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Abstract— Multiple Input Multiple Output (MIMO) antenna is 
expected to form a major technique of 5G communication to get 
a high channel capacity. However the antenna performance is 
degraded significantly because of mutual coupling between 
close elements in portable equipments. In this paper, a novel 
EBG structure for 28/38GHz dual-band MIMO antenna with its 
equivalent is proposed. Having round shape and double side 
design, the proposed double-side EBG (DS-EBG) structure is 
able to improve significantly both mutual coupling and gain 
without any decoupling structure between antenna elements. 
Thus the MIMO antenna gets compact size of 
15.3x8.5x0.79mm3 with no distance between antenna elements 
from edge to edge. The antenna radiation efficiency is also 
refined at both bands. This improvement has not attained from 
any previous EBG structure studies. At 28GHz, the radiation 
efficiency is increased from 83.2% to 87.6% while it is raised 
from 83.1% to 91.1% at 38GHz. Besides, the antenna achieves 
wide bandwidth of 7.1% and 13.16% at 28GHz and 38GHz, 
respectively that is suitable for 5G terminals.  All dimensions of 
EBG cell as well as antenna are optimized by using Computer 
Simulation Technology (CST) software.  
 
Index Terms—DS-EBG, 5G, millimeter wave antenna, mutual 
coupling 
 

I. INTRODUCTION 

5G which is known as the fifth-generation mobile 
network or fifth-generation wireless system is an 
interested topic of many scientific researches recently. It 
is desired to establish the 5G network by 2020 that is be 
able to provide a multi-gigabit-per-second-based data rate 
for communication by using Multiple Input Multiple 
Output (MIMO) and millimeter wave antenna. MIMO 
antenna will be used in 5G network because it can get a 
high channel capacity increasing without bandwidth 
addition or transmission power increasing. However, 
mutual coupling is a challenge in applying massive 
MIMO in base station as well as MIMO in UE handsets 
[1]. Thus, the key design parameters for antenna 
operating at 5G band not only are high gain, planar in 
nature, and small size but also are MIMO with low 
mutual coupling between antenna elements. 

Electromagnetic Band Gap (EBG) structures are 
periodic or aperiodic of dielectric material and metallic 
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conductor that can prevent or assist the propagation of 
electromagnetic wave in a certain frequency band [2]. In 
previous studies, various EBG structures have been 
proposed to improve characteristics of single and MIMO 
antenna which operating bands are less than 10GHz [3]. 
In current time, EBG structure still attracts the 
researchers who concentrate on improving gain or 
decreasing mutual coupling of MIMO antenna for 5G 
applications [4]-[9]. Osama M.Haraz [4], Almir Soura e 
Silva Neto [5], and Sanae Dellaoui [6] obtains a gain 
increase but only for single antenna [4]-[6] with array 
structure addition [4], [6]. Mu’ath J. Al-Hasan [7] 
presents a compact uni-planar EBG to reduce mutual 
coupling but it is only for single band at 60GHz with the 
distance of 0.5 Besides, the MIMO antenna using that 
proposed EBG got the low gain of 5.2dBi at 60GHz. 
Mohammad S. Sharawi [8] uses a combination of EBG 
and SRR structure which is so complex with four layers 
to improve significantly antenna gain but the isolation is 
not good (S12 about -15dB). Ahsan Altaf [9] uses a 
structure of 3x5 EBG cell to decrease 20dB mutual 
coupling but the distance between elements rather long. It 
is 0.45 from edge to edge. There are still a few studies 
which get low mutual coupling for MIMO antenna at 
millimeter wave bands [10]-[13]. Mohammadmahdi 
Farahani [10] and Reza Karimian [11] use the defected 
wall structure but the decoupling structure is placed in 
vertical. Thus its height is higher than the height of 
antenna. So the antenna is not easy to fabricate. In 
addition, these structures are able to apply only for one 
band of 60GHz. Naser Ojaroudi Parchin [12] and Menna 
El Shorbagy [13] have reduced mutual coupling for dual 
band antenna at 28/38GHz but they use spacing solution 
with long distance between antenna elements. Moreover, 
most of previous researches on MIMO antenna have to 
use a decoupling structure between radiation elements to 
decrease mutual coupling [14], [15]. 

