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Abstract

:

A single radiator that is a part of four-port diversity Multiple-Input Multiple-Output (MIMO) antenna design is composed of four octagonal rings embedded between the two opposite sides of a T-shaped conductive layer surrounded by inverted angular edge cut L-shaped and E-shaped structures. The radiators are placed at the four corners with common ground at the center of a smartphone to form a four-element mobile MIMO antenna. The printing of the antenna is carried out on the flexible polyamide substrate (dielectric constant = 3.5 and loss tangent = 0.0027) with dimensions of 70 × 145 × 0.2 mm3. A wide impedance bandwidth of (84.12%) 2.39 to 5.86 GHz is achieved for all four radiators. The compact size of the radiators along with their placement enables the proposed MIMO antenna to occupy much less area while preserving the space for 2G/3G/4G antennas. The placement of the antennas results in self-isolation between antenna elements by achieving isolation greater than 17.5 dB in the desired operating bands. Furthermore, besides showing a high efficiency of 85% and adequate gain above 4 dBi, good diversity performances such as Envelope Correlation Coefficient (ECC) of less than 0.05, Diversity Gain (DG) of above 9.8 dB, Mean Effective Gain (MEG) of −3.1 dB, Channel Capacity of 21.50 bps/Hz, and Total Active Reflection Coefficient (TARC) of below −10 dB are achieved by the flexible MIMO smartphone antenna. The effect of bending along the X and Y-axis on the performance of the proposed MIMO antenna is also analyzed where decent performance is observed. This makes the proposed flexible four-element MIMO antenna a potential candidate to be deployed in future smartphones.
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1. Introduction


The upcoming promising technology for 5G smartphone communication is the use of MIMO, which uses two or more antennas for simultaneous transmission and reception over a communication channel. With the increasing number of mobile users, there is a need to increase channel capacity, which is possible through MIMO, where multiple antennas can be employed in the mobile terminals and base stations [1,2]. Presently, various countries are focusing on sub-6 GHz Long Term Evolution (LTE) bands such as 3.4–3.6 GHz and 3.6–3.8 GHz. In addition, 3.5–4.2 GHz, 3.3–3.4 GHz/4.8–5 GHz, and 3.6–4.2 GHz/4.4–4.9 GHz are also incorporated by the USA, Japan, and China, respectively, for 5G applications [3]. The allocation of the 5G spectrum for countries is different, stretching from 3.3–6 GHz, and for future 5G applications, the multiple licensed and unlicensed bands will be amalgamated. Therefore, a multi-port antenna operating between 3.3 and 6 GHz is essential for smartphone applications [4,5,6]. Employing multiple antennas with MIMO and 5G capability requires high inter-elemental isolation to ensure smooth communication between the wireless channels along with high data rates in handheld devices. Due to the use of multipath technology, higher data rates using MIMO technology are possible, leading to an increase in the range and reliability without extra bandwidth usage. Thus, spectral efficiency significantly improves and ultimately helps in coping with the necessity of higher data rates for various services [7]. To achieve the desired Electro-Magnetic (EM) signal, the antennas are placed in the smartphones. However, if the antennas are non-conformable, they consume extra space. Therefore, conformal antennas are designed to be accommodated anywhere within the limited space available inside smartphones. Thus, conformal antennas save space, which can then be utilized for increasing the functionality of the smartphones [8].




