also creates sufficient isolation. Therefore, the self-isolated
technique seems very useful in this design. In addition to
paying attention to the different parameters of the antenna
(bandwidth, gain, radiation pattern, etc.) in this design, with
the analysis and investigations, the best way for the arrange-
ment of MIMO antenna elements has been obtained, so that it
results in high insulation with little wasted space. Four printed
dipole antenna elements located close to each other are used
in designing the self-isolated MIMO antenna in this study.
The primary purpose of this paper is to choose an appro-
priate arrangement for the four radiation elements so that
the elements can prevent the destructive effect of the fields
on each other’s performance in addition to performing their
principal task of creating the radiation field. Consequently,
the property of the self-isolated antenna is achieved so that
sufficient isolation between the elements is realized without
additional elements. According to Fig. 6, three different states
are provided for the configuration of the MIMO antenna,
which comprises four radiation elements next to each other to
obtain intended isolation between them. In addition to using
this feature, a decoupling component is located in the space
in the middle of the MIMO structure in the third state to
prevent the mutual coupling between the dipoles completely.
In state-1 of the MIMO antenna configuration, the dipole
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FIGURE 6. 3D view, and top view of the configuration of the MIMO
antenna in (a) and (b) state-1, (c) and (d) state-2, (e) and (f) state-3, and
(g) geometry of the decoupling element.

antenna elements are located around each other in a square
environment. Considering the achievement of high isolation
and compact dimensions, this is the simplest way to put four
dipole antennas together. In this way, the antennas are in two
positions relative to each other, either orthogonal or parallel,
so in the isolation analysis of the MIMO antenna, these two
types of placement will be considered. Fig. 6 (a) and (b) show
the antenna structure in state-1. The dimensions and type of
substrates used in this state are similar to the dipole antenna
element’s configuration. The antenna height in this state is
40 mm, and the horizontal and vertical distance of the ele-
ments from each other is 60 mm. In state-2, the arrangement
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FIGURE 7. Numerical |S11| of the proposed MIMO antenna in states-1
to -3.

of dipole elements is formed by rotating the antenna elements
at 45°. The self-isolated MIMO antenna structure in state-2
is presented in Fig. 6 (c) and (d). In this configuration, the
ground plane is rotated 45°, like the antenna elements, and
the optimized structure of the MIMO antenna is formed
with the self-isolated feature. The ground plane is placed
more appropriately under the MIMO antenna elements in this
arrangement. In the last stage of MIMO antenna design, a
decoupling element has been added to complete the isolation
process. In state-3, a combined technique is used to suppress
the mutual coupling between the elements in the proposed
MIMO antenna design. In addition to using the feature of
self-isolated antenna, a decoupling element is employed as
a complement to the isolation process. The geometry of the
antenna and decoupling element in state-3 is demonstrated in
Fig. 6 (e) and (f). The employed decoupling element consists
of four L-shaped stubs forming a ring together. Regarding
Fig. 6 (g), each of the L-shaped arms is positioned between
two radiation elements, which reduces the mutual coupling
between the antenna components.

The numerical scattering parameters for the MIMO
antenna in states-1 to -3 are exposed in Fig. 7. Due to the
structural symmetry of the MIMO antenna, the results related
to the bandwidth of the MIMO antenna are reported only
for port-1. According to the results, the presented config-
uration in state-1 has a wide operating frequency range of
2.16-2.81 GHz. It is found that the impedance bandwidth
of the MIMO antenna in state-1 is almost similar to the
bandwidth of the dipole antenna element. Similar results
have been obtained in states-2 and -3. The proposed MIMO
antenna has an impedance bandwidth of 2.28-2.84 GHz and
2.28 to 2.91 GHz in states-2 and -3, respectively. It is clear
that the arrangement of the antenna elements and even the
presence of the decoupling element do not significantly affect
the antenna’s impedance bandwidth.