In this paper, a novel double-side EBG (DS-EBG) 
structure which has round patch is proposed. Applying  
DS-EBG structures of 1x10 and 1x11 unit cell which are 
placed above and below to radiation antenna patch, the 
proposed DS-EBG helps to improve  not only gain of 
both single and MIMO antennas but  also  reduces 
significantly mutual coupling at lower band without 
adding any decoupling structure between elements. 
Besides, the proposed antennas get wide band and high 
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radiation efficiency which is suitable for 5G portable 
equipments. 

The rest of this paper is organized as follows. In 
Section II, the design of round shape DS-EBG structure 
with its equivalent circuit is presented. The stop-band of 
DS-EBG structure to prove the mutual coupling reduction 
and the in-phase reflection of DS-EBG unit cell for 
explaining gain improvement are also presented in this 
section. The designs of single and dual-band MIMO 
antenna without and with EBG structure as well as their 
simulated and measure results are shown in Section III 
while some conclusions are provided in Section IV. 

II. ROUND SHAPE DS-EBG UNIT CELL 

A. The Proposed Round Shape DS-EBG Structure 

The geometry of the proposed double-side and round-
shape EBG unit cell consists of a meta round of both side 
and a metal hollow cylinder via which connect patch and 
ground plane as shown in Fig. 1 (a). The design is based 
on RT5880 substrate with the thickness of 0.79mm and 
the relative permittivity of 2.2. The LC equivalent circuit 
of this structure is illustrated in Fig. 1(b). It is consist of L, 
C and C1. The inductor L result is got from the current 
which is flow along adjacent patch through the via. 
Capacitor C1 is used to model the gap effect between the 
patches of unit cell. The capacitor C is made from the gap 
effect between meta patches on the surface and ground 
plane. 

  

(a) Unit cell (b) Equivalent circuit 

Fig. 1. Double side EBG structure with round patch shape. 

The C value is calculated approximately by Equation 
(1). C = 𝜀0𝜀𝑟(r1 − r2)2ℎ , (1) 

where 0; r is the permittivity of free space and the 
relative dielectric constant of the substrate, respectively. 
The L value is calculated using (2) as the following: L = 𝑘ℎ [𝑙𝑛 (2ℎ𝑟2 ) + 1], (2) 

where k = 0.2nH/mm [16]. C1 value is calculated 
approximately as follows (3): 𝐶1 = 2𝜀0(1 + 𝜀𝑟)𝑐𝑜𝑠ℎ−1 (𝜋𝑟 + 𝑑𝑒𝑑𝑒 ), (3) 

Thus, the resonant frequencies of the proposed EBG 
structure are calculated by Equation (4) and (5). 𝑓1 = 12𝜋√𝐿𝐶 (4) 𝑓2 = 12𝜋√𝐿(𝐶 + 𝐶1). (5) 

The detail dimensions of DS-EBG unit cell are 
presented in Table I. 

TABLE I: DIMENSIONS OF SINGLE ANTENNA (MILLIMETERS) 

Parameter h de r1 rf2 
Dimension 0.79 0.21 0.35 0.2 

B. Band-gap Characteristic   

Fig. 2 shows the simulated transmission coefficient of 
the EBG structure whose number of round patch DS-
EBG cell increases from seven to ten elements.  
Simulation is carried out using the CST-MW software. It 
is clearly seen that there are two bands with 20dB 
reduction in the transmission coefficient and the more 
number of unit cells increases the lower reduction gets. 
With number of EBG cells is seven, we get two stop 
bands of 24.58GHz - 30.76 GHz and 35.59GHz – 40.53 
GHz frequency band. Over this bandwidth, no surface-
wave propagation is allowed. Thus, it is suitable for 
decreasing mutual coupling for dual-band MIMO antenna 
which operates at 28 GHz and 38 GHz bands of 5G. 

