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ABSTRACT This paper presents a two-element MIMO antenna system using two dual-beam EMSIW
antenna elements. The dual-beam pattern is achieved by creating two weak field areas using EMSIW. The
antenna elements are placed in the weak field areas of each other, which results in −31.65 dB measured
isolation between the two adjacent antenna elements. Different scenarios for the placement of the elements
are predicted, one case is illustrated in this paper. The high isolation, omission of decoupling networks, and
use of dual-beam antenna element make the antenna simple, compact, and suitable for MIMO applications.

INDEX TERMS Self-decoupling technique, eighth mode substrate integrated waveguide (EMSIW), dual
beam antenna, mutual coupling.

I. INTRODUCTION
Substrate integrated waveguide (SIW) technology plays an
important role in RF communication system design due to
its numerous advantages [1]. For miniaturization purposes,
fractional modes like half mode (HM) [2], quarter mode
(QM) [3], eighth mode (EM) [4], and 64th mode [5] are
employed. Such a formation facilitates the placement of mul-
tiple antennas in a limited space. However, it also increases
the mutual coupling between the elements, which directly
affects the channel capacity and signal-to-noise ratio [6].
To increase the channel capacity and signal-to-noise ratio,
MIMO technology can be employed. One of the major disad-
vantage of the MIMO system is the mutual coupling between
the antenna elements. Therefore, several comprehensive stud-
ies were done in the past on the reduction of mutual cou-
pling in MIMO systems. The introduction of double-layer
metamaterial mushrooms [7], discrete mushrooms [8], and
defected surface structure [9] between the elements reduce
coupling by blocking the current rising from the exciting
port. Providing an additional coupling path to cancel out the
original one is another solution. It is done by using para-
sitic elements, decoupling structures [10], and neutralization
lines [11]. However, these methods affect antenna compact-
ness and increase fabrication complexity. Another way to
reduce the correlation between antenna elements is the use
of different diversity techniques [12], [13]. Spatial diversity
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occupies more space [14]. Pattern diversity techniques can be
achieved by manipulating the electrical length [15] and excit-
ing loop resonating modes [16]. It is noted that the number of
available isolation enhancement techniques based on pattern
diversity and SIW technology is limited [17]. The ‘weak field
area technique’for isolation improvements were introduced
in [18], but it is applicable only for adjacent elements. In addi-
tion, [19] investigates a compact self-isolated MIMO system
that uses a quarter-mode SIW cavity to achieve isolation of
18.5 dB without using any decoupling network, resulting in a
narrow bandwidth of 60 MHz and gain (4.2 dB) at 3.5 GHz.

Multibeam antennas have the inherent ability to increase
the data transfer rate. Butler matrix and lens type beam-
forming networks (BFN) are generally used to generate the
multiple beams [20], [21], but they require a larger area.
The quasi-yagi MIMO antennas in [22] employ the loop
resonants mode to generate three directional beams. Various
dual-beam microstrip antennas are also reported [23]–[25]
that rely on the higher-order modes for generating the pattern.
An mm-wave antenna [26], combining the SIW cavity
(TE120) mode and patch (quasi TM02) mode, is also reported
that shows a dual-beam nature. In [27], a 28 GHz single layer
snowflake fractal antenna has been reported for dual-beam
applications, but it has a low gain (3.2 dB).

In this communication, a two-element self-decoupled dual-
beamMIMOantenna is presented for operation at 5.875GHz.
The SIW fractional mode concept based antenna elements
generate a dual-beam pattern and two weak field areas. The
antenna elements are placed in the weak field areas of each
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other and hence do not require any additional decoupling
network for isolation improvement. The high isolation, omis-
sion of decoupling networks, and use of dual-beam antenna
element make the antenna simple, compact, and suitable for
MIMO applications.

II. ANALYSIS OF THE ANTENNA ELEMENT
In this proposed work, the TM21 mode of a circular microstrip
antenna is chosen because it has the inherent property of
forming a conical beam. By combining the two reduced
eighth modes of it, a dual-beam pattern has been formed.
The antenna has been developed using HFSS v14 simulation
software on a 1.575 mm thick, εr = 2.33 and tan(δ)= 0.0012
Rogers 5870 substrate. No defects have been made on the
ground to keep the antenna structure simple.

FIGURE 1. Plots of E-field (magnitude) and H-field (vector) distributions
on (a) full-mode circular patch (FM), (b) quarter mode patch (QM), and
(c) eighth mode patch (EM) at 5.89 GHz frequency.

