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Abstract A compact 2 × 2 MIMO diversity antenna of size 32 × 32 × 1.6 mm3

is presented in this paper for portable devices. The proposed structure uses polariza-
tion and pattern diversities for isolation enhancement. The orthogonal arrangement
of radiating elements, pattern diversity, and defected ground structure is achieved
isolation. The whole configuration is designed and fabricated over the FR4 substrate
with εr 4.4, and fed by a 50� microstrip line. The proposed structure operates from
7.9 GHz to 13 GHz, and it resonates at 9 GHz, 12.3 GHz. The isolation between
orthogonal elements is above 20 dB and the anti-parallel element is above 15 dB.
The radiation efficiency and peak gain values are above 86% and 3.1–5.2 dB, respec-
tively. The diversity metric value of ECC is less than 0.07, DG is above 9.985 dB,
and TARC is below −10 dB for the entire desired band. Simulated and measured
values are in good concord.

Keywords Multiple-input multiple-output (MIMO) · Isolation · Envelope
correlation coefficient (ECC) · Diversity gain (DG) · Total active reflection
coefficient (TARC) · X-band applications

1 Introduction

Nowadays, wireless communication technologies are increasing rapidly because of
various applications like cordless telephones, satellite television,GPS,WIFI,WLAN,
WiMAX, and wireless computer parts, but they require high data rate transmission
and reliability. Using theMIMO technology can achieve the above requirements with
multiple radio channels placed on the transmitting end and the receiving end. But it
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does not require additional bandwidth and input power. In portable devices, antennas
are placed very closely. Due to the limited space between the antennas, the radiation
from individual antennas collides with each other. Hence, the receiving end can’t
receive the original information due to coupling. This also leads to degrading system
performance and channel capacity. So the coupling between antennas becomes a
major problem in the MIMO technology.

Coupling arises due to the collision of radiation from antennas in free space, the
current flowing on the metals, and surface waves in the dielectric substrate [1]. The
effect of coupling between antennas in the same substrate can’t be minimized easily
due to the compactness. It degrades systemperformance and SNRvalue [2]. Different
techniques are there for the reduction of mutual coupling like pattern diversity and
polarization diversity, by changing the orientation of the antenna and placing decou-
pling networks between the antennas. The polarization diversity is achieved through
the orthogonal arrangement of antenna elements with different polarization, where
one is horizontal and the other one is a vertically polarized antenna. The following
literature describes the four antenna elements that are arranged in rows and columns
in isolation enhancement, and the size of the MIMO structure is also specified.

The arrangement of four radiating elements on a common substrate with low
mutual coupling is a challenging issue for the MIMO design. The polarization diver-
sity of a MIMO antenna with size 270 × 210 mm2 and the isolation improvement
is 20 dB [3]. Antenna elements are arranged in an orthogonal manner with isola-
tion; they even have the same radiation patterns [4]. The size of the conical-shaped
array antenna was 200 × 200 mm2 with an isolation of 20 dB [5]. A new wideband
slot array with polarization diversity (size = 114 × 114 mm2) results in an isolation
improvement of higher than 25 dB [6]. The substrate of size 100× 120 mm2 consists
of four dipole antennas that are placed in an orthogonalmanner for isolation enhance-
ment and also to achievemulti-beam radiation patterns [7]. An inset-fed four-element
rectangular-shaped MIMO antenna of size 100 × 50 mm2 is designed for ISM band
applications, and the isolation of 10 dB is achieved using CSRR structure [8]. The
substrate of size 95 × 60 mm2 consisting of four radiating elements is placed in its
corners for isolation enhancement (S21 < 11.5 dB) [9]. Similarly, four-slot antennas
are arranged on the substrate of size 70.11 × 70.11 mm2 in an orthogonal manner
for isolation [10]. A G-shaped MIMO antenna with an isolation of 21 dB using
polarization diversity of size 70 × 70 mm2 [11]. The G-shaped antenna elements are
arranged in a parallel manner in theMIMO structure of size 55× 50mm2 is designed
for wireless portable applications and the L-shaped stubs with inverted T-shaped slot
are used for the isolation enhancement [12]. Four inverted L-shaped antennas with a
rectangular-shaped CSRR structure for isolation enhancement better than 17 dB are
used and also low ECC values are achieved [13]. A diamond-shaped patch with four
orthogonal feeds of structure size 120 × 140 mm2 is used and the isolation achieved
is better than 15 dB with a ground plane cutting in proper place [14].