 
Fig. 2. Simulated  transmission  coefficients  of  the  round  patch  DS-
EBG structure  with  different  number  cells 

C. Reflection Phase  

One of the interesting characteristics of the EBG 
structures is in-phase reflection. A periodic EBG 
structure has an identical reflection phase for a normally 
incident plane wave in spite of its polarization [2]. The 
in-phase reflection mainly occurs when the incident plane 
wave is at the resonant frequency [17]. Besides, at the 
places which the phase difference is zero, the amplitude 
of the total wave is the sum of component amplitudes [18] 
thus the antennas using EBG structure are able to enhance 
gain. 

 
Fig. 3. Reflection phase of the proposed DS-EBG 
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The reflection phase of round patch DS-EBG 
structures in Fig. 1 has been calculated and the result is 
given in Fig. 3. The in-phase reflection frequency of the 
proposed DS-EBG structure is about 28 GHz and 37GHz. 
From this result, it can be seen that this DS-EBG is able 
to improve gain for 28GHz/37GHz antenna of 5G 
applications. 

III. APPLYING THE DS-EBG TO DUAL-BAND ANTENNA 

A. Antenna Design 

The effectiveness of the proposed DS-EBG is 
evaluated for both single and MIMO dual band antenna. 
Firstly, the dual-band single antenna is designed basing 
on RT5880 substrate with the thickness of 0.79mm, the 
relative permittivity of 2.2, and loss tangent of 0.0009. 
The dimensions of antenna patch are calculated and 
optimized for operation at the first band of 38GHz using 
standard formulas introduced by Balanis [19]. The second 
resonant frequency, 28GHz band, is made by using a 
couple of U-shape Defected Ground Structure (DGS). 
This structure is placed in horizontal direction and just 
under radiation element of antenna to change both current 
distribution and E field of antenna [20] as shown in Fig. 4. 
Next, to improve the antenna gain, DS-EBG structures of 
1x10 and 1x11 unit cell are placed above and below to 
radiation antenna patch as shown in Fig. 5. The details of 
antenna are optimized by using Computer Simulation 
Technology (CST) software and presented in Table II. 

 

 

(a) Top view (b) Bottom view 

Fig. 4. Dual-band single antenna  

 
 

(a) Top view (b) Bottom view 

Fig. 5. Dual-band single antenna with DS-EBG 

Parameter Dimension Parameter Dimension 

Wg 10 Wf1 1.4 
Lg 8.5 Wf2 2 
Wp 3.16 Lf1 4.07 
Lp 2.2 Lf2 0.25 
Du 1.2   

 
 

(a) Top view (b) Bottom view 

Fig. 6. Dual-band MIMO antenna with DS- EBG 

Finally, the MIMO antenna is constructed by place two 
single antennas side by side without any distance from 
edge to edge. From feeding point to feeding point, it is 
nearly a half of wavelength at lower band. There is a little 
difference in the number of DS-EBG cells, the distance 
between DS-EBG cells and the distance between U shape 
of DGS structure because of ensuring the compact size as 
well as the proper ground. The geometry of dual-band 
MIMO antenna with DS-EBG is presented in Fig. 6 with 
the dimensions is optimized by using Computer 
Simulation Technology (CST) software. The total size of 
MIMO antenna is 15.3x8.5x 0.79 mm3 that is suitable for 
5G terminal. 

B. Simulation Results 

1) Single antenna 

The mechanics of dual-band antenna is proved by 
current distribution which is presented in Fig.7. At 
28GHz, the electric current goes from the microstrip line 
to distribute on the U shape of DGS while at 38 GHz, it is 
concentrated on rectangular patch. Thus the proposed 
antenna is able to operate at two desired resonant 
frequencies. 

