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5G MIMO Antenna System Based on Patched Folded Antenna
with EBG Substrate

Alaa M. Hediya *, Ahmed M. Attiya?, and Walid S. El-Deeb?

Abstract—A novel EBG structure in the form of a square spiral cell with a via at its middle is presented
in this work to improve the isolation between the antenna elements and also enhance the overall
parameters of the proposed MIMO system. Wide BW is achieved for the 6-elements MIMO system
operating in the frequency range from 3 GHz to 5 GHz which is suitable for 5G mobile applications.
The single antenna element consists of four coupled sections printed on an FR4 substrate. To improve
the performance and maintain the BW, the EBG structure is employed to increase the isolation between
the antenna elements. The proposed EBG is designed to have a bandgap from 2.5 GHz to 6.5 GHz. The
addition of the EBG structure between the radiating elements reduces the envelope correlation coefficient
across the whole operating BW. SAR calculations are also performed using head and hand models. The
performance of the proposed EBG loaded MIMO antenna is suitable to be a potential competitor for
future 5G applications.

1. INTRODUCTION

The fifth-generation (5G) wireless systems have a fantastic impact on social and economic improvement.
The 5G networks have sub-six GHz bands of the New Radio (NR) system. Three main bands are used
in sub-six GHz 5G applications; N77 (3.3-4.2 GHz), N78 (3.3-3.8 GHz), and N79 (4.4-5.0 GHz). Each
country can choose its operating frequency range from these three 5G NR bands. China has used 3.3—
3.6 GHz and 4.8-5.0 GHz bands as its specific band to 5G communications, while European Union (EU)
has used the 3.4-3.8 GHz band [1-3].

The prerequisite for working in 5G networks is the ability to provide a multi-gigabit per second
data rate. This is done by using a multi-input-multi-output (MIMO) wireless system [4]. The MIMO
system also provides many features that are supposed to be present in 5G wireless communications, such
as improving channel capacity and network performance without the need to add additional bandwidth
(BW) or increase power at the source. The challenges facing MIMO system design are not limited
to just enhancing the performance, but the compact size and low mutual coupling between individual
antenna elements are also required for MIMO systems [5, 6].

The first challenge in MIMO design is the appropriate choice of antenna type which achieves high
performance with small size. One of the most important types of antennas that is suitable to overcome
this challenge and commonly used in 5G mobile phones is a modified folded dipole antenna. Since the
conventional folded dipole antenna supports low and narrow BW, some modifications must be made to
the conventional type of folded dipole antenna to increase its operating BW to be suitable for 5G NR
applications. Cai and Sarabandi [7] introduced a modified compact size planner folded dipole antenna
to obtain 53.2% broad BW and antenna gain of 1.6 dBi. One of the effective modifications that can be
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made to the folded dipole antenna to obtain multiple resonance frequencies is to divide the antenna into
more than one part. In addition, a partial ground plane can be employed to extend the BW as well as
improve the antenna’s efficiency [§].

To overcome the second challenge, one of the separating methods is evolved to obtain a suitable
degree of isolation among MIMO elements. The most common separating methods are using Defective
Ground Surface (DGS), Frequency Selective Surface (FSS) structure, or Electromagnetic Band Gap
(EBG) structure. EBG structure is a synthetic periodic crystal structure that stops wave propagation
at certain frequency bands for all polarization types and all incident angles. Therefore, EBG structure
can be used for improving the isolation between the antennas of a MIMO system in the corresponding
frequency bandgap. This property improves the overall performance of the MIMO system and maintains
the desired BW [3,9]. The bandgap of an EBG structure can be calculated by using its dispersion
diagram. Tu et al. [10] improved the mutual coupling and gain of a 4-element MIMO system by adding
a round shape Double Side EBG (DS-EBG) structure. The use of an EBG substrate reduces the
interaction between the antenna and human tissue. So, Specific Absorption Ratio (SAR) may also be
reduced by employing this technique [9, 11].

In this research, a new design of an EBG structure is presented. This design introduces a frequency
bandgap from 2.5 GHz to 6.5 GHz. The dispersion diagrams of the discussed EBG structures are
calculated by using the Eigenmode Solver of CST Microwave Studio software. These EBG cells are
added between the folded dipole antennas, which constitute the proposed 6-element MIMO antenna
array. The aim of using EBG is to enhance the return loss of the elements of the array and increase the
isolation between them, as well. Thus, the overall MIMO system parameters are improved. Another
advantage of this design is that the SAR value of the MIMO system is significantly reduced. All designs
and calculations of this paper were made by using CST Microwave Studio software.

