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Abstract: The enormous increase in gadgets has resulted in a data rate shortage insufficient to satisfy the user's
needs. The multiple input multiple output (MIMO) technique is substantially deployed in the 5G wireless
communication system to increase channel capacity and provide sufficient throughput. However, MIMO antennas
are associated with mutual coupling, especially between closely spaced antenna elements, resulting in a low MIMO
performance. Therefore, effective isolation techniques are essential to reduce the mutual coupling between the
adjacent MIMO antenna elements. A hybrid decoupling technique of self-isolation and an orthogonal mode approach
has been proposed to provide significant isolation for high MIMO order 5G mobile applications. A compact self-
isolated 10 x 10 MIMO antenna system has been proposed for 5G mobile phone applications operating at the 3.5
GHz frequency band. The antennas act as radiating and isolating elements simultaneously, providing significant
isolation. Furthermore, the self-isolated 10-MIMO antenna elements are printed on double side edges of FR-4 small
substrates orthogonal to the system substrates, forming an orthogonal mode that enhances the self-decoupling
approach. The s-parameters results indicate significant isolation of less than -19 dB between the adjacent 10-MIMO
antenna elements. Likewise, the evaluation results of the MIMO performance metrics such as envelope correlation
coefficient (ECC), diversity gain (DG), total active reflection coefficient (TARC), and channel capacity Loss (CCL),
are less than 0.006, 9.97 dB, -10 dB, and 0.08 bits/s/Hz respectively. The isolation result and the evaluated MIMO
performance metrics demonstrate that the proposed 10-MIMO antenna system is sufficient for 5G mobile
applications.
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1. Introduction

In the wireless communication system, the current fifth-generation system (5G) offers a reliable solution to data rate
shortage and the immense increase in devices, which provides 10x higher speed about 1-10 GHz compared to less than
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100 MHz of the 4G and 3G communication systems. The 5G in mobile communications indicates several frequency
bands ranging from the low-frequency bands of 700 MHz to high-frequency bands of 90 GHz [1,2]. The sub-6 GHz band
of 3.4-3.6 GHz is a 5G mid-band which supports 5G mobile communication and provides a bandwidth of about 200 MHz
[3]. The main goal of the 3.5 GHz band is to achieve low latency and an efficient communication system with a high data
rate to satisfy the massive increase in users [4] considerably. Therefore, the 5G sub-6 GHz band is used for mobile phone
communication by installing multiple antennas in the transmitters and receivers’ stations [5,6].

The MIMO technique is essential in increasing the channel capacity to overcome the vast increase in mobile devices
and the low data rate [7,8]. However, increasing the number of antennas is associated with a high mutual coupling that
will deteriorate the performance of MIMO antennas and thus reduce their efficiency, especially for compact MIMO
antennas [9,10]. Moreover, modern smartphones are favoured to be compact and light in size, which assured the need for
compact and closely spaced antennas. Therefore, building a compact MIMO system for SG mobile phone applications
with high isolation is more challenging. Several decoupling techniques have been proposed to enhance the isolation in
MIMO antennas at the 3.5 GHz band, such as antenna placement and orientation [11-14], Neutralisation line [15-16],
decoupling networks [17-19], slot elements [20-22], Metamaterials [23], and self-isolation technique [23-25]. In this
literature, the 5G MIMO antenna system appears to significantly overcome the multipath fading and provides higher
channel capacity [26]. However, the prosed MIMO antennas in the literature still have a large separation distance between
the adjacent MIMO antennas, increasing the MIMO dimensions. Moreover, the isolation achieved in the proposed
literature is only above 10 dB, which is still low. Furthermore, most of the literature operating at the 3.5 GHz band
employs only a MIMO order of 4 x4 and 8 % 8.