2. Literature Review


Recently, several researchers have carried out intensive work on MIMO antennas for mobile phones [9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. However, the space limitation in mobile phones brings challenges in integrating a greater number of antennas with a good value of isolation and lower ECC. Single-port [9], dual-port [10,11,12,13,14,15,16], and quad-port [17,18,19,20,21,22,23,24,25] MIMO antennas are proposed for smartphone terminals by researchers. The single-port antenna proposed in [9] resonates at a dual-frequency band; however, the efficiency of the antenna is much lower, and it does not cover the 5G band. Dual-port smartphone antennas resonating at dual [10,11,12], quad [13], wideband [14,15], and ultrawideband [16] frequency bands are also proposed. The antenna proposed in [10,11,12] has acceptable gain, efficiency, and MIMO performance; however, it resonates at mm-wave 5G band, thus not covering the required sub-6-GHz 5G band. The antenna in [11,12,13] has a thickness of 5 and 6 mm, respectively, occupying a larger space within the smartphone and thus hindering practical usage. Antennas in [14,15] cover applications such as LTE/Wireless Local Area Network (WLAN) bands; however, the gain in [14] is negative and no efficiency is calculated, whereas the antenna in [15] operates only in the LTE band. The antenna in [16] achieves wide bandwidth, very high isolation, and the lowest thickness (0.508 mm) as compared to other two-port antennas; however, to increase the processing capability while attaining much higher download/upload speeds for applications such as mobile Internet of Things (IoT) and improved data rates, a greater number of antenna elements are needed. To achieve the same, various four-port antennas [17,18,19,20,21,22,23,24,25] are proposed, out of which the antenna in [18,20,21,22,23,25] operates at the sub-6 GHz 5G band while other antennas are resonating at LTE [19] and WLAN [24] bands. The antenna in [18] has a decent frequency response and isolation without using any decoupling techniques; however, the efficiency and SAR analysis of the antenna are not evaluated while the gain achieved is also lower than the proposed antenna. The four-element antenna [20] is printed on the front and back of the substrate, where lack of gain and SAR evaluation with lower efficiency make the antenna less usable in practical smartphone applications. Even though SAR analysis is carried out in [21], the lower bandwidth in the 5G regime with a lack of planar antenna geometry leads to the occupation of more space and thus makes the antenna less practical for slim mobile phones. Even after achieving decent frequency response and MIMO performance, the lack of SAR analysis and lower flexibility make the antennas in [22,23,25] a weak contender as compared to the proposed antenna for WLAN and sub-6 GHz 5G smartphone applications. Moreover, no bending analysis is carried out in any of the dual or four-port antennas discussed.



The novel contributions of the proposed work are as follows:




	
The antenna is a four-port structure with all the four elements connected to a common ground plane.



	
The antenna operates in the entire sub-6 GHz 5G band (3.3 GHz–5 GHz) along with the WLAN band (2.4 GHz and 5 GHz).



	
SAR analysis is carried out at two resonant peaks (3.5 and 5.1 GHz) in order to ensure the safe usage of the antenna in mobile terminals.



	
Bending analysis is performed, which shows decent performance in terms of MIMO diversity, transmission, and scattering parameters that guarantee the practical usage of the antenna for slim and foldable smartphone devices.



	
The antenna has demonstrated high gain (>4 dBi), high inter-elemental isolation (>17.5 dB), and reasonable efficiency (85%) with all the diversity parameters such as ECC, DG, TARC, MEG, and channel capacity meeting the requirements of MIMO antennas. Scattering, transmission, and MIMO parameters matched well under normal as well as bending conditions.








This paper illustrates a planar four-port and four-element flexible MIMO antenna resonating at WLAN and sub-6 GHz 5G bands. Having features such as flexibility, a bi/omnidirectional radiation pattern, planar structure, wide bandwidth covering Sub-6 GHz and WLAN bands, high inter-elemental isolation, and suitable MIMO diversity parameters under normal and bending conditions makes the proposed antenna appropriate for smartphone applications. Each radiator has a single feeding port connected to the central common radiating plane. The antenna achieves the required isolation as the four antenna elements are positioned at the diagonally opposite corners of the ground plane, thus achieving the required spatial diversity. SAR analysis and the flexibility of the antenna prove the practical usage of the antenna for slim and foldable smartphone devices.