Also, the results related to the isolation of the MIMO
antenna between parallel and orthogonal elements are dis-
played in Fig. 8 (a) for states-1 to -3. According to the
results, the parallel elements in state-1 have isolation higher
than 14 dB. The isolation of vertical elements approximately
comes close to —10 dB. This indicates that the MIMO
antenna isolation is not suitable in state-1. Therefore, recon-
sidering the configuration of the presented MIMO antenna
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seems necessary. Furthermore, the outcomes of the ECC
parameter of the MIMO antenna in states-1 to -3 are demon-
strated in Fig. 8 (b) between the orthogonal and parallel
elements. The value of this parameter for state-1 is less than
0.005. The results obtained in the first state showed that the
introduced configuration could not satisfactorily meet the
requirements of the MIMO systems, so the configuration of
state-2 for the MIMO antenna is proposed. This configu-
ration, using the feature of the self-isolated antenna, gives
worthy results for the MIMO antenna. In this arrangement,
the location of the antenna ports and the total dimension of the
antenna compared to the previous state have been preserved.
By rotating the radiation elements and ground plane in state-2
configuration, the dipole arms, and in particular the I"-shaped
feed, are placed opposite each other less than in state-1,
and it is expected that in this case, the antenna isolation
will improve. However, the direct distance of dipole antenna
elements in state-2 is less than in state-1 (50 mm). The
simulated isolation and ECC parameter for the self-isolated
MIMO antenna are shown in Fig. 8. The results approve that
the isolation between the parallel elements and the orthogonal
elements is more than 23 and 17 dB, respectively. Also, the
ECC value of the self-isolated MIMO antenna is less than
0.004. The ECC parameter in this study is calculated from
the S-parameters using the following equation [18].

2
’S:SU + S;‘;Sjj‘

(1= (sl + [s)) (1 = (I8l + Is3*))

ey

ECC =

where the Sj; is the reflection coefficient of the antenna (i)
and Sj; (with i # j), is the transmission coefficient between
the antenna (i) and the antenna (j).

According to the results, the design presented in state-3
has isolation above 19 dB in most of the frequency band.
Also, the ECC values of this antenna are less than 0.002.
The results approve that the presented MIMO antenna in
state-3 is had better isolation by using the decoupling ele-
ment. Furthermore, the gain and FBR curves in states-1 to -3
are illustrated in Fig. 9 for one of the antenna ports (port-1).
The gain and FBR at other ports are not shown because
the four antenna elements are symmetrical. The H-plane and
E-plane normalized patterns in states-1 to -3 are displayed in
Fig. 10 for one port. Regarding the plotted radiation patterns,
stable unidirectional radiation in the ¢ = 0° and & = 0°
direction is achieved. In addition, the X-pol radiation in both
planes are under — 10 dB in the operating frequency band. The
results show that the antenna gain reduction and FBR fluctu-
ations are compensated in state-2. Consequently, in state-2 of
the self-isolated MIMO antenna design, the antenna radiation
properties are improved and the antenna isolation values
are acceptable. Therefore the self-isolated MIMO antenna
design is accomplished in state-2. Also it can be seen that
the proposed MIMO antenna in state-3 has an average gain
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FIGURE 8. Numerical (a) isolation and (b) ECC parameters of the proposed
MIMO antenna at orthogonal and parallel elements in states-1 to -3.
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FIGURE 9. Numerical gain and FBR of the MIMO antenna in states-1 to -3
at port-1.

of 7.75 dB in its frequency band, and a maximum value of
19 dB has been reported for the FBR parameter.

The dispersion diagram for the decoupling structure over
the Brillouin zone (I"-X-M-TI") is plotted in Fig. 11 to better
understand how it works.