The organization of this paper will be illustrated in the following sections. Section 2 presents the
analysis and design of the EBG structure indicating the effect of the EBG structure on the antenna
elements. Section 3 presents the analysis and design of the MIMO antenna array loaded by the designed
EBG unit cells. The main properties of the MIMO system are discussed. In addition, the SAR analysis
of this EBG-Loaded MIMO antenna array is also discussed. Section 4 provides the experimental results
for the fabricated MIMO antenna array. The conclusion is presented in Section 5.

2. EBG STRUCTURE

A) Design of the EBG Unit Cell: The purpose of the EBG is to reduce the cross coupling between
the elements constructing the MIMO system. The proposed antenna elements operate within the
frequency BW from 3 to 5 GHz. The unit cell of the proposed EBG structure consists of a square spiral
on each side of the substrate as shown in Fig. 1. The use of spiral shapes is appropriate to achieve the
required high selective bandgap with a smaller EBG unit size and low insertion loss [12]. Vias between
the spirals on both sides can also be used to control the stop and passbands as well as the width of the
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Figure 1. Different configurations for the unit cell of EBG structure, (a) without via, (b) with one
middle via, (c) with one side via, (d) with two vias. Where the final dimensions of the proposed unit
cell for the EBG structure, X = 5mm, n = 1 mm, m = 0.5 mm, the diameter of the via = 0.5 mm.
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bandgap. This spiral structure is printed on an FR4 substrate with &, equal to 4.3 and a thickness of
0.8 mm.

Several designs are studied for the EBG element as shown in Fig. 1 to study the effects of the via
on the dispersion diagram. The first design is assumed to be without via. The second design has a via
at the center of the spiral cell. The third design has a via at the free end of the spiral. Finally, the
fourth design has two vias, at the center and the end of the spiral.

The dispersion diagrams are calculated for the four designs to determine the bandgap for each
design as shown in Fig. 2 to determine the appropriate EBG design for the MIMO system. It is clear
that the corresponding first bandgaps for the four designs are 4 : 8.5 GHz, 2.5 : 6.5 GHz, 2.2 : 6.2 GHz,
and 5 : 8.6 GHz, respectively. Thus, the second and third designs have bandgaps that are suitable for
the MIMO antenna operating from 3 to 5 GHz.

On the other hand, the effects of the different parameters of this unit cell are investigated on the
second design specifically. Fig. 3 indicates the effect of varying the length of the unit cell (X). It is
obvious that increasing X reduces the lower and upper edges of the bandgap. It also decreases the
bandgap. The resulting bandgap, in this case, is from 1.6 to 4.8 GHz. On the other hand, decreasing
X increases both the upper and lower limits of the bandgap while the bandgap is nearly removed.

The second parameter to be investigated is the spacing distance between the arms of the spiral
(m). Fig. 4 indicates the effect of varying the value of m on the dispersion diagram. It can be noted
that reducing the value of m reduces both the lower and upper edges of the bandgap as well as the value
of the bandgap. On the other hand, increasing the value of m increases the lower edge of the bandgap
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Figure 2. The dispersion diagram for different Figure 3. The effect of dimension X on the
designs of EBG unit cell, depending on the dispersion diagram for the second design in Fig. 1.
number and location of the via.
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152 Hediya, Attiya, and El-Deeb

such that in the case of m = 0.75 mm the lower edge of the bandgap exceeds the required frequency of
3 GHz.

Finally, Fig. 5 presents the effect of varying the width of the arm (n). It can be noted that
increasing n introduces slight reductions in the upper and lower edges of the bandgap. However,
reducing n introduces significant reductions in the lower and upper edges of the bandgap.

B) EBG Loaded Folded Antenna Element: The designed EBG unit cells are added adjacent
to a folded dipole antenna to study its effect on the performance of the proposed antenna. The proposed
folded dipole antenna is introduced in Fig. 6 with the details of its dimensions. The antenna’s size is
(25 x 12 x 0.8) mm3. It was previously designed in [13] and loaded with a DGS substrate to improve the
performance and other antenna parameters. In this research, the DGS has been replaced with EBG to
obtain the best possible results for the antenna. The substrate parameters of this antenna element are
the same as those of the EBG structure. The choice of the substrate material is an important factor
in the design of the proposed antenna. FR-4 is considered a popular material suitable for different
electrical applications and the fabrication of cell phones, because it has good electrical isolation, suitable
fabrication characteristics, high efficiency, and low permittivity. It is also safe, easy to manufacture,
and suitable for wideband applications [14,15]. The antenna is placed at the edge of a mobile board of
a standard size (75 x 134 x 0.8) mm? as shown in Fig. 7(a). This antenna has a partial ground plane
with a distance Lg from the edge of the substrate as indicated in Fig. 7(b). Different values for Lg
are investigated. It is found that the optimum value for Lg which introduces the minimum reflection
coefficient and the best efficiency is 14 mm. The reflection coefficient and efficiency are presented in
Fig. 8 and Fig. 9, respectively.
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Figure 6. The detailed geometry in mm for the Figure 7. The Complete geometry of the folded
proposed folded dipole antenna. dipole on a cell phone substrate. (a) Front view.
(b) Back view.

