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ABSTRACT Multiple-input multiple-output (MIMO) antennas have been a mainstream technology in fifth

generation (5G) communications. However, strong mutual coupling between both adjacent and nonadjacent

elements is inevitable, especially among highly integrated devices. In this paper, a slit embedded mushroom

electromagnetic bandgap structure (EBG) is primarily proposed to suppress the propagation of surface wave

between antenna elements. Subsequently, complementary split-ring resonators (CSRRs) are periodically

arranged in two sides of the ground to steer the surface wave. By effectively utilizing the unusual electro-

magnetic property of EBG and CSRR to manipulate the propagation of surface wave, the mutual coupling

between antenna elements has immensely alleviated. Finally, an H-shape defected ground structure (DGS)

is introduced to reinforce decoupling effect. In order to validate the feasibility of the design principle,

a prototype of the proposed antenna has been fabricated and measured. Measured results demonstrate that

the decoupling concept in this paper is reasonable and approximately 12 dB reduction of mutual coupling is

realized.

INDEX TERMS Multiple-input multiple-output (MIMO), mutual coupling, slit embedded electromagnetic

bandgap structure (EBG), complementary split-ring resonator (CSRR).

I. INTRODUCTION

Nowadays, with the rapid development of wireless com-

munication systems, multiple-input multiple-output (MIMO)

antennas have been a vital part in fifth generation (5G)

communications, owing to its intrinsic advantages of high

transmission rate, large channel capacity and immunity to

the multiple path loss [1]. More antenna elements with small

spacing (less than a half wavelength) have been a mainstream

in 5G small station construction, so the remaining space for

antenna placement is gradually narrowed. It is indisputable

that the mutual coupling between antenna elements can’t be

negligible in MIMO antenna design when antenna elements

are arranged compactly, which will deteriorate the compre-

hensive performance ofMIMO antennas, inclusive of reliable

channel capacity, low spatial correlation and the high signal-

to-interference-pulse-noise-ratio [2]. Consequently, antenna

elements decoupling has been considered as an efficient way

to improve the comprehensive ability of systems.

The associate editor coordinating the review of this manuscript and

approving it for publication was Masood Ur-Rehman .

Varieties of techniques have been demonstrated for MIMO

antenna decoupling. For instance, the simple way to increase

the isolation between antenna elements is to utilize neu-

tralization line (NL) [3] or decoupling network [4] as the

decoupling circuit to connect antenna elements. When the

decoupling current in interconnector cancels with the cou-

pling current between antenna elements, the high isolation

will be achieved. However, the above techniques have a

common deficiency that the decoupling circuit as intercon-

nector will inevitably increase the difficulty of impedance

match and introduce extra insertion loss which will decrease

antenna efficiency. The mutual coupling is mainly derived

from the propagation of surface wave whenmultiple antennas

share the common ground plane. Hence, another simple way

to enhance antenna elements isolation is applying defected

ground structure (DGS) [5]–[7], which can effectively inter-

rupt the propagation of surface wave among antenna elements

to eradicate the mutual coupling. Unfortunately, the DGS

suffers from the drawback of high front to back ratio. Another

design concept for isolation improvement is utilizing the

intrinsic high isolation of antenna elements rather than insert-

ing decoupling structure. Prevailing decoupling approaches
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based on this concept include that orthogonal polariza-

tion [8], [9] and pattern diversity [10], [11], which have a dis-

tinguishing advantage that no extra space is needed to place

decoupling structure with achieving complementary radiation

patterns or polarizations simultaneously. But these decou-

pling techniques have a rigorous requirement for antenna

elements design and arrangement, which restrict MIMO

antennas in some practical applications. Most recently, var-

ious studies on metastructure provide a new insight to attain

high isolation performance. It is well known that metama-

terials are three dimensional (3D) and metasurfaces are two

dimensional (2D), respectively. Both consist of artificially

designed subwavelength periodic unit and have a unique elec-

tromagnetic property that controls the propagation and polar-

ization of electromagnetic waves [12], [13]. In [14], a novel

dual band split planar electromagnetic bandgap (EBG) has

been proposed, which consists of a dense array of metal-

lic patches whose edges are connected to the adjacent one

through a thin meander-line metallic strip. After utilizing

EBG to hinder the propagation of surface wave, the mutual

coupling has been tremendously alleviated. Another decou-

pling concept of metastructure has been proposed in [15],

the metasurface superstrate is utilized as a polarization con-

verter for surface wave coupling mode. When surface wave

coupling mode is orthogonal with antenna element reso-

nant mode, the low correlation of antenna elements can be

attained.