3. Mobile Antenna Design and Geometry


Figure 1a shows the layered view of a flexible four-element MIMO antenna geometry with the common conducting ground at the center. A flexible polyamide substrate (dielectric constant of 3.5 and loss tangent of 0.0027) is used with diagonally placed antenna elements at the corner of a common ground plane. Figure 1b shows the top view where it is observed that the dimensions of the antenna are 145 × 70 × 0.2 mm3. Four conductive antenna elements (diagonally placed) with the common center-ground and fed using a discrete port (A: feeding point and B: grounding point) are all printed on the top side of the substrate.



The detailed view of the single element structure of the antenna is illustrated in Figure 1c, which consists of four octagonal rings embedded between two opposite sides of a T-shaped conductive layer surrounded by inverted angular edge cut L-shaped and E-shaped structures. The inset view of the solid octagonal shape located on a T-shaped branch and four hollow octagonal shapes on the right side of a T-shaped branch is shown. The latter hollow octagonal shapes are connected with two rectangular stubs separated by a distance of 0.8 mm to the vertical side edges. All the edges of the inverted L-shaped strips and E-shaped strip are cut at an angle of 45°. The dimensions are indicated in the figure itself, where the units are in terms of millimeters (mm).



While designing the proposed flexible single-element antenna, a few steps are followed to reach the final design, as shown in Figure 2, and their corresponding reflection coefficient results are shown in Figure 3. Initially, an inner E-shaped strip having angular cuts at the edges (step 1) is adopted. The antenna in this case shows a single band performance at a resonance of 3.8 GHz. In the second step, an additional angular edge cut inverted L-shaped conductive strip along with a vertical strip embedded with a solid octagon is inserted for enhancing the frequency response where dual-band performance is observed; however, the lower band is not in the WLAN/5G regime. Thus, in the third step, a horizontal line is incorporated above the E-shaped strip, which is interfaced with the top edge of the E-shaped strip through three vertical conductive strips. The same leads to improved frequency response; however, the wideband performance is still not achieved. So, in the final stage, four octagonal rings are inserted for achieving bandwidth and reflection coefficient performance to cover the essential WLAN/5G bands. Thus, the final step shows the simulated −10 dB impedance bandwidth spanning from (84.67%) 2.37–5.85 GHz.




4. Results and Discussion


The proposed four-port flexible smartphone MIMO antenna is fabricated and measured. The fabricated antenna is demonstrated in Figure 4. Each element is given a separate feed through Sub Miniature version A (SMA) to UFL connector concerning the common ground. The S parameters and radiation patterns are measured using the Keysight vector network analyzer and shielded anechoic chamber. While measuring the S-parameters, when two antenna elements are considered as an active radiator, the other two antenna elements are terminated with a load impedance of 50 Ω, as shown in Figure 4b. The inset view is illustrated in Figure 4c in order to clearly showcase the fabricated antenna geometry.



4.1. Reflection Coefficient (dB)


The simulated reflection coefficient results as seen in Figure 5 depicts that all four antenna elements radiate in the frequency band ranging from (84.67%) 2.37–5.85 GHz. The measured reflection coefficient results illustrate that all four antenna elements radiate in the frequency band ranging from (84.12%) 2.39–5.86 GHz. The measured S parameters agree very well with the simulated ones. The slight disparity may be due to the tolerance in size due to the fabrication process and losses across the UFL to SMA connector.




4.2. Transmission Coefficient (dB)


The simulated and measured transmission coefficient (Sij/Sji) results are illustrated in Figure 6. It is easily seen that the mutual coupling between port 1 and port 3 (S13) exhibits the worst-case mutual coupling of −17.5 dB as they are spaced only 48 mm apart. Further, the antenna elements (port 1 and port 2 (S12)) show the minimum coupling of −18 dB as they are spaced at 145 mm apart. Moreover, all the antenna elements exhibit the worst-case mutual coupling of −17.5 dB, which is acceptable for the independent operation of each antenna element in the desired operating band of interest [12,25,26].