It is obvious that the return-loss, in this case, is less than —8 dB in the desired frequency band, and
the overall efficiency is 86% at a resonant frequency of 3.2 GHz. The radiation patterns and antenna
gains of the individual antennas with a partial ground plane are calculated at the resonant frequency
of 3.2 GHz and the two ends of the required frequency band as shown in Fig. 10. It is obvious that the
maximum gain of the antenna in this configuration is about 1.5 dBi.

The effect of adding EBG unit cells on both sides of this folded antenna is studied for the two cases
presented in Fig. 11. The results of the return-loss of the folded dipole antenna for these two cases
and for the antenna with the partial ground plane where Lg = 14 mm are presented in Fig. 12. It is
obvious that the existence of the EBG unit cell around the antenna element improves the corresponding
return-loss compared with the use of a partially grounded plane only. It also improves the antenna
efficiency as shown in Fig. 9. In addition, increasing the number of EBG unit cells introduces more
improvement as shown in the comparison between the results of the first case and the second case of
Fig. 12. The ideal case of EBG for the best performance is an infinity structure [16]. The antenna with
4 x 2 EBG array configuration achieved a return loss factor less than —12 dB over the BW of the antenna
from 3 to 5 GHz. This structure also has three resonant frequencies at 3.2 GHz, 4.3 GHz, and 4.48 GHz.
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Figure 11. The different configurations of EBG
structure constructed by changing the no of rows.
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The maximum efficiency of 97.3% is achieved at a resonant frequency of 4.3 GHz as indicated in Fig. 9.
Thus, the second case was chosen as the final proposed antenna configuration. Fig. 13 introduces the
radiation pattern and antenna gain at the resonance frequency of 4.3 GHz and the two boundaries of
the BW for the proposed DS-EBG antenna configuration. It is clear that the maximum gain of 2.73 dBi
is achieved at the resonant frequency of the antenna.

3. MIMO ANTENNA SYSTEM

A) MIMO Antenna Design: After achieving acceptable results for the single antenna element by
employing partial ground plane and partial ground plane loaded with EBG structure, six elements
of the same configurations are combined to form two configurations of the MIMO antenna system as
presented in Fig. 14. The MIMO antenna system using a partial ground plane without EBG structure is
presented in Figs. 14(a) and (b). The proposed MIMO antenna system with EBG unit cells is indicated
in Figs. 14(c) and (d).
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Figure 14. The geometry of the proposed MIMO antenna system of 6-elements on a cell phone
substrate. (a) Front view without EBG, (b) Back view without EBG, (c¢) Front view with EBG,
(d) Back view with EBG. (A = 25mm, B = 28mm, C = 23mm, D = 27mm, £ = 31.5mm and
Lg = 14mm).

A return loss of less than —6dB is obtained for the proposed single antenna configuration which
is considered as the maximum permissible limit for antennas in 5G application. However, this does
not necessarily mean that it can be used in the MIMO system, because the return-loss coefficient for
each antenna in the MIMO system may be affected by changing the location of the antenna inside the
system and the induced mutual coupling with the other elements of the system. Thus, some antennas
within the MIMO systems may achieve a return-loss factor greater than the maximum permissible limit
of —6dB.

The return loss coefficients of the six antennas within the partial ground plane MIMO system
configuration were calculated as shown in Fig. 15. It is clear that some antennas of this MIMO system
did not achieve an acceptable return loss coefficient. Fig. 16 shows that some antennas of the MIMO
system did not achieve good values of mutual coupling coefficients, as well. Fig. 16 presents the isolation
of the first antenna as an example of antennas isolation within this system. So, this system will not be
suitable for 5G communications.

The simulated return loss for the six antennas of the EBG-MIMO system configuration is indicated
in Fig. 17. It is obvious that all elements of this MIMO system have return-loss less than —9 dB over
the desired BW. So, the EBG-MIMO system can be employed for the 5G communications.

