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 This investigation presents a new design and analysis of a fourteen elements 

massive multiple input multiple output (MIMO) compact low specific 

absorption rate (SAR) antenna system for 5G and beyond terminals. The 

MIMO antennas are realized for sub-6 GHz LTE-band 46 (5.1-5.8 GHz) 

long-term evolution 5G wireless communication services. The proposed 

antenna system is designed on an FR-4 dielectric constant 4.3 substrate 

consisting of the main board and four sideboards. The radiating elements are 

developed on the sideboards consisting of a monopole antenna and two 

metamaterial unit cells, as well as the feed line is designed on the principal 

board. The overall volume of the proposed structure is 150×80×7.5 mm. 

Through the use of the metamaterial unit cells, the proposed antennas have 

been arranged in close proximity without developing a strong mutual 

coupling. The results obtained were very important in terms of impedance 

matching, isolation among the antennas, and good gain. Even, the SAR 

analysis at the operating frequency band of 5.5 GHz proves that the 

proposed MIMO antenna system satisfies safety standards set for human 

exposure at the international level. Therefore, the proposed massive MIMO 

antenna structure is a potential solution for future communication 

applications. 
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1. INTRODUCTION 

Telecommunications technology has come a long way in the last decade. In fact, the quality of 

signal transmission has evolved from 1th generation (1G) to 4th generation (4G). Each new technological 

device increases throughput and leads to the expectation of faster transmission speeds [1]. Despite its many 

advantages, 4G technology has some drawbacks related to lack of coverage, network connection failures, and 

channel saturation. The rapid development of connected objects and devices means that 4G technology will 

not be able to satisfy the emerging trends. Therefore, an upgrade to the 5th generation (5G) has become 

necessary [2]. 

As 5G and beyond (5G/B) become more widely adopted and standardized, research into related 

technologies is intensifying to deliver faster speeds, lower costs, and higher gains, with future generations of 

5G smartphones requiring better link reliability and data rates around 1000 times faster than 4G. The 5G 
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operates in two key frequency ranges to provide broad coverage and cover all use cases. These two ranges 

are the sub-6 GHz range and the millimeter wave range. For the sub-6 GHz range, several frequency bands 

have been proposed to meet the bandwidth demands of the 5G next-generation smartphone, such as the LTE-

band 43/42 (from 3.4 GHz to 3.8 GHz), the LTE-band 46 (from 5.15 GHz to 5.925 GHz), and the EU multi-

band (5.9 GHz to 6.4 GHz) allocated by the European Union [3]. Due to the use of the new 5G LTE 46 band, 

exchanging or viewing files of all kinds, including huge files such as videos, is almost instantaneous [1], [4]. 

The antenna is an essential element of the mobile communication system to guarantee the coverage 

of the communication network. Consequently, using a single antenna cannot ensure the requirements of 5G 

technology, so the use of a multiple input multiple output (MIMO) system is necessary. Low-order MIMO 

antenna systems, such as 2×2 and 4×4, are quite popular for the current generation of 4G mobile phones  

[5]–[7]. However, these specifications cannot be met using low-order MIMO antenna systems. Therefore, 

switching to high-order MIMO antenna systems is a suitable solution, but the use of multiple antennas will 

reduce the effect of the user’s hands blocking certain antenna elements and degrading link performance.  

Due to the limited dimensions of mobile phones, integrating several antennas in a small space is 

challenging. Indeed, the insertion of many antennas can lead to interference between the MIMO antenna 

system elements which is due to mutual coupling. To overcome these challenges, many different designs of 

MIMO antennas have recently been proposed for 5G mobile phones. However, these MIMO antennas either 

suffer from the low order of the integrated antennas or take up a tremendous amount of space on the phone's 

main board [8]–[13]. The main objective of this work is the development of a new MIMO system that 

integrates more elements that present a good performance in terms of reduced size, low mutual coupling 

across the MIMO elements with a very low specific absorption rate to protect the user from electromagnetic 

radiation in compliance with IEEE standards. To this end, in this study, we propose to design a metamaterial-

based MIMO system starting with the design and extraction of the magnetic and electrical parameters of a 

unitary metamaterial cell, then proceed to the design of a single antenna and the implementation of a MIMO 

structure comprised of multiple antenna elements, the design steps are described in detail in the next section. 