4.3. Surface Current Disctribution (A/m)


To better understand the working mechanism of the proposed mobile MIMO antenna, the surface current distribution at frequencies 3.5 GHz and 5.1 GHz is presented in Figure 7. As observed from Figure 7a, the maximum current flows in the lower part of the radiator, i.e., the E-shaped structure, which results in the generation of resonance at 3.5 GHz. Similarly, from Figure 7b, it is visualized that the current flows through the octagonal ring as well as from the inverted L-shaped strip, which helps in the generation of resonance at 5.1 GHz. So, these two modes are overlapped with the fundamental mode of 3.5 GHz lying in the frequency range of 2.37–5.85 GHz band.




4.4. Radiation Pattern (2D)


To evaluate the radiating performance including far-field patterns of the proposed wideband mobile terminal antenna, the simulated and measured radiation patterns in the E-plane and H-plane at 3.5 GHz and 5.1 GHz are depicted in Figure 8. While measuring the radiation patterns of one port, the other ports are terminated with 50 Ω load impedance. From Figure 8a, it is easily observed that in the E-plane, Ant-1 and Ant-3 as well as Ant-2 and Ant-4 exhibit the same radiation patterns, while the radiation patterns of Ant-2 are a mirror image of Ant-1 and radiation patterns of Ant-4 are a mirror image of Ant-3. Likewise, from Figure 8b, it is noted that in the H-plane the radiation patterns of Ant-1 and Ant-2 as well as Ant-3 and Ant-4 are the same, while the radiation patterns of Ant-4 are a mirror image of Ant-1 and the radiation patterns of Ant-3 are a mirror image of Ant-2. However, in both the E-plane and H-plane, all the antenna elements exhibit the radiation patterns with minimum cross-polar magnitude of −15 dB.




4.5. Radiation Pattern (3D)


The three-dimensional (3D) radiation plots for the total radiated power for all the antenna elements at 3.5 GHz and 5.1 GHz are depicted in Figure 9. The 3D patterns are drawn under the condition when one port is excited while the other ports are terminated with 50 Ω load impedance. As seen from Figure 9 at 3.5 GHz, the maximum gain is achieved for all the ports 1, 2, 3 and 4 with the value of 5.56 dBi, which are placed in the vicinity of the cleared ground region at the corners of the back plane. Likewise, as seen in Figure 9b at 5.1 GHz, the slightly lower gain values around 4.63 dBi are obtained since the size of the antenna elements becomes relatively smaller as compared to the guided wavelength λg.




4.6. Gain and Efficiency


The simulated and measured values of the gain and efficiency of proposed antenna elements are depicted in Figure 10. Due to the similar performances and deployment of antenna elements in the layout of a smartphone antenna, the gain and efficiency of a single antenna element are shown in Figure 10. A minimal difference between simulated and measured values of gain and efficiency is observed, which may be due to the tolerance of the coaxial cable with the SMA connector, 50 Ω load termination impedance, and the impact of hand soldering. However, the simulated gain and measured gain vary from 4 dBi to 5 dBi in the desired frequency range. Likewise, the simulated and measured efficiency is well above 85% throughout the desired operating band of interest.





5. MIMO Diversity Analysis


This section investigates the MIMO performance including ECC, DG, TARC, MEG, and MIMO channel capacity for analyzing the performance of the proposed wideband flexible MIMO antenna for smartphone applications.



5.1. ECC and DG


The ECC is a very essential metric to analyze the performance of a smartphone in the presence of a rich scattering environment as the performance of the smartphone is significantly affected by different hand postures. The ECC values should be <0.5 in the presence of a scattering environment to quantify the uncorrelated operation of each antenna element in the multiple antenna system. The ECC is computed from either S-parameters or from 3D far-field radiation patterns. By considering Equation (1), the ECC values are calculated as [26]:


  ECC =    |    ∫       ∫      [     F i   →   (  θ , φ  )  ∗    F j   →   (  θ , φ  )   ]  d  Ω 2   |      ∫       ∫        |     F i   →   (  θ , φ  )   |   2  d Ω   ∫       ∫        |     F j   →   (  θ , φ  )   |   2  d Ω    



(1)




where, in Equation (1),      F i   →   (  θ , φ  )    and      F j   →   (  θ , φ  )    are the 3D radiation patterns of the antenna when port i is excited and port j is excited, respectively. Ω represents the solid angle,   θ , φ   represents spherical angles (elevation, azimuth), and * denotes the Hermitian product.