For the proposed EBG-MIMO system, the mutual coupling between its elements achieved a value
less than —20 dB. The mutual coupling coefficients between the first antenna and the other five elements



Progress In Electromagnetics Research M, Vol. 109, 2022 155

0 0
5
-10
— — -15
<= 0
9 B
c S -30
[7,] [V B
-40
-45
25 50
3 3.5 3 45 5 3 3.5 3 45 5
F(GHz) F(GHz)
—511 ——522 ——533 ——5§44 ——S555 ——566 —512 ——513 ——514 ——515 ——S16
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Figure 17. The return loss of the six antennas Figure 18. The simulated mutual coupling
of the EBG-MIMO system. between Antenna 1 and other elements of the
EBG-MIMO system.

are presented in Fig. 18 as an example of the coupling coefficients for the MIMO system. The results of
Fig. 18 are enough to indicate the mutual coupling between the other antennas of the system because
the results have some similarities with a slight difference due to the difference in the antenna location
as well as the difference in the location of the feeding point of each antenna.

B) MIMO Antenna Parameters: The S-parameters of the MIMO system are necessary to
calculate the related parameters of the proposed EBG-MIMO system, which distinguish the overall
performance of the system. Several MIMO parameters like Envelop Correlation Coefficient (ECC),
Diversity Gain (DG), Total Active Reflection Coefficient (TARC), Chanel Capacity Loss (CCL), and
Mean Effective Gain (MEG) are calculated analytically to give a clear idea about the performance of
the MIMO system.

ECC is considered as one of the most important parameters affecting the MIMO antenna system.
Equation (1) presents the relation used to calculate the ECC [14]:

|StamSmntShmSnn|”
(1- ‘Smm|2 - ‘Smn’2 )(1— ’Snm|2 - ‘Snn‘z )*
The ECC frequency curve between the first antenna and other antennas of the proposed MIMO
system is presented in Fig. 19 as an example of the ECC of the system elements. The values of ECC for

all antennas are found to be less than 0.005, which falls within the suitable range of the MIMO systems
for 5G applications. These results are acceptable for working as a high-performance MIMO antenna

ECCpn=

(1)
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system, where the ECC parameter is required to be smaller than 0.5 [17].

The DG for the MIMO system indicates the losses in power transmitted when diversity charts are
applied to the module. DG of 10dB is obtained here, which is the amount required for MIMO antenna
systems to ensure high performance [18]. DG is calculated according to the following equation [18]:

DG = 10y/1— [ECC|? (2)

TARC represents the apparent value of return loss of the antenna for the MIMO system. For 5G
applications, the TARC value should be less than —6dB [19]. The values of TARC for elements of the
proposed MIMO system are found to be smaller than —8 dB. Fig. 20 shows the TARC curves versus
frequency for the first antenna as an example of the TARC coefficients of other antennas within the
proposed system. It is calculated using the following equation [14]:

2 2
TAR(hmr——vﬂSmm+Smn);%Smn+smﬂ (3)

Another important MIMO system performance parameter is the CCL. The proposed MIMO
antenna system has a CCL of 0.45bit/s/Hz for the entire BW of the system, which is less than the
practical standard [18]. Fig. 21 shows the first antenna CCL curves versus frequency as an example
of CCL coeflicients of the system elements. The CCL values are calculated according to the following
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equations [18]:

ccl = —log, <' Z':;n?:j > (4)

where:
oij = 1— (ISi,i\2 - |Si,j|2> (4a)
oij = — (S7:S1+55:S;;) (4b)

The MEG parameter is also an effective diversity performance parameter for the analysis of MIMO
systems. It is defined as the mean power received in the radiating environment. For highly diverse
performance, the MEG value should be in the standard range from —3dB to —12dB for all elements of
the MIMO system [20]. Fig. 22 presents the MEG for all elements of the proposed MIMO system. It
is clear that the calculated MEG for the entire system is ranging from —7dB to —10dB which satisfies
the required condition. The MEG is calculated according to the following relation [20]:

) (10)

C) Hand Effect: For the design of the MIMO system to be complete, the effect of the human
hand should be taken into consideration in the analysis of the overall performance of the system. Fig. 23
presents the comparison between the return loss coefficients for the six antennas of the MIMO system
with and without the human hand model. It is obvious that the return losses are increased slightly due
to the effect of the hand. However, the return losses for the six antenna elements with the presence of
the human hand model are still within the limit of less than —6 dB.
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Figure 23. The return-losses for the six elements of the EBG-MIMO system with and without the
hand model.

4. SAR CALCULATION

The SAR analyses of the proposed EBG-MIMO system are performed at 3.2 GHz and 4.2 GHz, which is
one of the resonant frequencies of the antenna element with EBG. Calculations are made over 1 g tissue
by inserting the MIMO system between the hand and head models of the CST simulator.

