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Abstract

This paper presents a printed rectangular slot microstrip antenna array of two elements based on an Electromagnetic Band Gap 

(EBG) structure. The proposed EBG structure is invented to improve the isolation between the radiating elements for multiple-input 

multiple-output (MIMO) application. Single and two slotted rectangular microstrip antennas are designed on an FR-4 substrate with 

a dielectric constant (ε
r
) of 4.3 and loss tangent (tanδ) of 0.025 with thickness of 1.6 mm. The proposed EBG structure is designed as 

one planar row of 24 slots. The proposed array performance is tested numerically using Computer Simulation Technology Microwave 

Studio (CSTMW) of Finite Integration Technique (FIT) formulations. The antenna performance in terms of reflection coefficient (S
11

), 

isolation coefficient (S
21

), radiation patterns, boresight gain and Envelope Correlation Coefficient (ECC) are investigated before and 

after introducing the EBG structure to identify the significant enhancements. The proposed EBG structure is located between the 

radiating antenna elements to reduce the mutual coupling of the proposed antenna array. The edge to edge separation distance of the 

proposed antennas is λ
0
/16, where the λ

0
 is the free space wavelength at 2.45 GHz. The simulated results show a significant isolation 

enhancement from –6 dB to –29 dB at the first resonant frequency 2.45 GHz and from –10 dB to –25 dB at the second resonant 

frequency 5.8 GHz after introducing the EBG structure to the antenna array.
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1 Introduction

Due to the rapid developments in mobile communication 

technologies in our daily life [1], printed radio frequency 

circuits based on compacted metamaterials have received 

a considerable attraction by several researcher communi-

ties [2]. Therefore, several eager attempts from researches 

have conducted to investigate the use of different antennas 

based on different types of metamaterials to improve the 

antenna performance in term of bandwidth [3], gain [4], 

radiation pattern [5], and mutual coupling reduction [6]. 

For instance, the EBG structure was invoked to enhance 

the microstrip antenna performance to miniaturize the 

size [7], improve the gain [8], and the radiation patterns [9]. 

Furthermore, EBG structures were utilized based on dif-

ferent approaches such as defecting ground planes, etched 

metallic structures, and periodical apertures in dielectric 

substrates. Yablonovitch [1] and John [2] were the first who  

investigated the EBG structures conceptions. In [3], four 

modified Split Ring Resonator (SRR), Capacitive Loaded 
Strip (CLS) and wire structures were applied with the 
proposed antenna to enhance the antenna bandwidth and 

miniaturize the antenna size. Several attempts from the 
researchers were reported in [4–6] to explore mutual cou-

pling reduction between the radiating antenna elements, 

and improving antennas performances such as band-

width, gain, and radiation efficiency and size reduction. 
A Frequency Selective Surface (FSS) was developed for  
a folded antenna based on EBG structure for breast cancer  

detection was reported in [4]. The author in [5] explored a 

miniaturized EBG structure based on ground plane defect 

for MIMO systems. Furthermore, a Bended Complemen-
tary SRR (BC-SRR) was realized to reduce the mutual 
coupling effect based on folded MIMO antenna in [6]. 
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Mutual coupling is one of the major drawbacks with 

antenna array design. Therefore, an attempt is applied to 

tackle the undesirable effects by the researchers in [7]. 

Introducing EBG structure between the antenna elements 

has the ability to suppress the surface wave propagation in 

interested frequency bands [8].

Recently, several researchers have been investigating 
enhancement the performance of microstrip antennas by 

introduction of metamaterials and EBG structures [9–11]. 

For example EBG structure was applied above the antenna 

patch to enhance the antenna boresight gain [9]. In [10] 

the authors applied E-plane meander line uniplanar com-

pact EBG (UC-EBG) and H-plane meander line UC-EBG 
between the radiating elements for mutual coupling reduc-

tion of MIMO applications. The authors in [11] suggested 

the introduction of 2 × 5 EBG structure between two rect-

angular patch antenna arrays to reduce the mutual coupling 

between the array elements. Employing rectangular patch 

in between the two monopole antennas to reduce the mutual 

coupling was introduced in [12]. A periodic array of mush-

room like EBG structure is implemented with microstrip 

antennas was reported in [13] to achieve mutual coupling 

reduction. To reduce the surface wave excitation in printed 

rectangular patch antenna the authors in [14] investigated 

mushroom like EBG structure to mitigate the mutual cou-

pling between the radiating antenna elements. A suspended 

metasurface composed periodic square SRR was applied 
above the antenna array in [15] for mutual coupling reduc-

tion, the proposed metasurface has the ability to reject the 

unwanted radiation as well as reducing mutual coupling 

in array antenna. An UC-EBG structure was introduced 
on the top of the antenna layer for mutual coupling reduc-

tion and antenna array miniaturization was reported in [16]. 