 

 

2. DESIGN OF MIMO ANTENNA 

2.1.  Proposed unit cell 

Metamaterials are materials that possess a homogeneous composition that is not found in ordinary 

materials, such as negative permittivity or permeability, or both [14]. In the microwave field, metamaterials 

are used either to miniaturize the size of passive circuits or antennas, for performance enhancement or to 

reduce the mutual coupling between antenna array elements [15]–[19]. In this work, the proposed 

metamaterial unit cell is used for both purposes: minimizing the size of antennas and reducing the 

interference between MIMO antenna elements. Its structure consists of a rectangular-split-ring-resonator 

(RSRR) designed on one side of the FR-4subsstrate with a dielectric constant of 4.3 and thickness of  

h=1.6 mm. Figure 1(a) illustrates the proposed RSRR in a transverse electric and magnetic (TEM) box, 

where the electric and magnetic walls are defined along the x and z axes, respectively, and the waveguide 

ports are defined along the y-axis. The dimensions of the RSRR are adjusted to obtain a negative 

permeability around the LTE 46 band. The electrical and magnetic parameters of the unit cell are extracted 

from S-parameters and show that the RSRR has a negative permittivity around the desired frequency band, as 

illustrated in Figure 1(b). 

 

  

  
(a) (b) 

 

Figure 1. Proposed metamaterial unit cell; (a) geometry and (b) electrical and magnetic parameters 
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2.2.  Single antenna element 

After designing the metamaterial unit cell in the previous section, this section discusses the 

geometry of the proposed single antenna, which comprises a monopole antenna in the form of a transmission 

line modeled on the bilateral substrate and fed by a second transmission line designed on the main substrate. 

The RSRR metamaterial cell that has been designed in the first section has been placed alongside the 

monopole antenna to improve impedance matching in order to make the antenna operate around the desired 

frequency. Figures 2(a)-(c) show the various stages involved in designing the final structure of the single 

antenna and Table 1 shows the parameter values. 

 

 

   
(a) (b) (c) 

 

Figure 2. The proposed antenna geometry; (a) stage 1, (b) stage 2, and (c) dimensions 

 

 

Table 1. Parameters of the single antenna 
Variable Value (mm) Variable Value (mm) 

Lant 7.5 Want 1 

Lsrr 6 Wsrr 4.8 

Lfeed 6 Gsrr 0.3 
Wfeed 2.75 Sant 0.4 

 

 

2.3.  MIMO antenna system 

In order to design a MIMO system that consists of fourteen elements, ten of them are mounted on 

bilateral substrates sized 7.5×150 mm² along the x-axis with a separation distance between the different 

elements of 13.6 mm. A second RSRR metamaterial cell of about the same size as the first has been added to 

separate the different elements of the MIMO system in order to reduce mutual coupling as depicted in 

Figures 3(a) and (b). Important results were obtained using a parametric study of the space separating the 

antenna and the RSRR cell. Having the antennas arranged in parallel provides two electric fields 90° out of 

phase and leads to dual polarization. The dimension of the main substrate is 80×150 mm, while the 

dimensions of the bilateral substrates are 7.5×80 mm for the first substrate and 7.5×150 mm for the second 

substrate. The complete structure of the proposed MIMO system is presented in Figure 3(c). To illustrate the 

effect of the metamaterial cells, the MIMO system was simulated with and without the RSRR cell for two 

elements. Figure 4 shows the computed S-parameters, as observed, positive results are obtained by adding the 

RSRR cells in terms of reflection coefficient and isolation at the operating band.  
 