The effective radius Ra (considering fringing effect) and
actual radius R of a circular microstrip antenna, working in
TM21 mode, can be related using (1) and (2) [28]; where c
is the velocity of light in free space, knm is mth zero of the
derivative of the Bessel function of order n (m represents the
radial mode and n represents the angular mode), and εr is
the dielectric constant. For the given mode, knm = 3.054.

fr =
knmc

2πRa
√
εr

(1)

where,

Ra = R

√
1+

2h
πRεr

[ln(
πR
2h

)+ 1.7726] (2)

For fr = 5.89 GHz, we get R = 15.28 mm. The optimized
dimension of R is found to be Re = 15.7 mm, which is very
close to the calculated value. The evolution of the eighth-
mode of the substrate integrated waveguide cavity (EMSIW)
from full-mode is depicted in Fig. 1. It reveals the TM21
mode of operation. The leakage loss through the gap between
the vias has been avoided by choosing an appropriate pitch
distance (p= 1.5 mm) and via diameter (d= 1mm) [29]. The
existence of a perfect electric conductor (PEC) via wall along
one edge and a perfect magnetic conductor (PMC) wall on the
other edge makes the structure asymmetric with respect to its
vertex and results in tilting of the beam towards the PMCwall
when used as an antenna. This tilting of the beam has been
utilized in this work to form the dual-beam.

FIGURE 2. (a) Geometrical view and (b) top and bottom view of the
fabricated antenna. LB = 40 mm, WB = 47 mm, r1 = 14.4 mm,
r2 = 5.2 mm, r3 = 2.8 mm, p = 1.5 mm, d = 1 mm, α1 = 48.7◦ and
α2 = 180◦. Overall dimension of the PCB is 40 mm × 47 mm × 1.575 mm
(0.78λo × 0.92λo × 0.03λo at 5.89 GHz).

By arranging two miniaturized eighth mode SIW wings
(W1 andW2), a dual-beam antenna has been formed, as shown
in Fig. 2(a). The fabricated prototype is shown in Fig. 2(b).
The radius r1 and apex angle α1 of the EMSIWs are optimized
to achieve good impedance matching. The angle between the
open (or short) edges of the two EMSIW is kept α2 = 180◦

to maintain nearly identical beam gain. If α2 6= 180◦, two
beams with different realized gain are formed. A conical
beam pattern is formed if another pair of wings are added
with α2 = 90◦ [30], [31]. A broadside beam can be formed
if the wings are arranged as [32]. The generated beams are
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directed nearly towards the ± y-axis because the phase line
of the proposed geometry is away from φ = 0◦ [33]. The
simulated E-field distribution on the antenna (Fig. 3) reveals
the existence of twoweak field regions along the shorted sides
of the EMSIW wings. The weak field regions are formed due
to the existence of the metal via walls that short the current.
The weak field regions facilitate the close placement of more
antenna elements, maintaining high isolation between them.
One such case has been presented in section III.

FIGURE 3. Simulated electric field distribution (magnitude) on the
antenna at 5.89 GHz.

FIGURE 4. Simulated and measured (a) |S11|, (b) gain and radiation
efficiency of the antenna.

Comparison of the |S11| responses of the antenna
(Fig. 4 (a)) shows measured and simulated 10 dB return
loss bandwidths of 5.76-6.11 GHz and 5.8-5.98 GHz,
respectively. Peak realized gain and radiation efficiency data
are plotted in Fig. 4(b). Obtained simulated and measured
peak realized gain are 6.47 dB at 5.89 GHz and 6.23 dB at
5.875 GHz, respectively.

The measured radiation efficiency of the antenna can be
calculated using the relation (3) [34].

Efficiency =
Gain(G)

Directivity(D)
(3)

FIGURE 5. Normalized simulated and measured radiation pattern at
(a) YZ plane (b) XY plane of an antenna element.

The gain (G) of the antenna can be measured using the stan-
dard gain comparison method, whereas the directivity (D) of
the antenna can be measured using the pattern integration
method. The pattern integration method requires that the
E-field has to be measured in 3D at discrete sampling points,
which is very time-consuming and expensive. Further, the
corresponding measurement facility is also not available to
us. Therefore, instead of measuring the directivity, we have
considered the simulated directivity as the measured directiv-
ity. Since the directivity does not include the antenna losses,
the measured directivity will be very close to the simulated
directivity, and the simulated directivity can be considered as
measured directivity [34]. This provides a measured radia-
tion efficiency of 90%-94%, which is close to the simulated
radiation efficiency (96%-98%). The slight degradation of
the measured radiation efficiency is due to the fact that the
measured gain is around 0.52 dB lower than the simulated
gain.