The authors in [17] integrated 3D metamaterial (3D MTM) 
structure in to MIMO antenna to improve the mutual cou-

pling reduction between the radiating antenna elements. 

Finally, for the frequency beam scanning the authors in [18] 

are using metamaterial decoupling slab (MTM DS) to sup-

press mutual coupling encountered in antenna arrays, which 

is needed in MIMO and synthetic aperture radars systems.

This paper gives a comprehensive study to design a 

microstrip antenna array of two slotted radiating patch 

elements based EBG structure to improve the mutual cou-

pling reduction for MIMO applications. Numerical simu-

lation tools based on Finite Integration Technique (FIT) of 
CST MWS formulation [19] is involved to investigate the 
performance of the proposed array. A comparison between 

the proposed array performance with and without EBG 

structure is investigated to realize the differences. The 

optimal antenna array dimensions, the number of EBG 

unit cells, and separation distance between the antenna 

elements are discussed. Furthermore, another investiga-

tion is accomplished on the proposed antenna when folded 

on cylindrical substrate to suit highly compacted MIMO 

systems. Therefore, a comparison study is summarized 

between the conventional planar antenna arrays and folded 

profiles. This paper is organized as following: in Section 2, 
the geometry of the proposed antenna array and EBG 

structure are introduced. A parametric study of designing 

a single element and antenna array are presented in this 

section also. The performance of the antenna array before 

and after EBG structure based on folded antenna array is 

presented in Section 3. Envelope Correlation Coefficient is 
presented in Section 4. We conclude the paper in Section 5.

2 Antenna geometry

In this Section, a systematic design methodology is invoked 
to optimize the proposed antenna array performance in 

term of reflection coefficient |S
11

|, mutual coupling reduc-

tion, boresight gain, and radiation pattern is explored in 

details. Our study is divided into two main parts: The first 
part is focusing on the patch geometry design and the sec-

ond part is discussing the antenna array design with and 

without EBG structure. The influence of the separation dis-

tance between the radiating antenna elements on their per-

formance has been reported in this part. As far as the bend-

ing of antenna array in MIMO system is concerned, the 

authors investigated the bending effect of the antenna array 

elements performances. The proposed antenna is designed 

for dual band at 2.45 GHz, and 5.8 GHz for WLAN and 
Wi-Fi communication systems.

2.1 Single antenna element

The systematic design methodology is optimized the pro-

posed antenna performance in term of reflection coeffi-

cient |S
11

| and boresight gain. In the parametric study, 
changing the antenna dimensions is conducted to ver-

ify the optimal antenna geometry to suit the WLAN and 
Wi-Fi bands. The patch antenna element is mounted on a 
low cost FR-4 substrate with dimensions of 50 × 50mm2 

with a thickness of 1.6 mm and relative permittivity (εr ) 
of 4.3 and a loss tangent (tanδ) of 0.025. The patch is fed 
by a 50 Ω microstrip transmission line of 3 mm in width 
and positioned on the substrate and backed by a partial 

ground plane as depicted in Fig. 1. The geometrical details 

are presented in Fig. 1 and listed in Table 1.
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The authors provide a systematic design procedure 

using a numerical simulation based on CSTMWS formu-

lations to achieve the final antenna design. The design is 
started with a rectangular patch backed with a full ground 

plane. Next, a rectangular slot is etched from the patch as 

seen in Fig. 2. The slotted patch boundary width is consid-

ered (m) is changed from 1 mm to 5 mm.
It is found when m is 3 mm, a resonance frequency at 

2.45 GHz is appeared but with poor impedance match-

ing. Therefore, the authors are decided to consider the 

value m = 3 mm is the best choice; however, it may need 

to enhance the antenna matching at this frequency band.