The calculated ECC values for the proposed flexible MIMO antenna are well below 0.05, as depicted in Figure 11.



The diversity gain is calculated by using Equation (2) [26]:


  DG = 10   1 −    |  ECC  |   2     



(2)







Figure 11 depicts the value of DG obtained using Equation (2) from far-field radiation patterns. It can be noted that the DG value is greater than 9.8 dB throughout the functioning band. This confirms the good diversity performance of the proposed flexible MIMO antenna.




5.2. TARC


The TARC is a parameter used to validate the performance of an MIMO antenna in a rich multipath fading environment where the phase angle of every path keeps on changing. TARC can be calculated using Equation (3) [26]:


  Γ =      (     |   S  i i   +  S  i j    e  j θ    |   2   )  +  (     |   S  j i   +  S  j j    e  j θ    |   2   )       2     



(3)




where  θ  is the input phase angle that is varied from 0° to 180° with an interval of 30°, Sii and Sjj are the reflection coefficients of port one and port two, respectively, and Sij and Sji are the port isolation (dB) between antenna elements.



Figure 12 illustrates the TARC values, which are almost stable throughout the operating bands, which ensures that the proposed four-element mobile MIMO antenna system has achieved high port isolation as well as very stable performance under a multipath fading scattering environment.




5.3. MEG


The MEG values are calculated referring to Equation (4) [26] by considering cross-polarization ratio (XPR) = 0 dB for indoor applications and XPR = 5 dB for outdoor applications under a fading environment.


  MEG =   ∫   − π  π    ∫  0 π  [   XPR   XPR + 1    G θ   (  θ ,   ϕ  )   P θ   (  θ , ϕ  )  +  1  1 + XPR    G ϕ   (  θ ,   ϕ  )   P ϕ   (  θ ,   ϕ  )   



(4)




where, in Equation (4),    G θ   ,    G ϕ    are power gain patterns of antenna elements, and    P θ   ,    P ϕ    are the available power in vertical and horizontal polarization, respectively. The XPR is the cross-polarization ratio and is expressed as in Equation (5):


  XPR = 10 l o  g  10   (    P  v p a      P  h p a     )  



(5)




where    P  v p a     and    P  h p a     represent the power received by a vertically polarized antenna and horizontally polarized antenna, respectively. The calculation of MEG signifies the effect of total efficiency, gain, and wireless medium to measure the antenna channel mismatch across the desired operating band of interest. For good diversity performance and power balance, the ratio of MEG of antenna i/MEG of antenna j should be below −3 dB. The calculated MEG values are articulated in Table 1, where it is easily confirmed that all the MEG values are well below −3 dB.




5.4. Channel Capacity


The channel capacity is an essential metric to evaluate MIMO antenna performance in a practical environment and is shown in Figure 13. The channel capacity for the proposed four-port flexible MIMO antenna is calculated using Equation (6), as mentioned in [27,28]. From Figure 13, it is observed that the measured efficiency is around 21.50 bps/Hz under the condition of averaging 10,000 Rayleigh fading with a signal-to-noise ratio (SNR) of 20 dB. It is also noted that the channel capacity of the proposed four-port MIMO antenna is much closer to the ideal channel capacity and is almost 1.89 times larger than the maximum limit for a 2 × 2 MIMO antenna.


  C = k  {  l o  g 2   [  d e t  (   [ I ]  +     η   S N R  k   [ H ]   [   H ∗   ]   )        ] }  



(6)







In Equation (6), I is the identity matrix, SNR denotes the mean SNR, k is the rank of the matrix HH, H is the channel matrix, and HH is the Hermitian Transpose matrix.