The antenna has two distinct beams along θ = ± 45◦

and φ = 75◦ and −105◦ in simulation and θ = ± 50◦

and φ = 80◦ and −100◦ in measurement. The co- and
cross-polarization radiation patterns at 5.89 GHz (simulated)
and 5.875 GHz (measured) of the antenna in the E-plane
and H-plane are plotted in Fig. 5. It reveals that the cross-
polarization level is below −10 dB on both planes. The
0.56 dB and 0.52 dB differences in simulated and measured
gains observed between the two beams are less than the
prescribed limit of ∼ 2dB [35]. The measurements for the
far-field responses of the proposed antenna are performed in
an anechoic chamber as shown in Fig. 6.
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FIGURE 6. Setup for measuring the far-field of the proposed antenna
element in an anechoic chamber.

FIGURE 7. (a) Geometrical view, (b) top view and bottom view of the
fabricated prototype. The dimensions are as follows: LB1 = 70 mm,
WB1 = 44 mm, dis = 0.2 mm.

FIGURE 8. Simulated and measured S-parameters of the proposed MIMO
antenna.

III. ANALYSIS OF MIMO ANTENNA
To form the MIMO antenna and analyze its self-decoupling
property, two antenna elements are placed side by side
along the X-axis in close proximity, as shown in Fig. 7 (a).

FIGURE 9. Simulated magnitude of electric current distribution of the
adjacently placed antenna when port 1 is excited.

FIGURE 10. Simulated and measured radiation pattern of the proposed
MIMO antenna, excited from (a) port 1 and (b) port 2.

FIGURE 11. Simulated and measured maximum realized gain and
radiation efficiency of the proposed antenna.

The fabricated prototype is depicted in Fig. 7 (b). The second
antenna is placed in the weak field region of the first one,
and vice versa. Thus, when both ports are excited, the beams
from port 1 and port 2 fall on the weak field areas of the other,
resulting in high isolation. In this work, only one weak field
area is utilized. Other weak field areas can also be utilized by
placing another element on them. The ground dimensions are
optimized for better performance. Edge to edge distance (dis)
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between the two elements is kept as 0.2 mm, which is the
minimum distance required to avoid any fabrication error due
to the finite resolution of the fabricating machine.

TABLE 1. Beam characteristics of the MIMO antenna.

Fig. 8 shows the comparison of simulated and measured
frequency responses of the 2-element MIMO antenna. Iso-
lations better than −27.2 dB in simulation and −31.65 dB
in measurement are obtained with a respective 5.8-6 GHz
and 5.71-5.96 GHz 10 dB return loss bandwidths. To ana-
lyze the isolation mechanism, the simulated E-field distri-
bution (magnitude) on the antenna elements, when excited
at port 1 is plotted in Fig. 9. During simulation, port 2 was
match terminated. The figure reveals that the currents are
mainly concentrated at the open corners of antenna 1, so a
little current is coupled to port 2. The normalized co-polar
and cross-polarization radiation patterns at 5.89 GHz (sim-
ulated) and 5.875 GHz (measured) are shown in Fig. 10.
A slight change in the beam pattern is observed, which is
due to the ground effect. The direction of the beams is near
the ± y-axis. The cross-polarization levels are lower than
−10 dB in both E- and H-plane. The simulated and mea-
sured beam directions and gain of the antenna are provided
in Table 1. The simulated and measured realized gain and
radiation efficiency curves are shown in Fig. 11. The mea-
sured efficiency of the proposed MIMO antennas has been
measured using the same method described in section II. The
measured radiation efficiency is around 95%, whereas the
simulated radiation efficiency is around 97%. The MIMO
antenna follows the characteristics of a single element with
minor difference in the beam direction.