Most of the work in the literature is about four-element antennas, which are
arranged in an orthogonal manner for isolation and are also larger in size and so it
is difficult to design the structures. But, the proposed structure is of compact nature
and easy to design. Four antenna elements are arranged in an orthogonal manner
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for better isolation of structure size 32 × 32 mm2 and fabricated on FR4 dielectric
material with a dielectric constant 4.4. It covers the entire X-band applications, i.e.,
7.9–13 GHz. Orthogonal elements in the structure give an isolation of more than
20 dB and the anti-parallel elements give an isolation of above 15 dB.

2 Antenna Design Procedure

The proposed structure, a compact 2 × 2 MIMO antenna, is shown in Fig. 1a–d.
The overall structure size is 32 × 32 × 1.6 mm3. It is simulated and fabricated on
a low-cost FR4 substrate material of height 1.6 mm with dielectric constant (er)
4.4. The shape of the top layer of the proposed structure is three half circles cutting
(left, right, and top) the circular patch antenna with inside feed, and the shape of
the bottom layer of the proposed antenna has defected ground structure with small

Fig. 1 a and bGeometry of bottom and top layers; c Proposed single-element antenna; d Proposed
2 × 2 MIMO structure
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rectangular slit and edge cuttings. The proposed structure bottom layer is formed by
a small triangular-shaped patch is removed at both edges of the partial ground plane,
and a small rectangular-shaped patch removed in the centre of the partial ground
plane. The photographs of the fabricated proposed structure top and bottom layers
are shown in Fig. 2a, b. The design and evolution procedure of the proposed structure
is shown in Fig. 3a–f.

(a) (b)

Fig. 2 a and b are photographs of fabricated proposed structure top and bottom layers

     (a)                        (b)                                          (c) 

(d)                     (e)                         (f)   

Fig. 3 Design process of proposed structure
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3 Simulation and Measurement Results

Figure 4 shows the design procedure of the proposed structure. For getting the desired
results, the optimization process is also done. The simulated results of three antenna
configurations with the proposed 2 × 2 MIMO structure are shown in Fig. 5a. From
the figure, it is observed that the variation in the bandwidth of the proposed single
element and 2 × 2 MIMO structure is slightly varying. It is due to the coupling
between the orthogonal elements and anti-parallel elements. However, the proposed
2 × 2 structure covers the complete X-band application and also achieves better
isolation.

S-parameters are the most important parameters for any antenna design. The
reflection coefficient (S11) is “the ratio of the reflected to the incident power”, but
return loss is the dB’s representation of the reflection coefficient. The transmission
coefficient (S21) describes the total transmitted power relative to the incident power.
The acceptable value of the transmission coefficient of theMIMO design is minimum
−15 dB. Figure 5a, b shows the S-parameter comparison of antenna configuration and
comparison of simulated and measured S-parameter values when port 1 is excited,
respectively. The simulation and measurement values of the proposed structure are
slightly varied. In simulation results, the lower band starts at 7.9GHz but inmeasured
results, the lower band starts at 8.3 GHz; this is due to tolerances at the inside feed
cutting and soldering problems. Figure 5c, d shows the photographs of S11- and
S21-parametrs of Anritsu MS2073C VNA (vector network analyzer) master.

Figure 6a–d illustrates the comparison of isolation when individual ports are
excited. For adjacent radiating elements, the isolation is above 20 dB and the isolation
is above 15 dB for diagonal radiating elements. The reason is adjacent elements are
orthogonal to each other and due to this, one is a horizontally polarized antenna and
the other one is a vertically polarized antenna. Diagonal elements are in the same
polarization, but are in the opposite direction. Hence, the orthogonal elements have
more isolation compared to the diagonal elements.