In this paper, a high isolation two-element MIMO antenna

has been proposed and analyzed, which works at 3.25 GHz

and is suitable for the 5G frequency band (sub-6 GHz) [16].

The two rectangular patch antennas are chosen as antenna ele-

ments due to its inherent advantages of low profile, low cost

and ease of fabrication. The design guidelines and detailed

analysis of microstrip patch antenna can be viewed in [17].

A novel interdigital slit embedded mushroom EBG has been

inserted between antenna elements with the aim of suppress-

ing the propagation of surface wave. Moreover, complemen-

tary split-ring resonators (CSRRs) and the H-shape defected

ground structure (HDGS) have been deposited in ground

adjacent to antenna edges for enhancing decoupling effect.

After the above operations have been implemented, approxi-

mately 12 dB reduction of mutual coupling is realized.This

paper is organized as follows. The antenna configuration,

design procedures and working mechanism are described in

section II. In section III, the measured results of the fabri-

cated antenna are presented and discussed. A conclusion is

briefly summarized in section IV, while the performance and

comparison are also discussed.

II. ANTENNA DESIGN AND ANALYSIS

A. ANTENNA CONFIGURATION

Fig. 1 elaborately depicts the configuration of the proposed

high isolation MIMO antenna, which is printed on the rectan-

gular FR4 substrate material (εr = 4.4, tanδ = 0.02.) with the

thickness of 3 mm and the dimension of 70∗40 mm2. The two

FIGURE 1. Geometry of the proposed antenna. (a) Top view. (b) Bottom
view. (c) Side view.

port H-plane coupled array consists of two rectangular patch

antenna elements which are identical and symmetrically

placed on the top layer of FR4 substrate with the distance of

edge to edge 10mm. The EBG structure is inserted between

the gap of antenna elements nonradiation edges, which is

constituted by periodic interdigital slit embedded mushroom

patches grounded by metal vias with the diameter of 1mm.

Antenna elements share a common ground which is located

in the bottom layer of substrate. Moreover, CSRRs are etched

in the ground two sides adjacent to the nonradiation edges

of antenna elements. In addition, HDGSs are at the position

which adjacent to the radiation edge of antenna elements. The

antenna elements are fed from 50� input ports behind the

ground plane. In this design, a full wave electromagnetic sim-

ulation software high-frequency structure simulator (HFSS)

is used to analyze and optimize the proposed antenna, whose

final dimensions are listed in Table 1.

B. ANTENNA DESIGN PRECEDURES

For illustrating the detailed design procedures of the proposed

MIMO antenna, the evolution of the proposedMIMO antenna
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TABLE 1. Geometrical sizes of the proposed antenna.

FIGURE 2. The evolution of proposed antenna.

has been elaborately depicted in figure 2. For simplicity,

the four arrays in antenna design procedures are expressed

as antenna 1, antenna 2, antenna 3, and antenna 4 in follow-

ing sections, respectively. Initially, a two element H-plane

coupled array has been designed in antenna 1 without any

decoupling structure. Secondly, the slit integrated mushroom

EBG structures have been periodically placed between the

antenna elements in antenna 2. Thirdly, the CSRR structures

have been periodically etched in the two sides of antenna

ground in antenna 3. Finally, the H shapeDGS structures have

been introduced in antenna 4, which will generate decou-

pling current to neutralize the coupling current of antenna

elements for enhancing isolation. Subsequently, the proposed

high isolation MIMO antenna is achieved.

C. DECOUPLING CONCEPT

As mentioned in previous section, the mutual coupling of

antenna elements is mainly derived from the propagation

of surface wave. According to the electromagnetic (EM)

wave propagation theory, the corresponding y-component of

electric filed related to surface wave travelling along the

+y direction can be expressed as follows [18]:

E(y, t) = E0e
jky.ejwt (1)

k = ω.
√

µε (2)

In formula (1), assuming the time convention ejwt , E0 is the

amplitude of the surface wave. k is wavenumber in media

which can be expressed in formula (2),ω is angular frequency

of travelling wave, µ is effective permeability of media

and ε is effective permittivity related to media, respectively.