Next, the influence of changing the ground plane width 
given by (W_Grd) is investigated. In this study, we started 
with a full ground plane antenna and compare the perfor-

mance of the antenna with a partial ground plane as seen 

in Fig 3. Based on impedance matching results and the 

antenna gain at 2.45 GHz and 5.8 GHz, it is proven that 
the antenna with the partial ground plane has better per-

formance than the antenna design with full ground plane. 

Such enhancement could be attributed to the reduction in 
the surface wave, skew waves, and motions on the ground 

plane surface [5]. Therefore, the authors changed the  

W_Grd from 12 mm up to 21 mm step by 3 mm. Fig. 3 

shows that by increasing W_Grd, the frequencies are 

shifted to lower bands with an observable degradation in 

impedance matching as indicated in Fig. 3(a). Therefore, 
the optimal case in term of the frequency resonance and 

impedance matching is found at W_Grd = 15 mm that the 

requirements of WLAN and Wi-Fi bands.

Next, to find the best feed line length of the proposed 
antenna, the authors studied the effect of the antenna feed 

length given by (L5) on the antenna performance. From 
Fig. 4 the simulation results indicated that the best imped-

ance matching at the resonance frequency band at 5.8 GHz 

Fig. 1 Geometry of the proposed patch antenna structure; (a) front view, 
(b) back view, and (c) side view

Fig. 2 Return loss of the proposed antenna with different values of m

Fig. 3 Effects of W_Grd for the single patch on (a) |S
11

| spectra, 
and (b) Boresight gain

Table 1 The geometric dimensions of the proposed patch antenna

Parameter Dimension Parameter Dimension (mm)

W 50 L3 18

L 50 L4 12

W_Grd 15 L5 16

L1 34 g 3

L2 27 t_sub 1.6
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when L5 is equal to 16 mm. Nevertheless, it is observed the 

impedance matching at first resonance mode at 2.45 GHz 
is significantly affected in comparison to the second mode 
at 5.8 GHz. Such observation is attributed to the tangen-

tial surface current motion is relatively equal to the free 

space velocity on the slotted patch at 2.45 GHz. However, 
at 5.8 GHz the current motion becomes much slower than 
the free space velocity that indeed provides less effect on 

the matching impedance [10]. 

A further investigation in this study is included to real-

ize the effect of the antenna feed width as given by (g).  
It is indicated from the simulated results; the proposed 

antenna is significantly affected by changing g as shown 
in Fig. 5. The best matching spectra is achieved when set 

the g to 3 mm as indicated in Fig. 5.

2.2 Antenna array

The antenna array design with EBG structure is investi-

gated in this section. The proposed antenna array consisting 

of two slotted rectangular patch antennas built on the low 

cost FR-4 substrate. Each patch is fed by a 50 Ω microstrip 
transmission line, 3 mm in width, positioned on top of the 

substrate and backed by the partial ground plane through an 

(SubMiniature version A) SMA port as seen in Fig. 6. 
The antenna array dimensions are 95 × 50 × 1.6 mm3. 

The proposed EBG structure dimensions are 47 × 2.5 mm2. 

The EBG structure is constructed from 24 slots. The geo-

metrical details of the proposed antenna array and the EBG 

structure are listed in Table 2.

Now, a comprehensive parametric study is carry 

out to investigate the optimal antenna array dimen-

sions with respect to the optimal |S
11

|, |S
21

|, and the bore-

sight gain pattern. The parametric study is started with 

Fig. 4 The effects of L5 changing on the |S
11

| spectra Fig. 5 Effects of g for single patch on |S
11

| spectra

Fig. 6 The antenna geometry details; (a) front view of EBG structure (b) 
front view of the microstrip antenna and the EBG structure positioned 

between the two slotted microstrip patch antennas , (c) side view and (d) 
back view of the microstrip antenna

Table 2 The proposed antenna array dimensions and EBG structure

Parameter Dimension Parameter Dimension (mm)

L_sub 95 W_EBG 2.5

W_sub 50 w_slot 1

L_Grd 95 l_slot 1.8

W_ Grd 15 S 7.6

L_EBG 47 t_sub 1.6
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antenna array design based full and partial ground plane. 