Itis observed that the fundamental mode curve of the signal
is under the light line curve and approves that the EM wave
cannot pass through the decoupling element in the x- and
y-direction over the frequency band of 2.45-3.1 GHz. On the
other hand, the curve plotted in Fig. 11 is in the slow-wave
region [28]. Furthermore, the surface current density compar-
ison between state-1 and state-3 is demonstrated in Fig. 12 to
show the improvement of the port isolation. In this figure, it is
clear that by exciting port-1 of the MIMO antenna, its effect
on the other ports is reduced by the presence of the decoupling
element.

IV. ANTENNA FABRICATION AND MEASUREMENT
Fig. 13 exhibits photos of the prototype of the proposed
MIMO antenna. The proposed MIMO antenna was fabricated
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FIGURE 11. Dispersion diagram of incident wave on the decoupling
element.

using FR-4 substrates after optimization steps and was tested
and measured in the antenna laboratory by a Vector Network
Analyzer (VNA) of the Agilent-8363C type. Fig. 13 also
displays the proposed antenna testing process in the antenna
laboratory. The used substrates and the assembled proposed
antenna are shown in Fig. 13 (a) and (b), respectively.
Furthermore, two photos of the test process are shown in
Fig. 13 (¢) and (d).

The experimental results of the proposed MIMO antenna
are shown in Fig. 14 to Fig. 17. The results show that the
fabricated prototype has an operating frequency band of
2.25-2.87 GHz, measured port-port isolation above 19 dB,
ECC of less than 0.0009, and a peak gain of 8.6 dBi with
total dimensions of 1.111g x 1.11A¢ x 0.34)1o, where XA
corresponds to the free space wavelength at the center fre-
quency of the antenna impedance bandwidth. The numeri-
cal and experimental results are very similar, which shows
that the simulations have been validated. The H-plane and
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FIGURE 12. Surface current density (Jsurf ) at 2.5 GHz for MIMO antenna
in (a) states-1, and (b) states-3 by exciting port-1.

FIGURE 13. Photographs of the fabricated proposed MIMO antenna:
(a) unassembled and (b) assembled antenna, (c) measure S-parameters of
the antenna, and (d) measurement of the antenna radiation parameters.

E-plane normalized patterns are plotted in Fig. 17. Stable
unidirectional radiation in the ¢ = 0° and & = 0° direction
is observed from the antenna.
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FIGURE 14. Numerical and experimental S-parameters for the proposed
MIMO antenna: (a) return loss and radiation efficiency, and (b) isolation.
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FIGURE 16. Numerical and experimental gain and simulated FBR at
port-1.

Measured radiation patterns show that the Cross-
polarization level is at least 10 dB lower than the
Co-polarization. Moreover, the HPBW of the proposed
MIMO antenna is 97.1° in the H-plane and 51.4° in the
E-plane at 2.45 GHz. The antenna results are compared with
some four-element MIMO antennas in Table 1. According
to the results mentioned in the comparison table, the pro-
posed antenna, considering the dimensions, provides the best
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TABLE 1. Comparison of the proposed antenna with some four-element MIMO antennas.

9490
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#4
#1
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FIGURE 17. Numerical and experimental normalized patterns of the
proposed MIMO antenna: (a) xz-plane and (b) yz-plane at 2.45 GHz and
port-1.
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isolation and the highest gain. In fact, our main contribution
in this paper is to improve the parameters of the antenna with
the most compact dimensions by discussing how to arrange
the MIMO antenna elements.

V. CONCLUSION

A new structure of MIMO antenna is introduced that uses four
printed dipoles, a ground panel, and a decoupling element
in this study. This study’s main contribution is using two
combined methods to suppress the mutual coupling. By inves-
tigating and analyzing the different arrangements of dipole
elements next to each other, a configuration was obtained
that could create the self-isolated feature in the antenna.
The self-isolated MIMO antenna achieved good isolation and
radiation properties. In the second design step, a decoupling
element was also applied between the antenna radiation ele-
ments in addition to using the self-isolated feature to increase
the antenna isolation. The practical results show that the
fabricated antenna is a good candidate for ISM Band and
WLAN Applications at the operating frequency of 2.4 GHz.
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