It is indisputable that both permeability and permittivity are

positive in natural electromagneticmedia, so thewavenumber

k is real number that EM wave can normally travel. Con-

versely, the negative effective permeability and permittivity

can be achieved in artificial periodic structures at definite res-

onant frequency. A material shows either negative permeabil-

ity [19] or permittivity [20] characterized as single-negative

(SNG) metamaterial, which corresponds to wavenumber k

being imaginary number. Hence, the EM wave will evanes-

cent dramatically when it propagates in SNG metamate-

rial. Besides, double-negative (DNG) metamaterials exhibit

negative permeability and permittivity simultaneously [21].

Intriguingly, despite the fact that wavenumber k associated

with DNG metamaterial is real number, the EM wave energy

will be reflected when it travels in DNG metamaterial, which

is due to the exclusive back-wave propagation property of

DNG metamaterial [22]. In short, the surface wave between

antenna elements can be immensely suppressed by effectively

using the unusual electromagnetic property of metamaterial.

FIGURE 3. The dispersion diagrams of EBG structures along Y direction:
without interdigital slits (left) and with interdigital slits (right).

FIGURE 4. Eigenmode simulation model for unit cell: px = py = 8.05 mm,
a = 3 mm, b = 2 mm.

EBG, a branch of metamaterial, is derived from the pho-

tonic band gap (PBG) and can be constituted by 2D/ 3D

periodic metal or the mixture concerning about metal and

dielectric components [23], [24]. There are two distinguish-

ing features of EBG that can achieve in phase reflection and

surface wave suppression. The in phase reflection property

is usually utilized for antenna gain improvement and the

feature of surface wave suppression can be applied forMIMO

decoupling, respectively. In this paper, a novel slit combined

with mushroom like EBG structure is employed to sup-

press the surface wave travelling between antenna elements,

which is the evolution of conventional mushroom like EBG

integrated with interdigital slit ingeniously. The dispersion

diagrams of designed interdigital slit embedded mushroom

EBG and conventional mushroom EBG are carried out by

HFSS eigenmode solver and exhibited in figure 3. As shown

in figure 4, two pairs of master and slave boundary condition
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FIGURE 5. (a) Three sections of the physical model. (b) 1-D equivalent
circuit model of EBG structure.

are applied in X and Y direction for simulating unit cell of

EBG. From results with and without interdigital slit presented

simultaneously for comparison, it can be seen clearly that

the original stop band is broadened after the insertion of

interdigital slit, which can be attributed to the additional

capacitance introduced by the interdigital slit resulting in

the wide bandstop response [25]. To further illustrate the

bandstop characteristic of the slit embedded EBG, the phys-

ical model of EBG and corresponding generic 1-D equiv-

alent circuit model are shown in figure 5, which has been

divided into three sections fromA to C for qualitative analysis

conveniently and better understanding the design scheme.

In section A, CS1 is represent the total equivalent capacitor

induced by three interdigital shape slit. In addition, the metal

patch of section A is equivalent to LP1 and the coupling effect

between metal patch of section A and ground is equivalent to

a shunt capacitor CP1, respectively. Because the section A and

section C are symmetry about section B, the corresponding

equivalent circuit model of section C is identical to section

A. In section B, a parallel LC circuit consisting of LV and

CP2 is utilized to describe the parallel plates and via.

The EBG unit cell can be represented as equivalent par-

allel resonant LC circuit based on the simplification of 1-D

equivalent circuit model depicted in Fig. 5 (b). When the

surface wave between antenna elements propagates through

the EBG structure, it will exhibit a resonant behavior with

a resonance frequency ω0 = 1/
√
LC , where the L and C are

the equivalent inductance and capacitance associated with the

1-D equivalent circuit model of EBG structure. Moreover, the

effective permeability of EBG structure can be derived from

the following equation [26]:

µeff = 1 +
Fω0

ω2−ω0
2+iγ

(3)

where γ is the dissipation factor, F is the fractional volume

occupied by the metallic pattern in the unit cell and ω is

the angular frequency of the surface wave. Conspicuously,

the negative effective permeability can be attained when ω

is below ω0. Combining the above mentioned analysis and

discussion, ω0 is immediately linked to the physical model

of EBG structure and can be tunable. Hence, we can appro-

priately adjust the shape and the size of EBG structure for

achieving negative effective permeability. As mentioned pre-

viously, the surface wave will be immensely suppressed when

travelling in negative effective permeability media. Conse-

quently, the coupling effect between antenna elements will be

tremendously alleviated with the insertion of EBG structure.