It can be seen more clearly from the plot of the 
reflection coefficient of single antenna with and without 
DS-EBG. From Fig.8, it is obvious that the antennas 
operate at both bands of 28GHz and 38GHz. They are 
from 27.6GHz to 29.9GHz and 36.542GHz to 39.72GHz 
which are suitable for 5G bands of USA, Korea, and 
Japan [20]. In addition, the antenna with DS-EBG gets 
the larger bandwidths. At 28GHz band, it is increased by 
790MHz which is from 1.5002GHz (5.3%) to 2.3 GHz 
(8.2%). At 38 GHz band, the bandwidth is enlarged from 
2.43GHz (6.4%) to 3.19GHz (8.4%). 

  

(a) At 28GHz (b) At 38GHz 

Fig. 7. Current distribution of the proposed single antenna 

Moreover, one of significant features of EBG structure 
is in-phase reflection. With EBG structure which is 
placed surround, the antenna gain is able to enhance 
without increasing total antenna size if the reflection 
phase of EBGs is zero at antenna operation band. As can 
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be seen from Fig. 9, the 2D radiation patterns of single 
antennas are the same dipole shape at 28GHz but the 
antenna released gain with DS-EBG is improved by 
1.73dB.   

 
Fig. 8. The reflection coefficient of single antenna  

  

(a) At 28GHz (b) At 38GHz 

Fig. 9. 2D radiation pattern of single antenna 

 
Fig. 10. Efficiency of single antenna 

At 38GHz, the 2D radiation pattern change from 
directive shape to dipole shape while ensure the gain. 
This means the antenna gain is not only improved but 
also suitable for handheld devices. 

The efficiency of single antenna with and without DS-
EBG is presented in Fig.10. There are efficient 
improvements in both bands for both radiation efficiency 
and total efficiency. At 28GHz, there is a radiation 
efficient increase of 5% which is from 88% to 93% while 
it is a 6% which is from 85.9% to 91.9% at 38GHz. This 
improvement was not presented at any previous studies of 
conventional EBG structures. 

2) MIMO antenna 

The simulation results of the transmission/ reflection 
coefficients of dual-band MIMO antennas with and 
without DS-EBG structure are shown in Fig. 11 and Fig. 
12. 

 
Fig. 11. The S21 parameter of MIMO antenna 

 
Fig. 12. The S11 parameter of MIMO antenna 

 
Fig. 13. Correlation Factor 12 curve for the proposed MIMO antenna 

By using a double DGS of U shape, the S21 parameter 
of MIMO antenna without EBG is nearly -20dB at 28/ 
38GHz bands [21] but it can not meet the isolation 
demand of good MIMO antenna [22]. Moreover, the 
lower S21 is the less correlation between antenna 
elements occurs thus the less performance of MIMO 
system is degraded [23]. Appling the DS-EBG structure, 
the mutual coupling is reduced significantly. At 28GHz 
resonant frequency, the S12 gets -55dB which is 
decreased by about 30dB. There is also the mutual 
coupling enhancement at 38GHz band of 5dB reduction.  

Besides, enveloped correlation coefficient (ECC) is 
one of important factors in MIMO antenna. It can be 
calculated by Equation (6) [24]: |𝜌𝑒(𝑖, 𝑗, 𝑁)| = |∑ 𝑆𝑖,𝑁∗𝑁𝑛=1 SN,j|√|∏ [1 − ∑ 𝑆𝑖,𝑁∗ 𝑆𝑁,𝑘𝑁𝑛=1 ]𝑘(=𝑖,𝑗) |. (6)

 

For a two element antenna system, the enveloped 
correlation ( 𝜌𝑒 ) can be calculated conveniently and 
quickly from S-parameters as follows [11]: 𝜌𝑒 = |𝑆11∗ 𝑆12 + 𝑆21∗ 𝑆22|2(1 − |𝑆11|2 − |𝑆21|2)(1 − |𝑆22|2 − |𝑆12|2). (7) 

It is able to see more clearly the low mutual coupling 
between elements of the proposed MIMO antenna by the 
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plot of correlation Factor 12 curve in Fig. 13. For all 
operating band of dual-band antenna, the 12 is under 
0.01which is quite suitable for mobile communication 
[23]. 