 

 
(a) 

 

 

 
(b) (c) 

 

Figure 3. General view of 5G MIMO antenna; (a) two MIMO antenna elements with one unit cell, (b) two 

MIMO antenna elements with two-unit cells, and (c) the complete MIMO antenna structure 
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Figure 4. The computed S-parameters of 5G MIMO antenna with and without unit cell 

 

 

3. RESULTS AND DISCUSSION  

3.1.  S-parameters and radiation patterns 

Figures 5(a) and (b) depict the response of the proposed antenna system in terms of return loss. Due 

to the symmetry of the MIMO system and the similarity of all antennas in design, the values of the reflection 

coefficients remain approximately the same. Therefore, only one side will be presented. It can be clearly seen 

that the amplitude of the return loss for all antennas is less than -25 dB. The radiation pattern performance 

was evaluated for Ant1 (also corresponding to Ant7, Ant8, and, Ant14), Ant2 (also corresponding to Ant6, 

Ant9, and, Ant13), Ant3 (also corresponding to Ant5, Ant10, and, Ant12), and Ant4 (also corresponding to 

Ant11) at the center frequency of 5.5 for two main planes phi=0° and phi=90°, which correspond respectively 

to the vertical and the orthogonal planes, as noticed in Figures 6(a)-(d). It is possible to observe that both 

planes E and H are approximately unidirectional for all antennas. 

 

 

  
(a) (b) 

 

Figure 5. Simulated reflection coefficient; (a) S11, S22, S33, and S44 and (b) S55, S66, and S77 

 

 

    
(a) (b) (c) (d) 

 

Figure 6. The radiation patterns of the antennas; (a) Ant1, (b) Ant2, (c) Ant3, and (d) Ant4 
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The isolation of the MIMO antenna system can be evaluated by the envelope-correlation coefficient 

(ECC), which measures the independence of the radiation patterns of the MIMO system. Several approaches 

to calculating the correlation coefficient (ρij) between two antennas, "Ant i" and "Ant j", are discussed in 

[20]. The coefficient (ρij) can be evaluated from the radiation patterns using the following expressions: 

 

𝜌𝑖𝑗 = |
∫ ∫ (𝐶𝑃𝑅.𝐸𝜃𝑖𝐸𝜃𝑗

∗ .𝑃𝜃+𝐶𝑃𝑅.𝐸𝜑𝑖𝐸𝜑𝑗
∗ .𝑃𝜑) 𝑠𝑖𝑛(𝜃)𝑑𝜃𝑑𝜑
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2𝜋
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√Π𝑘=𝑖,𝑗 ∫ ∫ (𝐶𝑃𝑅.𝐸𝜃𝑘𝐸𝜃𝑘
∗ .𝑃𝜃+𝐶𝑃𝑅.𝐸𝜑𝑘𝐸𝜑𝑘

∗ .𝑃𝜑) 𝑠𝑖𝑛(𝜃)𝑑𝜃𝑑𝜑
𝜋

0
2𝜋

0

|
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 (1) 

 

Where: 𝑃𝜑 and 𝑃𝜃  satisfies the following conditions: 

 

𝑃𝜑  𝑠𝑖𝑛(𝜃)𝑑𝜃𝑑𝜑 = 𝑃𝜃  𝑠𝑖𝑛(𝜃)𝑑𝜃𝑑𝜑  (2) 

 

𝑃𝜑 and 𝑃𝜃  represent the environment propagation power spectrum. Cross-polarization ratio (CPR). 

𝐸𝜑(𝑖,𝑗) and 𝐸𝜃(𝑖,𝑗) represent the electric field components of antenna elements i and j, (here) while θ and φ 

indicate respectively the vertical and horizontal polarisation. Generally, the ECC must be close to (zero) 0 for 

perfect isolation and must not exceed 0.5 [21], which is reached by the proposed system over the whole band 

as can be seen in Figures 7(a) and (b).  

 

 

  
(a) (b) 

 

Figure 7. Simulated ECC; (a) ECC 1 to 2, ECC 3 to 2, ECC 3 to 4, ECC 5 to 4, and ECC 5 to 6 and (b) ECC6 

to 9, ECC 7 to 6, ECC 7 to 8, ECC 1 to 10, and ECC 2 to 13 

 

 

Diversity gain (DG) is also a very important characteristic to consider in MIMO antennas and can be 

evaluated from S-parameters using (3): 

 

𝐷𝐺 = 10 √1 − (
|𝑆1,1

∗ 𝑆2,1+𝑆1,2
∗ 𝑆2,2|

2

(1−|𝑆2,1|
2

−|𝑆2,2|
2

)
∗

(1−|𝑆1,1|
2

−|𝑆1,2|
2

)
)