FIGURE 6. The reflection coefficient S11 of MIMO antenna with and
without EBG structure.

FIGURE 7. The transmission coefficient S21 of MIMO antenna with and
without EBG structure.

In order to validate the feasibility of the decoupling con-

cept analyzed in above, the simulated S parameter (reflec-

tion coefficient S11 and transmission coefficient S21) of

MIMO antenna with and without EBG structure has been

depicted in Fig. 6 and Fig. 7, respectively. It can be

seen that antenna1 without EBG structure is working in

3.1 – 3.25 GHz with 4.8% impedance bandwidth. Compar-

ing the reflection coefficient S11 between antenna 1 and

antenna 2, the antenna working frequency has slightly shifted

to high frequency after the insertion of EBG structure,

attributed to the reason that the inevitable accompanying

effect of EBG structure, which is not severe. In addition,

the transmission coefficient S21 is below −10 dB at reso-

nant frequency in antenna 1. Using antenna 1 as reference,

the reduction of transmission coefficient has arrived at 9 dB

after applying the EBG structure in antenna 2, which directly

demonstrate that the aforementioned decoupling concept and

theoretical analysis are reasonable. To give an intuitive illus-

tration concerning about the working mechanism of EBG

structure, the E-field and surface current of antenna elements
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FIGURE 8. Simulated surface E-field distributions of H-plane coupled
antenna at 3.25 GHz: without EBG structure (left) and with EBG structure
(right).

FIGURE 9. Simulated surface current distributions of H-plane coupled
antenna at 3.25 GHz: without EBG structure (left) and with EBG structure
(right).

have been studied. When patch 1 is excited while patch 2 is

terminated by 50� match load. the surface E field distribu-

tions of MIMO antenna are shown in Fig. 8 with and without

EBG structure. It is obvious that two elements without EBG

structure are closely coupled through the nonradiation edge,

which is known as H-plane coupling [27]. When loaded with

EBG structure, the coupling E field is gradually attenuated in

EBG structure patch and be densely constrained in interdigi-

tal shape slit. So themagnitude of excited Efield in patch2 has

been tremendously decreased compared with unloaded with

EBG structure. Furthermore, it can be seen from Fig. 9 that

the surface current flowing on patch 2 has been significantly

suppressed after applying the EBG structure. Consequently,

the decoupling concept of EBG has been confirmed that

suppresses the propagation of surface wave between antenna

elements.

The mutual coupling between antenna elements has been

effectively alleviated in antenna 2 by blocking the prop-

agation of surface wave. To further improve the isolation

of antenna elements, the complementary split-ring res-

onators (CSRRs) have been introduced to reduce surface

wave coupling in antenna 3 by guiding the wave propagation,

which are placed in two sides of the ground adjacent to the

nonradiation edge of the antenna element. CSRR is a per-

vasive metastructure which is extensively applied in MIMO

decoupling. In previous research works, CSRRs are usually

placed between antenna elements which play a role similar

to EBG structure in hindering the propagation of surface

wave [28]. The distinction between this work and previous

research work is that CSRR is employed to steer the EM

wave instead of blocking. The CSRR is the evolution of

split-ring resonators according to the duality principle, whose

physical model and corresponding equivalent circuit model

are shown in Fig. 10. The CSRR also can be regarded as LC

FIGURE 10. The physical model and corresponding equivalent circuit
model of CSRR.

resonator like EBG structure, it resonance behavior is due to

the induced electromotive force that generates a current that

flows within the split ring gap and metallic connector, pro-

ducing a balanced inductive-capacitive effect. Resonant fre-

quency can be expressed as ω0 = 1/
√
LC , where L and C are

the equivalent inductance and capacitance of CSRR respec-

tively which are tunable by adjusting the physical shape and

size of the CSRR. Furthermore, the effective permeability of

CSRR can also be extracted from equation 3 mentioned in

the previous section. When ω is larger than ω0, the highly

effective permeability of CSRR can be attained. A material

with high permeability will guide and compress the magnetic

lines in a compact space. Inspired by this, the CSRRs are

utilized to steer the EM wave for pursuing the reduction of

surface wave coupling. Hence, the total isolation of MIMO

antenna elements will be improved.

FIGURE 11. Simulated surface E-field distributions of H-plane coupled
antenna at 3.25GHz: without CSRR structure (left) and with CSRR
structure (right).