Figure 7 shows the peak gain and radiation efficiency of the proposed 2 × 2

        (a) Antenna #1                           (b) Antenna #2                  (c) Proposed Single element   
                                                                               Structure 

Fig. 4 a, b, and c the design process of three antenna configuration
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(b)

 (c)            (d) 

(a)

Fig. 5 a S11 values of three antenna configuration with proposed 2 × 2 MIMO; b measured and
simulated values of 2 × 2 MIMO proposed structures; c and d are photographs of measured S11
and S21 values
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Fig. 6 a Simulated S-parameters of proposed structure when port 1 is excited; b Simulated S-
parameters of proposed structure when port 2 is excited; c Simulated S-parameters of proposed
structure when port 3 is excited, and d Simulated S-parameters of proposed structure when port 4
is excited

Fig. 7 Simulated peak gain and radiation efficiency results

MIMO structure having a peak gain of 5.09 dB at 9 GHz and 4.50 dB at 12.3 GHz
and having more than 86% for the entire band, respectively.

Figure 8a, b shows the surface current distribution of the proposed 2 × 2 MIMO
structure at 9 GHz and 12.3 GHz resonant frequencies. It is one of the observation
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(a)                                 (b)

Fig. 8 a Surface current distribution at 9 GHz when port 1 is excited; b Surface current distribution
at 12.3 GHz when port 1 is excited

parameters in the MIMO design for observing the effect of one antenna on the
other antenna and is also useful for observing the flow of current on the metals. By
observing the surface current distribution on the metal, it will be decided which part
of the radiating element is more excited, and based on that the shape of the antenna
will be changed to the user requirement. Figure 9 describes the pattern diversity
performance of the proposed structure. Figure 10 describes the polarization diversity
of the proposed structure. The study of the time-varying electrical behavior of an
electric field (E-field) is known as polarization.

Figure 11a, b describes the simulation 2D radiation patterns of the proposed 2 ×
2 MIMO structure when port 1 is excited and the remaining three ports are with 50�
termination loads.

MIMO Performance

ECC is useful to estimate the diversity performance of the MIMO antenna and also
determines the similarities between the radiation patterns [15]. The proposed struc-
ture ECC value is computed from S-parameter values using the equation given by
Blench et al. [16] represented in Eq. (1). The relation between ECC and DG is in
Eq. (2).

ECC =
∣
∣ S∗

11 S12 + S∗
21 S22

∣
∣
2

(

1 − |S11|2 − |S21|2
) (

1 − |S22|2 − |S12|2
) (1)

DG = 10
√

1 − ECC2 (2)

The low value of ECC defines that there is less overlapping between the radi-
ating elements. The acceptable value of the MIMO design is below 0.5. Figure 12a
describes the simulation values of ECC andDG, which are lower than 0.07 and above
9.985, respectively. In MIMO antennas, S-parameter values of individual elements
will not give the overall system performance correctly. Because it considers only
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(a)                                     (b) 

 (c)                      (d) 

Fig. 9 a Radiation pattern at port 1; b Radiation pattern at port 2; c Radiation pattern at port 3;
d Radiation pattern at port 4

the characteristic impedance of the individual antenna elements, but not mutual
impedances. Changes in the self- and mutual impedances due to the adjacent antenna
will not be considered.Hence, the termTARC is required for analyzing systemperfor-
mance in an accurate way. TARC is represented in terms of S-parameters and it is
represented in Eq. (3). Figure 12b shows the comparison of S-parameters with TARC
values. TARC values are calculated between orthogonal elements in the proposed
structure. The acceptable values in the MIMO antenna design are <0 dB.

T ARC =
√

(S11 + S12)
2 + (S21 + S22)

2

2
(3)
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(a)                                     (b)

                 (c)                                 (d) 

Fig. 10 a E-field at port 1 (on XZ-plane); b E-field at port 2 (on YZ-plane); c E-field at port 3 (on
XZ-plane); d E-field at port 4 (on YZ-plane)

4 Conclusion

A compact 2 × 2 MIMO diversity antenna is presented in this paper. It is operated in
theX-band region, i.e., from7.9GHz to 13GHzand resonates at 9GHzand12.3GHz.
The simulation and measurement of S-Parameter values are presented. The isolation
between adjacent elements is above 20 dB and between diagonal elements it is above
15 dB. LowECC, highDG, and acceptable TARC values are achieved. The peak gain
and antenna efficiency are also presented for X-band portable device applications.
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 (a)             (b) 

Fig. 11 a E (Co and Cross) and H (Co and Cross) fields at 9 GHz when port 1 is excited; b E (Co
and Cross) and H (Co and Cross) fields at 12.3 GHz when port 1 is excited

     (a)                         (b) 

Fig. 12 a Simulated ECC and DG results; b Simulated S11 and TARC results
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