6. Bending Analysis


The performance of the proposed four-element flexible MIMO antenna is investigated by varying the operative electrical length under bending conditions. Simulation is carried out in Computer Simulation Technology (CST) Studio Suite®, where the antenna is bent over a cylindrical structure of radius 50 cm, as shown in Figure 14. The antenna validation for flexible applications is performed by plotting the scattering and transmission characteristics as well as gain, efficiency, ECC, and DG [29].



6.1. Reflection Coefficient


Figure 15a,b show the measured and simulated reflection coefficient when the antenna is bent along the X and Y-axis, respectively. It can be easily visualized that an almost identical impedance bandwidth is observed by bending the antenna along the X and Y-axis, respectively, and it operates very well in the desired 5G and WLAN bands.




6.2. Transmission Coefficient


Figure 16a,b show the measured and simulated transmission coefficient when the antenna is bent along the X and Y-axis, respectively. Here, it can be observed that the simulated and measured transmission coefficient is very well above 17.5 dB between all the antenna elements.




6.3. Gain and Efficiency


Figure 17 shows the gain and efficiency of the antenna when the antenna is bent along both the X and Y-axis. It can be observed that there is negligible effect when the antenna is bent along a radius of 50 cm in both the X and Y-axis, and both gain and efficiency are above 4 dBi and 85%, respectively.




6.4. ECC and DG


The ECC and DG under bent conditions are shown in Figure 18. The ECC and DG are almost the same as that in the case of unbent conditions. Here, it is observed that the ECC value is less than 0.05, whereas DG is above 9.8 throughout the desired bands.





7. Impact on User Due to Smartphone Antenna (SAR Analysis)


In this section, the proposed flexible smartphone MIMO antenna is analyzed by interfacing it with the human tissue model. The study on human tissue is essential for assessing its influence on the antenna performance, while it will be interesting to analyze the effect of radiation on a part of the human body close to it.



Figure 19a illustrates the layered view of human tissue underneath the MIMO antenna. The human tissue model simulated for testing with the antenna is shown in Figure 19b, where bone forms the innermost layer covered by muscle, and lastly skin forms the uppermost layer. The characteristics of various layers are depicted in Figure 19c.



7.1. Effect of SAR Analysis on Radiation Pattern (3D)


Figure 20 shows the 3D radiation pattern of the MIMO antenna in the close vicinity of human tissue. As illustrated, good radiation patterns with adequate pattern coverage and gain values are achieved for the MIMO antenna with the human tissue model. Clearly, the human tissue model reduced the antenna characteristics. As seen, the antenna with human tissue in its vicinity still achieves gain values more than 3 dB. The patterns are radiating in different directions, and thus the antenna demonstrated decent spatial diversity at a resonating frequency of 3.5 GHz and 5.1 GHz.




7.2. Effect of SAR on Human Tissue


SAR provides information about the EM absorption by a human body during the transmission and reception of radio frequency signals, which is a grave issue for smartphone systems, and the value of this should be as low as possible. The simulated values of SAR for the proposed MIMO smartphone design in the locality of human tissue model at 3.5 GHz and 5.1 GHz are investigated in Figure 21. The obtained SAR value is lower than the SAR limit in the USA (1.6 W/kg).





8. Performance Comparison of Proposed Antenna


The performance comparison of the proposed four-element mobile MIMO antenna with other mobile MIMO antennas is presented in Table 2.



From the above table, it is observed that the proposed antenna outperforms the other smartphone MIMO antennas in terms of the following criteria:




	
Four-port structure unlike other antennas [9,10,11,12,13,14,15,16] that have two-port configurations.



	
In comparison to four-port antennas [17,18,19,20,21,22,23,24,25], the proposed antenna covers the entire sub-6 GHz 5G band along with the WLAN band (2.37–5.85 GHz) with SAR analysis carried out at two resonant peaks (3.5 and 5.1 GHz).