IV. DIVERSITY PERFORMANCE
This section presents the different MIMO parameters of the
antenna to analyze its diversity performance. Fig. 12 (a) plots
the envelope correlation coefficient (ECC) and diversity
gain (DG) of the antenna. ECC and DG can be calculated
from the far-field parameters using the relations provided
in [36], [38]. The obtained ECC value is less than 0.04 and
the diversity gain is greater than 9.98 dB, indicating that the
channel has good diversity characteristics. The total active
reflection coefficient (TARC) of the antenna can be calculated
from the measured S-parameter values using [37] and is
plotted in Fig. 12 (b). It shows the stable characteristics of
the antenna when the phase angle between two ports varies
from 0◦ to 180◦.

The mean effective gain (MEG) is used to express the
diversity performance of a multi-antenna system in terms
of relative mean power levels between the signals supplied
by each antenna branch [38]. S-parameters or 3-D radiation

patterns can be used to depict the MEG for each port i of the
MIMO antenna. The MEG is equal to half of the radiation
efficiency if the statistical environment is uniform Rayleigh
with equal horizontal and vertical polarization power densi-
ties. Based on the equations given below (4) and (5),MEG can
be obtained by measured S-parameters values and plotted in
Fig. 12(c).

MEGi = 0.5ηi,total = 0.5[1−6M
j=1|Sij|

2] (4)

PMEG = |MEG1−MEG2| < 3dB (5)

where M stands for the number of antennas, η(i,total) for total
efficiency, i and j represent the exciting port and terminated
port, respectively. The power ratio PMEG, which is equal to
the difference in the magnitude of MEGs, is determined for
each branchwith equivalent power levels. Therefore, for good
diversity performance, theMEGs ratio should be approximate
to unity (≈1), and their difference should not exceed± 3 dB.
It is observed from Fig. 12(c), that the proposed antenna
fulfilling the criteria |MEG1/MEG2| ≈1 thus realizes good
diversity performance.

FIGURE 12. Calculated (a) ECC and DG, (b) TARC and (c) CCL and MEG
ratio of the antenna.

The channel capacity loss (CCL) denotes the peak data rate
at which the message can be continuously propagated with
the least amount of loss. There is a linear relationship between
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TABLE 2. Comparison of the proposed antenna with other SIW MIMO antennas.

CCL and the number of elements. It may be estimated using
the formulae (6) - (9), which are based on the measured
S-parameter values [37].

CCL = −log2det(ψR) (6)

where,

ψR =

[
ρ11 ρ12
ρ21 ρ22

]
(7)

Here,

ρii = 1− (|Sii|2 − |Sij|2) (8)

ρij = −(S∗iiSij − S
∗
jiSij) (9)

Here, ψR is the correlation matrix for the two-port MIMO
antenna system, and i and j represents the excited port and
terminated port, respectively.

CCL must be less than 0.5 Bits/s/Hz for excellent MIMO
performance in a multipath environment, assuming a high
signal-to-noise ratio (SNR). Fig. 12(c) displays a plot of the
proposed antenna’s CCL data that meets the permitted limit.
This is attributed to the enhanced isolation of the proposed
antenna.

Table 2 outlines the advantages of the proposed antenna
over the previously reported SIW-based MIMO antennas.
It reveals that the proposed antenna has dual beam radiation
as compared to the broadside beam of others. The antenna
has higher gain compared to [7], [17], [39], [40] and better
isolation than [17], [39], [40]. Though the antennas pre-
sented in [7] and [8] have 42-dB and 35-dB isolation, respec-
tively, they use the metamaterial mushroom concept, which
increases the volume and complexity of the antenna. [40] has
a larger edge-to-edge spacing than this work. A compact solu-
tion is reported in [17], but it still gets the nominal isolation
of 18 dB. In our approach, a self-decoupling theory is applied
to achieve high isolation, and hence no extra decoupling
network is required. The use of a dual-beam antenna element
and the omission of decoupling networks in the structure
make the antenna novel as compared to others.

V. CONCLUSION
This paper presents a 5.875 GHz self-decoupled dual-beam
MIMO antenna using SIW technology. It is realized using
the eighth mode of a circular microstrip antenna working
with the TM21 mode, resulting in EMSIW. The EMSIW has
a dual-beam pattern with two weak field areas, which assures
−31.65 dB isolation between the two elements in close prox-
imity; without using any decoupling methods. The dual-beam
feature in MIMO configuration improves the performance
and channel capacity by covering larger areas with a reduced
number of antennas. ECC < 0.04, CCL < 0.5 Bits/s/Hz and
MEGs ratio ≈1 have been observed, which insures good
diversity performance. The antenna can be redesigned for
another frequency by varying the radius r1 and the apex angle
α1 of the EMSIW.
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