The proposed EBG-MIMO system achieved total SAR values of 0.5207615 W /Kg at the frequency
of 3.2 GHz and 0.5890298 W/Kg at the frequency of 4.2 GHz. The total SAR of the proposed MIMO
system is less than 0.6 W/Kg, which is much less than the international permissible value of 2 W /Kg.



158 Hediya, Attiya, and El-Deeb

5. EXPERIMENTAL RESULTS

The proposed MIMO system loaded with the EBG structure is fabricated and measured for verification.
The fabricated antenna is presented in Fig. 24. The return loss coefficients for the six antennas of the
fabricated MIMO system are indicated in Fig. 25. The value of the return loss coefficients increased
over —10dB, and the resonance frequency of some antennas changed. However, there is slight difference
between the measured and simulated results of the return losses, and the results are still considered
acceptable as they do not affect the overall performance of the MIMO system. the measured coupling
coeflicients between MIMO elements are presented in Fig. 26. It can be obvious that the measured and
simulated coupling coefficients are very close. The measured coupling coefficients between all antennas
are less than —20dB.

Finally, two detailed comparisons between the proposed MIMO system and recently published
MIMO systems are introduced in Table 1 and Table 2.

The comparison in Table 1 is related to the most important parameters required for the design of
any antenna employed in MIMO systems. The comparison in Table 2 is based on the most important
characteristics that affect the performance of the MIMO systems.

In Table 1, the reflection coefficient is calculated over the whole BW. the number of antenna
elements within MIMO system is represented by N. The total size refers to the overall size of MIMO
system. The SAR value represents the peck SAR value over the entire BW including resonant
frequencies.

(b)

Figure 24. The front view (a) and the Back view (b) of the fabricated MIMO system.
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Table 1. A detailed comparison between the proposed MIMO system and the recently published work
in terms of antenna parameters.

Reference Tvoe BW Reflection N Isolation  Mutual Total SAR Application
P coefficient method coupling size value bp
LTE
(2550
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From Table 1, comparing the proposed design with [19], [24], and [13] we find that the proposed
MIMO system achieves good results in terms of return loss coefficient. As for the total SAR value,
the proposed design achieved a better result than [19], while the rest of the references mentioned
did not address the SAR value calculations. The proposed design is also better in terms of isolation
than [14,19,21,22,24,25,26,13]. As for [23], a high isolation value was achieved, but using only two
individual elements.

Another comparison in terms of the characteristics affecting the performance of the MIMO system
is described in detail in Table 2. By perusing this table, we can ensure that the overall performance
of the proposed MIMO system gives promising results compared to the related work presented in the
references.
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Table 2. A detailed comparison between the proposed MIMO system and the recently published work
in terms of MIMO characteristics.

TARC CCL

Reference ECC DG = (10dB) (dB) (bit/sec/Hz) MEG (dB)
[14] < 0.005 NA < 16 NA NA
19] <021 NA <6 <0.32 NA
21] NA NA NA NA NA
[22] <0.01 NA NA <0.1 NA
[23] <0.016 Vi <35 <03 “3<MEG < -5
[24] <0.02 WV NA NA NA
[25] <0.05 V; NA <05 Around 1
[26] <0.016 NA NA NA NA
[13] < 0.006 J < _7dB <06 —3 < MEG < —8
Present ) 0045 V < -8 <045 —7 < MEG < —10
work

6. CONCLUSION

In this research, a new design of square spiral EBG is used to enhance the overall performance of a
proposed MIMO system consisting of six antenna elements. The role of the EBG in this design is to
improve the return loss of the antenna and reduce the coupling between the elements of the proposed
MIMO system with six radiators. Each element in the proposed MIMO system consists of a folded dipole
antenna with four coupled sections. The proposed MIMO antenna system consists of six identical folded
dipole elements operated at a BW from 3 to 5 GHz, which makes it suitable for N77, N78, and N79 NR
bands. The simulation results indicate a good return loss coefficient less than —9 dB, high isolation over
20dB, broad BW, and low SAR value under 0.6 W/Kg for the overall components of the system. Also,
very good performance is obtained for the entire MIMO system compared to the recently published
work, where the proposed work achieves ECC under 0.0045, DG around 10dB TARC under —8dB,
CCL less than 0.45 bit/sec/Hz, and MEG from —7dB to —10dB. Finally, the proposed MIMO system
is fabricated and measured to validate the simulation results. A good agreement is obtained between
the simulated and measured results which indicates the validity and robustness of the proposed MIMO
system.
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