	
The antennas in [18,20,21,22,23,25] also cover the sub-6 GHz band; however, in [18,22,23,24,25], no SAR analysis is carried out. In [22] as well, the analysis of gain and SAR is missing.



	
The antenna in [21] has a lower bandwidth (3.4–3.6 GHz). Additionally, no bending analysis is carried out for any of the antennas.



	
Flexible structure, high gain, high inter-elemental isolation, and reasonable efficiency with all the diversity parameters such as ECC, DG, TARC, MEG, and channel capacity meeting the requirements of the MIMO antenna make the proposed antenna a good contender for future mobile devices. Scattering, transmission, and MIMO parameters matched well under normal as well as bending conditions.









9. Conclusions


A four-port flexible smartphone antenna with a wideband regime is proposed for sub-6 GHz 5G and WLAN communications. The planar antenna configuration includes four conducting radiators connected to the common ground, which is printed on the flexible substrate. The optimized antenna elements radiate in the range spanning from (84.64%) 2.37–5.85 GHz. The antenna achieves self-isolation greater than 17.5 dB, a decent gain of above 4 dBi, an efficiency of 85%, and bi/omnidirectional radiation patterns with co-cross levels greater than 15 dB. The diversity parameters of MIMO are also analyzed in terms of ECC, TARC, MEG, and channel capacity, where sufficient results meeting the desired limits are achieved. In addition, SAR and bending analyses are also carried out, where safe SAR values are achieved while scattering, transmission, and MIMO parameters match well under normal and bending conditions. The obtained outcomes demonstrate the potential of the proposed flexible MIMO antenna for use in future smart mobile handsets.
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Figure 1. Four-element MIMO antenna geometry: (a) Layered view; (b) Top view; (c) Inset view of antenna element (all dimensions in mm). 
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Figure 2. Evolution steps of the proposed mobile MIMO antenna element. 
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Figure 3. Reflection coefficient S11 (dB) of evolution steps of mobile MIMO antenna. 
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Figure 4. Fabricated antenna geometry of 4-element mobile MIMO antenna: (a) Top view; (b) Top view with 50 Ω termination; (c) Inset view of antenna element. 
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Figure 5. Simulated and measured reflection coefficient of 4-element mobile MIMO antenna. 
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Figure 6. Simulated and measured transmission coefficient of 4-element mobile MIMO antenna. 
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Figure 7. Current distribution of 4-element mobile MIMO antenna at (a) 3.5 GHz and (b) 5.1 GHz. 
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Figure 8. Simulated and measured Co/Cross pol plot of 4-element mobile MIMO antenna at (a) 3.5 GHz and (b) 5.1 GHz. 
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Figure 9. Simulated 3D radiation pattern at (a) 3.5 GHz (b) 5.1 GHz. 
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Figure 10. Gain and efficiency of 4-element mobile MIMO antenna. 
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Figure 11. ECC and DG of 4-element mobile MIMO antenna. 
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Figure 12. TARC of 4-element mobile MIMO antenna. 
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Figure 13. Channel capacity of 4-element mobile MIMO antenna. 
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Figure 14. Geometry of bending the antenna along (a) X-axis, (b) Y-axis. 
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Figure 15. Measured and simulated reflection coefficient of 4-element mobile MIMO antenna by bending along (a) X-axis, (b) Y-axis. 
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Figure 16. Measured and simulated transmission coefficient of 4-element mobile MIMO antenna by bending along (a) X-axis, (b) Y-axis. 
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Figure 17. Gain and efficiency of 4-element mobile MIMO antenna by bending along (a) X-axis, (b) Y-axis. 
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Figure 18. ECC of 4-element mobile MIMO antenna by bending along (a) X-axis, (b) Y-axis. 
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Figure 19. Antenna and human tissue model: (a) Layered view; (b) Layered view of human tissue; (c) Properties of human tissue model. 
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Figure 20. SAR at (a) 3.5 GHz, (b) 5.1 GHz. 
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Figure 21. SAR investigation at (a) 3.5 GHz, (b) 5.1 GHz. 
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Table 1. MEG of the proposed antenna.
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	Frequency (GHz)
	MEGAnt-1/2 (dB)
	MEG Ant-1/3 (dB)
	MEG Ant-1/4 (dB)
	MEG Ant-2/3 (dB)
	MEG Ant-2/4 (dB)
	MEG Ant-3/4 (dB)