Then, a comparison between the achieved results from the 

two cases is presented in Fig. 7. From the presented results 

in Fig. 7, it is found the proposed array shows better perfor-

mance when backed with the partial ground plane in com-

parison to the full ground plane structure. Such enhance-

ment could be attributed to the reduction in the surface 

wave, skew waves, and motions on the ground plane sur-

face [5]. Therefore, as far as the authors focused of the pro-

posed antenna design to be suitable for WLAN and Wi-Fi 
applications, the antenna array design with the partial 

ground plane is considered for the next antenna design.

To overcome the space limitation in the MIMO 

antenna arrays, half wavelength (λ0 /2), with minimum 
mutual coupling, the authors conducted a further study 

on the separation distance (S) between the radiating ele-

ments. Therefore, a parametric study is carried out to 

obtain the minimum distance with the minimum |S
21

|. The 
study is started by changing S from 4.6 mm (λ0 /26.5) up 

to 19.6 mm (λ0 /6.2) with a step of 3 mm. The obtained 
|S

11
| and |S

21
| spectra for the proposed antenna array 

but without the EBG structure are presented in Fig. 8. 

It is observed from Fig. 8(b) that the antenna array with larg-

est separation 19.6 mm has the lowest |S
21

|; however, the |S
11

| 
is significantly degraded as seen in Fig. 8(a). This observa-

tion agrees with the achieved results in [12]. Therefore, the 

authors fixed S to 7.6 mm (λ
0
/16) to maintain the required 

|S
11

| and |S
21

| with minimum antenna array size.
Now, the introduction of the EBG structure is stud-

ied to realize the effect of that on the array size reduction. 

Therefore, a parametric study is adopted after introducing 

the EBG structure between the radiating elements. Such 
introduction may forbid the propagation of the surface waves 

over the desired operational frequency bands to improve 

the isolation between the radiating elements. The study is 

started by changing S = 4.6 mm up to 19.6 mm with a step 

of 3 mm. From the simulated results in Fig. 9, it is indicated 

that the |S
21

| at S = 7.6 mm has been impro-ved to –29 dB at 

Fig. 7 Comparison between antenna array with full ground plane and 
partial ground plane in term of (a) |S

11
|, |S

21
| and (b) Boresight gain

Fig. 8 The effect of S between the antenna array without the EBG 

structure (a) |S
11

|, and (b) |S
21

|
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2.45 GHz and to –25 dB at 5.8 GHz. This improvement is 
attributed to the EBG structure which has the capability to 

suppress the surface wave propagation and provide a mutual 

coupling reduction at the frequency band of interest [3].

In order to realize the optimal number of EBG unit cells 

between the radiating antenna elements, the authors stud-

ied the effect of the EBG unit cells number on the antenna 

performance. The study is started with one, three and five 
planar EBG unit cells. It is clear from Fig. 10, that the 

antenna array performance in terms of the |S
11

| and |S
21

| 
spectra are improved when the EBG unit cell number is 

increased from 1 to 5. 

Now, to investigate the influence of EBG structure on 
the antenna array performance, a compression between 

the proposed antenna array performance with and with-

out EBG structure is studied. From the obtained |S
11

| and 
|S

21
| spectra which are indicated in Fig. 11; the proposed 

antenna array performance has been enhanced after intro-

ducing the EBG structure. 

In Table 3, the performance of the two cases is summa-

rized to realize the effect of the EBG structure on the pro-

posed antenna array performance. It is found that the EBG 

Fig. 9 The effect S between the antenna array with the EBG structure 

(a) |S
11

| and (b) |S
21

| Fig. 10 The effect of number of EBG rows on the antenna array 

performance in term of (a) |S
11

| and (b) |S
21

|

Fig. 11 Comparison of the antenna array performance with and without 
EBG structure in term of |S

11
| and |S

21
| spectra
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introduction has a significant effect on the |S
21

| reduction 
with minimum separation distance.