2

 (3) 

 

For the proposed system, the standard DG value that must be met so that the reduction in transmitted 

power will not have a major effect on transmission quality or MIMO performance is 10 dB or close to it. For 

the developped system, and as dipected in Figures 8(a) and (b), the DG value is close to 10 for the whole 

operating bandwidth, which satisfies the norm's criteria. The MIMO antenna system total efficiency is 

evaluated using (4): 

 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 100 ∗ (
𝐺𝑎𝑖𝑛

𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦
) (4) 

 

As observed in Figures 9(a) and (b), the total efficiency is between 80% and 98% at the operating 

frequency. These results in terms of reflection coefficient and ECC confirm that the elements of the MIMO 

system have excellent impedance matching and are perfectly arranged, ensuring that no antenna affects the 

performance of neighboring elements. The presented antenna effectiveness can also be evaluated through 
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surface of current distribution. As seen in Figure 10, the highest current is noticed near to the metamaterial 

cells.  

 

 

  
(a) (b) 

 

Figure 8. Diversity gains of the proposed antenna for; (a) Antenna1, Antenna2, and Antenna3 and  

(b) Antenna5, Antenna6, and Antenna7 

 

 

  
(a) (b) 

 

Figure 9. Total efficiency of the proposed antenna for; (a) Antenna1, Antenna2, and Antenna3 and  

(b) Antenna5, Antenna6, and Antenna7 

 

  

 
 

Figure 10. Surface current distribution 

 

 

3.2.  Impact of human’s hand 

The influence of the grip of the human hand is analyzed in this section. A handheld mobile phone is 

used in two different scenarios, specifically the calling scenario using a single hand and the gaming scenario 

using two hands. A representation of the two scenarios involving handheld mobile phone is shown in  

Figure 11. As shown in Figure 11(a), 8 antennas are not in contact with the operator’s hand and, therefore, 

will not be affected by (the operator's hand) it. However, the other six antennas are close to the user's hand 
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and, therefore, probably can be affected. In the second situation, as illustrated in Figure 11(b), 8 antennas are 

in contact with the user's hand. 

 

 

  
(a) (b) 

 

Figure 11. Hand held mobile phone representation; (a) calling mode and (b) gaming mode 
 

 

The influence of the single-hand mode on the antenna effeciency, such as the reflection coefficient 

(S11) and the ECC are also dicussed in this paragraph. The calculated reflection coefficient of Ant2, Ant3, 

and Ant4 is presented in Figure 12. As depicted in this figure, there is a minor variation of the reflection 

coefficient for these antennas, which are in contact with the user’s hand. However, the return loss remains 

below -25 dB, which is a good impedance matching. Nevertheless, for the other antennas, the user's hand has 

no effect on the reflection coefficient.  
 
 

 
 

Figure 12. Comparaison of the reflection coefficient in free space and in single hand mode 
 

 

The mutual coupling or the isolation between the antennas was also evaluated through the ECC and 

Figures 13(a) and (b) show the obtained results. The computed results show that the ECC is under 0.22 dB. 

These results conclude that the proposed antenna can be considered satisfactory and present a robust design 

for innovative 5G smartphones.  
 
 

  
(a) (b) 

 

Figure 13. Simulated ECC in single hand mode; (a) ECC 1 to 2, ECC 3 to 2, ECC 3 to 4, ECC 5 to 4, and 

ECC 5 to 6 and (b) ECC6 to 9, ECC 7 to 6, ECC 7 to 8, ECC 1 to 10, and ECC 2 to 13 
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3.3.  SAR analysis 

The SAR is a prime factor in the measurement of the highest absorption rate by human tissue when 

comes into contact with radiofrequency electromagnetic field. According to the IEEE standards association, 

the SAR limit value specified in IEEEC95.1: 1999 is 1.6 W/Kg for an average mass of 1 g while that 

specified in IEEE C95.1: 2019 must not exceed 2 W/Kg for a typical mass of 10 g. In this study, a 3D model 

of the human head was used to analyse the absorption rate value of the designed MIMO antenna system. 