Moreover, in the same way as single antenna, the DS-
EBG MIMO antenna bandwidths are also enlarged 
notably at two bands which are compared with MIMO 
antenna without DS-EBG as seen in Fig. 12. The DS-
EBG MIMO gets a larger bandwidth of 2GHz (7.14%) 
and 5GHz (13.16%) at 28GHz and 38GHz, respectively. 

 

  

(a) At 28GHz (b) At 38GHz 

Fig. 14. 2D radiation pattern of MIMO antenna  

  
(a) At 28GHz (b) At 38GHz 

Fig. 15. 3D radiation pattern of MIMO antenna with DS-EBG 

  
(a) At 28GHz (b) At 38GHz 

Fig. 16. 3D radiation pattern of MIMO antenna without DS-EBG 

From the Fig. 14, the 2D radiation patterns of MIMO 
antenna with and without EBG are smooth and nearly the 
same shape. In addition, the antenna gain is enhanced.  
Here, the proposed MIMO antenna with DS-EBG 
structure not only achieves gain improvement but 
radiation efficiency increase at both bands. This 
improvement has not attained from any previous EBG 
structure studies. This can see obviously from the 3D 
radiation pattern of MIMO antenna with and without DS-
EBG which are shown in Fig. 15 and Fig. 16 or from the 
efficiency plot which is in Fig. 17. At 28GHz, the gain of 

DS-EBG MIMO gets 6.19dB and is refined by 2.22dB.  
The radiation efficiency is increased from 83.2% to 
87.6%. At 38GHz, the antenna gain is 7.16dB and the 
radiation efficiency is increased from 83.1% to 90.1%.  

 
Fig. 17. Efficiency of MIMO antenna 

Mean effective gain (MEG) and diversity gain are also 
the parameters to evaluate MIMO antenna characteristic. 
The MEG is defined as the ratio of the mean received 
power to the mean incident power of the antenna. Based 
on approximations, the MEG can be expressed as [25]: 𝑀𝐸𝐺 = 12𝜋∫ [ 

 + 1𝐺𝜗 (𝜋2 , 𝜑) + 
 + 1𝐺𝜑 (𝜋2 , 𝜃)] 𝑑𝜑2𝜋

0  (8) 

where G and G are the  and  polarized components of 
antenna power gain pattern;  is the cross polarization 
discrimination (XPD). Simulated radiation pattern values 
were used to calculate the MEG. For the isotropic 
environment, the MEG becomes equal to half the 
classical radiation efficiency [26]. Thus, MEG of the 
proposed MIMO antenna gets -0.29dBi and -0.21dBi 
which is suitable for MIMO antenna [27]. 

Diversity gain is the increase in signal-to-interference 
ratio due to some diversity scheme, or how much the 
transmission power can be reduced when a diversity 
scheme is introduced, without a performance loss. The 
effective diversity gain (EDG) of the multi-antenna 
system is calculated using Equation (9): 𝐺𝑒𝑓𝑓 = (1 − |𝑆11|2 − |𝑆21|2). 10. √1 − |𝜌𝑒|2 (9) 

where  is radiation efficiency and e is ECC which is 
calculated in Equation (7). 

 
Fig. 18. Diversity gain of the proposed antenna 

The plot of diversity gain of the proposed MIMO 
antenna is shown in Fig. 18. At both the antenna 
operating band, the diversity gain get 10dB which is 
suitable for MIMO antenna system [26]. 

3) Comparison 
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The comparison between current antenna with the 
proposed DS-EBG and some previous EBG designs for 
millimeter wave antenna is shown in Table III. The 
operation frequency of antennas is around 28GHz band. 
All antennas and EBG structures are designed basing on 
RT5880, =2.2, and loss tangent = 0.0009. 

From the Table III, it is clearly seen that the proposed 
antenna with DS-EBG have achieved all advantages of 

EBG. They are bandwidth enlargement, gain 
enhancement, and mutual coupling reduction. The EBG 
structure with multi-layer [4] are able to improve antenna 
gain significantly thanks to not only EBG structure but 
also the much higher total substrate thickness as Chu 
criterion [28]. It is similar to the EBG structure with array 
[6]. However, both of the structures can not improve the 
antenna bandwidth.  