The antenna array radiation patterns with and without 

EBG at 2.45 GHz and 5.8 GHz respectively are shown in 
Fig. 12. From the simulated results the antenna array with 

EBG structure is improved in term of gain and radiation 

efficiency compared with conventional antenna array with-

out EBG structure. In addition the directivity of antenna 

array has been improved after introducing the EBG struc-

ture. Next, the surface current distributions of the proposed 

Fig. 12 The simulated far-field radiation patterns in the E-plane and H-plane of antenna array with and without EBG at frequency  
(a) 2.45GHz and (b) 5.8 GHz

Table 3 The proposed antenna performance with and without EBG

Parameters
Without EBG With EBG

f
1

f
2

f
1

f
2

Frequency (GHz) 2.45 5.8 2.45 5.8

|S
11

| (dB) –25 –20 –15 –18

|S
21

| (dB) –6 –10 –29 –25

Boresight gain (dBi) 1.8 2.7 2.1 3.1

S (mm) 7.6 7.6 7.6 7.6
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Fig. 13 Surface current distributions of two slotted microstrip patch antenna array (a) without EBG and (b) with EBG at frequency 2.45 GHz

antenna array with and without EBG structure are presented 

in Fig. 13. It is worth to mention that by placing EBG struc-

ture in between the antenna array elements the surface cur-

rent is mainly distributed along the edges of the EBG struc-

ture. The proposed EBG structure has the ability to forbid 

the propagation of surface waves afterward, to provide 

an enhancement of the mutual coupling of antenna array.

3 Folded antenna geometry

In this section, we specify the effect of bending antenna 

array before and after introducing the EBG structure on 

the antenna performance, a numerical simulation using 

CST MW is presented. The antenna array is folded on a 
cylindrical substrate with inner radius; height and thick-

ness are equal to 22 mm, 50 mm and 1.6 mm respectively 

as shown in Fig. 14.

The performance of antenna array in term of |S
11

|, and 
|S

21
| spectra for the planar and folded antenna array with-

out EBG structure is presented in Fig 15. The simulated 

results exhibit a significant effect on the magnitude of the 
|S

11
| and the operating frequencies when the antenna array 

is bent. The desired operational bands and the resonant 

frequencies are shifted toward the lowest frequencies with 

poor impedance matching for the folded antenna arrays  

as shown in Fig 15.

A further investigation included comparison between 

the planar and folded antenna array with EBG structure is 

studied in this section. The antenna performance in term 

of |S
11

|, and |S
21

| spectra for the planar and folded antenna 
array is presented in Fig. 16. The simulation shows that 

bending the antenna array exhibits a significant effect on 
the magnitude of the |S

11
|, on the resonant frequencies and 

the mutual coupling.

Next, the authors investigated the influence of the 
EBG structure for the folded antenna array as indicated 

in Fig. 17. It is found that the folded antenna array with 

Fig. 14 The geometrical details of folded two slotted rectangular 

microstrip patch antenna array (a) without EBG and (b) with EBG
Fig. 15 Comparison of |S

11
|and |S

21
| of the antenna based on planar and 

folded antenna array without EBG
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EBG has better performance than the antenna array with-

out EBG structure in terms of |S
11

|, and |S
21

| too. 
The 3D radiation pattern of the folded antenna array at 

2.45 GHz with and without EBG structure is illustrated 
in Fig. 18. The radiation of the proposed folded antenna 

array with EBG structure is an end-fire radiator. The radi-
ation patterns are affected by introducing the EBG struc-

ture comparison with conventional folded antenna array 

without EBG. An improvement in antenna gain has been 

achieved from 1.6 dBi to 2.45 dBi after introducing the 

EBG between the radiating antenna elements. In addi-

tion, the directivity and radiation efficiency of the folded 
antenna array has been improved after introduced the 

EBG structure as indicated in Fig. 18.

4 Envelope Correlation Coefficient
In this section, the Envelope Correlation Coefficient 
(ECC) using CST MW formulation has been investigated 
for diversity applications with two port antennas. ECC is 
considering one of the important parameter in order to 

insure that the MIMO antenna can work independently 

with others. The value of ECC in MIMO antenna should 
be as low as possible which is evidence that minimum 

cross talk can be observed during simultaneous operation 

of the two antenna ports. Fig. 19 shows the simulated ECC 
before and after introducing the EBG structure. From 

the simulated results an excellent ECC is achieved after  
introducing the EBG structure between the antenna ele-

ments. The proposed EBG structure is reduces the ECC 
from 0.001 to 0.0005 for the first frequency band and from 

Fig. 16 Comparison |S
11

|, and |S
21

| of antenna based on planar and folded 
antenna array with EBG

Fig. 18 Radiation patterns of the proposed folded antenna array (a) without and (b) with EBG structure

Fig. 17 Comparison |S
11

| and |S
21

| of antenna based on folded antenna 
array with and without EBG structure
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0.001 to 0.0006 for the second frequency band which is 

proves that the two adjacent antennas are irrelevant as 

shown in Fig. 19. This low value of the ECC is evidence 
of less cross talk during simultaneous usage of both the 

ports which is achieved after introducing the EBG struc-

ture. From the simulated S-parameters, ECC can be cal-
culated by using the formula described in Eq. (1) [14].