To visualize the wave steering effect of CSRR structure,

the E field and surface current of MIMO antenna have been

studied when patch 1 is excited while patch 2 is terminated

with 50� match load. The surface E-field and current dis-

tributions of antenna with and without loading CSRR are

exhibited in Fig. 11 and Fig. 12, respectively. After applying

CSRR in antenna 3, it can be seen that the E field in patch 1 is

attracted to the side adjacent the CSRR in coincide with

the E filed decreasing in patch 2. Besides, Fig. 12 further

reveals that both antenna top surface and ground currents

have been steered to the area in the vicinity of CSRR, which

supports our prediction and the wave steering characteristic

of CSRR structure has been confirmed. Therefore, the miti-

gation of surface wave coupling between antenna elements

is improved, which makes CSRR suitable for applying in

the two sides of ground to enhance isolation characteristics.

The simulated S parameters (reflection coefficient S11 and

transmission coefficient S21 ) results with and without CSRR

are exhibited in Fig. 13 and Fig. 14 for quantitative analysis.
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FIGURE 12. Simulated surface current distributions of H-plane coupled
antenna at 3.25 GHz: without CSRR structure (left) and with CSRR
structure (right).

FIGURE 13. The reflection coefficient S11 of MIMO antenna with and
without CSRR structure.

FIGURE 14. The transmission coefficient S21 of MIMO antenna with and
without CSRR structure.

It can be seen that the reflection coefficient is almost

unchanged after the introduction of CSRR which indicates

that the parasitic effect of CSRR on impedance bandwidth

can be negligible. While a slight reduction in transmission

coefficient S21 is appearing from −19.5dB to −21.5 dB

after applying CSRR, which is in accordance with the exper-

imental phenomenon referred to surface E field and current

distributions mentioned above.

To consolidate the isolation characteristics of antenna,

in antenna 4, the H shape DGS is etched on the ground plane

along the radiating edge of the antenna devoted to reverse

part of the common ground current, which counteracts the

partial coupling currents to increase isolation. The work-

ing mechanism of H shape DGS was elaborately analyzed

in [29], so this paper only provides simulated S parameters.

The reflection coefficient S11 and transmission coefficient

S21 with and without H shape DGS are exhibited in Fig. 15

and Fig. 16, respectively. It can be seen from Fig. 15 that

antenna impedance gets slightly worse after loaded with the

H shape DGS, which is due to the inherent deficiency of H

shape DGS.Meanwhile, the isolation of antenna elements has

a slight improvement as described in Fig. 16.

FIGURE 15. The reflection coefficient S11 of MIMO antenna with and
without H shape DGS structure.

FIGURE 16. The transmission coefficient S21 of MIMO antenna with and
without H shape DGS structure.

D. PARAMETER STUDYING

To get the optimized performance of proposed MIMO

antenna and make better sense of design principle, a set

of parametric study has been carried out. The length of
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FIGURE 17. The effect of mushroom patch length on antenna
transmission coefficient S21.

FIGURE 18. The effect of interdigital slit width on antenna transmission
coefficient S21.

square mushroom patch and the width of interdigital shape

slit are mainly investigated to show their effect on antenna

performance, while only one geometrical parameter is varied

each time and the rest are fixed. The simulated transmission

coefficient S21 with different values of L6, L7 and L11 are

shown in Fig. 17 and Fig. 18, respectively. The influences

of the length of square mushroom patch are observed to

have a significant effect on antenna isolation characteristic

in figure 17, which is due to the length of mushroom patch

associated with the equivalent inductance and capacitance of

EBG mentioned in above.

By considering the best performance of isolation, the opti-

mal length of square mushroom patch is chosen as 8mm.

Fig 18 depicts the effect of different interdigital shape

slit width on antenna isolation characteristic. As it can be

observed clearly, the transmission coefficient is extremely

sensitive to the variation of L7 and L11, which is in accor-

dance with the surface E field distributions exhibited in

Fig. 8 that the surface E field is concentrated in interdigital

slits. Considering the fabrication accuracy in subsequent step

and performance of isolation, the optimal value of L7 and

L11 is chosen as 0.1mm. The rest parameter analysis proce-

dure is similar as above, which is not listed in this section for

brevity.

FIGURE 19. The prototype of proposed antenna: top view (left) and
bottom view (right).

FIGURE 20. Comparison of the simulated and measured reflection
coefficient.