Figure 14(a) illustrates the human head model with the proposed MIMO system.The SAR can be calculated 

from the electric field E, the human tissue mass density ρ and, conductivity σ, as (5) [22]:  

 

𝑆𝐴𝑅 =
𝜎 |𝐸|2

𝜌
 (5) 

 

The proposed MIMO antenna system was placed at 5 mm from the human head model, and the 

computed SAR distribution using a different number of antennas is illustrated in Figures 14(b)-(d). As can be 

seen in the figure, the highest SAR value for 10 g averaging mass tissue for the tree cases is under  

0.288 W/Kg. This is due to the radiating elements of the antennas which are mounted on bilateral substrates 

and thus their radiation will be directed outwards from the human body during a call. Even with 14 elements, 

the SAR remains unchanged because the MIMO antennas are not coupled to each other, which confirms that 

this MIMO antenna system respects the IEEE standard. 

 

 

  
(a) (b) 

 

  
(c) (d) 

 

Figure 14. Human head; (a) 3D model of SAR calculation, (b) SAR distribution using one antenna, (c) SAR 

distribution using two antennas, and (d) SAR distribution using three antennas 

 

 

3.4.  Comparison of the designed MIMO antenna with other works 

The performance of the proposed MIMO system has been compared with other works published 

recently, in terms of dimensions, correlation coefficient, SAR, and resonant bandwidth. As depicted in  

Table 2, the proposed structure has a very low SAR, below 0.288 W/Kg, compared to the only references 

[22], [23] that were studied and obtained acceptable values, but slightly higher than the results obtained in 

our work. Furthermore, the analysis of the interdependency between the different elements of the system 

shows that the envelope correlation coefficient, which assesses the dependency and grows with the number of 

components in the MIMO system, is lower than those presented in the table, except to [24], where only two 

antennas are used. Given that the proposed system comprises fourteen elements and that most previous works 

propose only eight. Another feature of the proposed system is its efficiency, which can be as high as 90%. 
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The results obtained show significant values, indicating that the proposed MIMO system is a good solution 

for 5G mobile phones. 

 

 

Table 2. Performance comparison of proposed MIMO antenna system with published works 

Ref. 
Main board dimensions 

(mm²) 

Num. of 

antennas 

Efficiency 

(%) 
Frequency bands (GHz) SAR (W/Kg) ECC 

[22] 150×75 8 65-80 3.4-4.4 <2.1 <0.05 
[23] 110×75 6 71 5.63-5.85/26.19-30.25 <0.59 <0.05 

[24] 100×60 2 75 2.3-3.0/4.7-5.9 Not provided <0.0058 

[25] 150×75 8 58-62/68-74 3.4-3.6/5.1–5.7 Not provided <0.02 
[26] 150×75 8 60-65/58-70 3.4-3.6/5.1-5.9 Not provided <0.02 

[27] 150×80 8 50–92 3.3-5.82 Not provided <0.04 

[28] 140×70 8 49–60/62–79 3.4-3.6/5.4-5.6 Not provided <0.10 
[29] 150×80 18 87-93 3.3-3.8 Not provided <0.10 

Proposed 150×80 14 70-90 5.2-5.8 <0.288 <0.01 

 

 

4. CONCLUSION 

This paper describes the design of a fourteen-element MIMO antenna based on metamaterial cells 

for 5G mobile phone applications at sub-6 GHz operating in the LTE 47 frequency band. The proposed 

structure is mounted on two-side substrates to receive dual polarized waves and reduce the absorption of the 

electromagnetic field by the user's biological tissues. The performance and fundamental features of the 

MIMO system are discussed, and satisfactory results are achieved in terms of gain, impedance matching, 

among antenna elements, and, the number of elements arranged in a single board. From the configuration of 

the MIMO system, the mutual coupling among antenna elements is evaluated by the ECC and it is noted to 

be below 0.01. Furthermore, the SAR value does not exceed 0.288 W/Kg for an average mass of 10 g, and 

the radiation efficiency falls within the range of 70-90%. The effect of the user's hand was also studied and 

the obtained results showed that the user may affect the reflection coefficient of some antennas that are in 

contact with their hand, but the impedance matching and performance are still guaranteed. Several MIMO 

factors are also investigated and found to be good results. 
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