ρ
e

S S S S

S S S S

=
+

− +( )( ) − +( )( )
11 12 21 22

2

11

2

21

2

22

2

12

2

1 1

* *
.  (1)

After validating the antenna performance numerically 

an EBG structure is invoked to improve the antenna array 

performance in terms of |S
11

| and mutual coupling. A sig-

nificant enhancement is investigated after introducing 

the EBG structure compacted with conventional slotted 

antenna array. A comparison among the reported anten-

nas and this study is summarized in Table 4, in term of 

antenna dimensions, metamatrials type, number of the 

operating band, separation distance, and the maximum 

isolation between the antenna elements. From Table 4,  

it is proven that compared to all published results, the 

proposed antenna array with EBG structure exhibits rela-

tively excellent isolation with respect to the antenna array 

in comparison to other published results [5–18].

5 Conclusions

In this paper, a novel EBG structure is proposed between 

two antenna elements to reduce the mutual coupling for 

the MIMO antenna systems. A parametric study is con-

ducted to investigate the antenna array performance to 

utilize the optimal dimensions that satisfy the require-

ments for WLAN and Wi-Fi applications. The separa-

tion distance between the proposed antenna elements is 

found about λ
0
/16 with low mutual coupling of –29 dB at 

2.45 GHz and –25 dB at 5.8 GHz cause of EBG introduc-

tion. The antenna array structure is folded on a cylindrical 

substrate to suit the wearable applications in MIMO sys-

tems. It is found that the folded antenna array shows |S
11

| 
about –10 dB at 2.45 GHz and –19 at 5.8 GHz. However, 
the |S21| is found about –18 dB at 2.45 GHz and –25 dB at 
5.8 GHz. Finally, it is concluded that the proposed antenna 
array mitigate the performance enhancements even after 

folding on a cylindrical substrate.

Table 4 Comparison between proposed antenna and recent works

Reference Method Dimensions/mm2 Bands Frequency/ GHz Profile Max. Isolation/ dB Separation Distance

[5] SRR 0.22λ
0
 × 0.28λ

0
Single 2.25 Cylinder –30 0.035 λ

0

[6] BCSRR 0.22λ
0
 × 0.29λ

0
Single 4.42 Cylinder –15 0.09 λ

0

[7] EBG 0.24λ
0
 × 0.4λ

0
Two 2.161, 9.433 Planar –19, –30.1 0. 3 λ

0

[9] MTM 0.71λ
0
 × 0.85λ

0
Single 5.8 Planar –24.5 0.135 λ

0

[10] UC EBG 0.34λ
0
 × 0.87λ

0
Single 5.8 Planar –20.3 0.14 λ

0

[11] EBG 0.64λ
0
 × 1.23λ

0
Single 5.4 Planar –20 0. 385 λ

0

[12] Patch 2.26λ
0
 × 1.04λ

0
Single 6.8 Planar –33 0.45 λ

0

[13] Slots 1.86λ
0
 × 0.8λ

0
Three 9, 15, 19 Planar –26 0.37 λ

0

[14] EBG 1.31λ
0
 × 0.77λ

0
Single 5.8 Planar –43 0.36 λ

0

[15] SRR 0.77λ
0
 × 0.5λ

0
Single 5.8 Planar –27 0.019 λ

0

[16] UC-EBG 1.5λ
0
 × 1.5λ

0
Single 5.75 Planar –31 0.5 λ

0

[17] 3D MTM 0.48λ
0
 × 0.48λ

0
Single 2.4 Planar –35 0.13 λ

0

[18] MTM-DS 2.24λ
0
 × 0.883λ

0
Single 9.76, 10.24 Planar –57 0.66 λ

0

This work EBG 0.77λ
0
 × 0.4λ

0
Two 2.45, 5.8

Planar and 

Cylinder –29, –25 0.0625 λ
0

Fig. 19 Envelope correlation coefficient of the MIMO before and after 

EBG structure
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