III. EXPERIMENTAL RESULTS

In order to validate the feasibility of the proposed decou-

pling concept, the designed MIMO antenna was fabricated

and measured. The proposed antenna prototype is shown

in Fig. 19 with top and bottom view, which is fabricated by

using standard printed circuit board (PCB) technology with

the size of 40mm∗70mm∗3mm and the thickness of copper

0.035mm. Besides, antenna elements are fed through two

50� SMA connector. The reflection coefficient and mutual

coupling of fabricated MIMO antenna are measured using

Agilent E8362B two port network analyzer, while the gain

and radiation pattern are measured in anechoic environment

with one port excited and another port terminated with 50�

match load, using standard-gain antenna as a reference. The

comparison of simulated and measured results of reflec-

tion coefficient and transmission coefficient are exhibited

in Fig. 20 and Fig 21, respectively. From the result compar-

ison, it can be seen apparently that the measured reflection

coefficient result has a great agreement with the simulated.

Nevertheless, it remains some discrepancy in transmission

coefficient between simulated and measured that the mea-

sured result exhibits sharply decreasing tendency in the out of

work band compared with simulated, which can be attributed

to the cumulative effect of fabrication (in fabrication process,

the copper layers have the thickness of 0.035mm and metal-

lic vias are employed to substitute the metal pins of EBG

structure in simulation ), assembly (the insertion of SMA

connector), alignment errors of CSRR and EBG structure.

According to the parametric studying in the previous section,
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FIGURE 21. Comparison of the simulated and measured transmission
coefficient.

which indicates that the transmission coefficient is extremely

sensitive to the size of EBG structure. Thus, themetal loss and

fabrication errors may promote the evanescence of surface

wave in the out of work band, which will accelerate the

original decreasing tendency of transmission coefficient in

simulation. Fortunately, the measurement result shows that

the mismatch between simulated and measured about trans-

mission coefficient is mainly concentrated in the range out of

antenna work band and their difference is less than 2 dB in

band, which is imperfect but acceptable.

FIGURE 22. Comparison of the simulated and measured antenna gain.

Fig. 22 illustrates the comparison of simulated and mea-

sured results of antenna gain, where the measured maximum

gain reaches 4.9dBi at 3.25GHz. It can be seen clearly that the

measured result is slightly lower than the simulated, which

is due to the deficiency of fabrication and the insertion loss

of SMA connector. But the gain variation tendency between

the simulated and measured has a great agreement. The

comparison of simulated and measured normalized radiation

patterns in XOZ and YOZ plane is shown in Fig. 23, where

the measured result is in accordance with the simulated.

Conspicuously, an oblique of radiation pattern in YOZ

plane is appearing and the gain peak point is located in

theta = 30◦. According to the cavity theory, the near E-fields

of a microstrip patch antenna are mostly perpendicular to

its patch. Consequently, the peak gain of microstrip patch

antenna is normally appear in theta = 0◦. Hence, the oblique

experimental phenomenon concerning about radiation pat-

tern in YOZ plane immediately validate the guiding wave

characteristic of CSRR structure, which indicates that space

correlation of antenna elements is reduced.

FIGURE 23. Comparison of simulated and measured normalized radiation
pattern. (a) XOZ plane. (b) YOZ plane.

FIGURE 24. States of antenna beam in design procedures. (a) without
decoupling structure (b) with EBG structure (c) with EBG and CSRR
structure.

IV. CONCLUSIONS

In this paper, a two element MIMO antenna has been devel-

oped. The antenna isolation characteristic enhancing pro-

cedures and corresponding decoupling concept have been

meticulously analyzed. A decoupling mechanism concerning

about steering and suppressing surface wave propagation

simultaneously was exploited for enhancing antenna isola-

tion characteristic. Furthermore, H shape DGS was intro-

duced to strengthen the total decoupling effect. The briefly

schematic illustration is depicted in Fig. 24, which illustrates

the three states of antenna beams in relevant design proce-

dures. A detailed comparison between other similar decou-

pling methods referred to microstrip patch antenna on some

key indicators is shown in Table 2.With reference to the table,

the proposed antenna yields acceptable coupling suppression,

relatively compact planar dimension and low profile simulta-

neously. Besides, only a substrate layer is employed in this

work, which is a generalized technique for two port MIMO
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TABLE 2. Comparison with previous works.

and can be easily extended for large MIMO systems with low

cost.
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