	3.5
	−3.01
	−3.01
	−3.01
	−3.01
	−3.01
	−3.01



	5.1
	−3.01
	−3.01
	−3.01
	−3.01
	−3.01
	−3.01
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Table 2. Performance comparison of the proposed antenna.
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	Ref
	Year
	Size (mm3)
	Flexible
	No. of Ports
	Frequency Band (GHz)
	Gain

(dBi)
	Efficiency (%)
	Isolation
	ECC





	[9]
	2018
	142 × 79 × 7.5
	No
	1
	(698–960 MHz) and

(1.710–2.690 GHz)
	--
	42
	--
	--



	[10]
	2017
	60 × 100 × 0.965
	No
	2
	1.870–2.530 GHz

28 GHz
	4, 8
	75
	14
	~0.18



	[11]
	2012
	110 × 45 × 5
	No
	2
	698 –960 and 1.710–2.690 GHz
	0–5/2–7
	20–70/40
	10
	~0.4/0.03



	[12]
	2017
	145 × 72 × 0.8
	No
	2
	824–960 MHz,

1.710–2.690 GHz
	−0.32–1.4 i/1.6–4.8
	59–72
	17
	0.02/0.4



	[13]
	2018
	136 × 68 × 6
	No
	2
	3.5–3.9 GHz, 2.3–2.5 GHz, 3.3–3.5 GHz

and 4.25–4.45 GHz
	--
	50
	10
	~0.2



	[14]
	2019
	60 × 100 × 1
	No
	2
	2.5–3.6 GHz
	−4.9–−1.9
	--
	10
	0.16



	[15]
	2019
	65 × 130 × 1
	No
	2
	1710–2690 MHz
	--
	60–80
	19
	<0.005



	[16]
	2018
	110 × 120 × 0.508
	Semi
	2
	3 to 10
	2.6
	--
	38
	~0.0002



	[17]
	2016
	100 × 60 × 0.8
	No
	4
	2017 and 2265 MHz
	4.27
	70
	10
	~0.18



	[18]
	2020
	120 × 65 × 1.6
	No
	4
	N77 (3.3–4.2 GHz),

n78 band (3.3–3.8 GHz) and n79 band (4.4–5 GHz),
	2,4,4.71
	--
	18.8
	<0.018



	[19]
	2018
	160 × 85 × 0.8
	No
	4
	824–960 MHz/

1710–2690 MHz)

Reconfigurable
	--
	70
	10
	~0.2



	[20]
	2018
	153 × 77 × 1
	No
	4
	3.3–3.6 GHz
	--
	64.2
	10
	~0.11



	[21]
	2018
	150 × 73 × 0.8
	No
	4
	3.4–3.6
	--
	51–74
	20
	<0.06



	[22]
	2019
	140 × 70 × 0.8
	No
	4
	3400–3600 MHz
	--
	51
	11.6
	--



	[23]
	2019
	50 × 100 × 4.5
	No
	4
	2.7–3.6 GHz
	3
	80–90
	−25 dB
	--



	[24]
	2020
	39 × 30 × 1
	No
	4
	5.15–5.85 GHz
	2.8
	>70
	20
	<0.02



	[25]
	2019
	38.3 × 38.3 × 0.8
	No
	4
	3–13.2 GHz
	0.5–6.3
	72–97
	17
	0.02



	Proposed
	
	70 × 145 × 0.2
	Yes
	4
	2.37–5.85 GHz
	4–5.5
	85
	17.5
	<0.05
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