TABLE III:  COMPARISON BETWEEN PRESENT DESIGN AND PREVIOUS EBG RESEARCH FOR 28GHZ ANTENNA 

Ref 
Freq 

(GHz) 
Technique 

Dimension 
(mm3) 

Bandwidth (%) Gain (dBi) 
Radiation 
efficiency 

Mutual 
coupling (dB) 

Distance from 
edge to edge 

() 

Single/ 
MIMO 

[4] 28 
Multi-layer + 

EBG 
20 x 20 x 7 

No improvement Increase of 3.84 
Decrease of 

20.5% 
- - Single 

No improvement Increase of 4.32 
Decrease of 

14.7% 

[5] 
28 EBG on 

substrate/ 
ground 

10.5 x 7.9 x 0.5 
Increase of 0.97% Increase of 0.09 No given 

- - Single 
60 Increase of 5.97% Increase of 0.26 No given 

[6] 
25 

Array + EBG 
25.9 x 27.6 x 

6.57 

A little increase Increase of 1.0 No given 
- - Single 28 No improvement Increase of 2,3 No given 

38 No improvement Increase of 5.5 No given 

[9] 24 
Uni EBG on 

substrate 
 Increase of 0.08% Increase of 1.22 No given Decrease of 20 0.45 MIMO 

Our 
design 

28 
DS-EBG 15.3x8.5x 0.79 

Increase of 1.17% Increase of 2.22 
Increase of 

5.4% 
Decrease of 30 

0 MIMO 
38 Increase of 3.84% Increase of 0.01 Increase of 7% Decrease of 5 

 
Specially, the radiation efficiency of DS-EBG antenna 

has been improved for two operating bands. This 
improvement can not get in almost previous EBG [4]-[9]. 
That is reason why this parameter is usually not given in 
many EBG studies [5], [6], and [9]. 

C. Measurement Results 

To verify the performance of the proposed dual-band 
antenna for 5G application, the antenna is fabricated on 
RT5880 substrate with permittivity of 2.2 and the 
thickness of 0.79 mm.  

  
(a) Top view (b) Bottom view 

Fig. 19. Fabricated antenna 

Fig. 19 shows photography of both 28/38 GHz dual-
band antenna using DS- EBG structure. The total size of 
single antenna is 10x8.5mm2 while MIMO antenna is 
15.8x8.5 mm2.  

The measurement results of antenna are got by using 
Vector Network Analyzer (VNA) and shown in Fig. 20 
and Fig. 21. From the Fig. 20, it is clearly seen that the 
antenna operates at 28 and 38 GHz. It is the same 
resonant frequencies for simulation results. From the Fig. 
21, the mutual coupling is nearly -60dB at 28GHz and -
35dB at 38GHz resonant frequency.  There are variable in 
measurement results but they are acceptable because the 

measurement results are so sensitive at high frequencies, 
especially at millimeter wave and for MIMO antenna. 

 
Fig. 20. Comparison between measurement and simulation result of S11 
parameter of antenna 

 
Fig. 21. Comparison between measurement and simulation result of S21 
parameters of antenna 

IV. CONCLUSIONS 

In this paper, a novel DS-EBG structure with round 
shape is proposed. Applying this structure for dual-band  
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single and MIMO antenna, the bandwidth and gain are 
both improved. Besides, the radiation efficient of both 
bands is increased and get over 87% that no previous 
EBG studies have achieved. Moreover, the MIMO 
antenna get low mutual coupling of -55dB at lower band 
with no distance from edge to edge without adding any 
decoupling structure between antenna elements. The 
proposed MIMO antenna operates at 28GHz and 38 GHz 
with good gain of 6.19dB and 7.16dB, wide bandwidth of 
2GHz and 5GHz, and high radiation efficiency of 87.6% 
and 90.1% respectively. All parameters are suitable for 
5G application. 
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