In this proposed work, compact self-isolated 10x10 MIMO antenna elements have been designed using the
orthogonal mode by placing the antennas orthogonally on two side edges of small substrates. The proposed antennas act
as a radiating and isolating element simultaneously. Moreover, the MIMO antennas are compact and closely separated,
allowing higher MIMO order deployment. The MIMO antenna system is further evaluated using the MIMO antenna
metrics such as the envelope correlation coefficient (ECC), diversity gain (DG), total active reflection coefficient
(TARC), and channel capacity loss (CCL). The proposed 10 x 10 MIMO antenna system covers both the -10 dB and -6
dB impedance bandwidth at the 3.5 GHz band. Section 2 provides the MIMO antenna design configuration. Section 3
shows the results and discussions of s-parameters. Section 4 illustrates the MIMO antenna performance evaluation.
Section 5 presents the conclusion.

2. Antenna Design

In this design, the proposed self-isolated antenna consisting of an inverted U-shaped and T-shaped element has been
modeled to meet the requirements of 5G mobile phone applications at sub-6 GHz, as illustrated in Fig. 1. Two small
strips are added on the right and the left side of the T-shaped element. Furthermore, two additional I-shaped stubs are
added on both sides of the inverted U-shaped element. Three crossed I-shaped elements are placed in the middle for
impedance matching and isolation enhancement. A god impedance matching of S1,1 <-10 dB, VSWR <2 and S1,1 <-6
dB, VSWR <3 is achieved across the frequency band of 3.5 GHz. Each antenna element is printed on an FR-4 substrate
with compact dimensions of 13 mm x 5 mm x 1.6 mm to be suitable for modern smartphone applications. In Fig. 1, HI
and L1 indicate the height and length of the proposed antenna, while N1 and M depict the length and height of the T and
I-shaped elements. M2 and M3 present the crossed I-shaped elements' length and height, while H2 indicates the small
stubs' height, as exhibited in Fig. 1. Table 1 shows the parameters of the single configuration of the proposed self-isolated
antenna element. Fig. 2 depicts the reflection coefficient of less than -10 dB resonating at 3.5 GHz, which can be
controlled by varying the parameters of L2, L3, H2, M, and N1.

Fig. 3 demonstrates the proposed antenna's surface current distribution to understand the antenna operation at 3.5
GHz better. It can be seen from Fig. 3 that the current is focused equally on the right and left sides of the inverted U-
shaped element. The existence of the T-shaped element in the middle contributes to distributing the current equally on
both sides. Furthermore, the I shaped-elements have a concentrated current close to the edges of the inverted U-shaped
element. The crossed I-shaped elements in the middle contain a considerable current concentration resulting in a better
impedance matching. The current distributions in the antenna elements indicate its ability to control the resonant
frequency and achieve the 5G requirement for mobile phone applications.
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Fig. 1 - The configuration of the proposed antenna

Table 1 - Design parameters of the proposed antenna

Parameter Value (mm)
L1 13
L2 3

L3 5
H1 5
H2 2.55
M 2.62
M1 2.62
M2 2.62
N1 2.6

d 0.125 1

S-parmeters (dB)

_25 1 1 1 1
3.2 3.3 3.4 3.5 3.6 3.7 3.8

Frequency (GHz)
Fig. 2 - The reflection coefficient S1,1 of the proposed antenna
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Fig. 3 - The surface current distribution of the proposed antenna at 3.5 GHz

Fig. 4 shows the configuration of the proposed two MIMO antenna elements separated by a distance d. The edge-to-
edge distance was set to be 0.1254 about 10 mm since it has significant isolation and provides the maximum MIMO
order to construct the 10-MIMO antenna system. The two MIMO antenna elements were printed vertically on small
substrates with dimensions 105 mmx5 mmx1.6 mm orthogonal to the system substrate. Fig. 5 shows the simulated s-
parameters of the proposed two MIMO antenna elements separated by d= 0.125A . The reflection coefficients S;; and
S, at -10 dB bandwidth resonate at 3.5 GHz with values less than -20 dB. The transmission coefficient indicates
significant isolation at a 3.5 GHz band of less than -19 dB despite the close separation distance and the compact antenna
size. To understand better the operation of the two MIMO antenna elements at 3.5 GHz, the surface current distribution
is displayed in Fig. 6 (a) and Fig. 6 (b) when antennas 1 and 2 are excited, respectively. It is clearly seen that majority of
the current concentration is confined in the same antenna area without flowing to the adjacent antenna, causing a high
self-isolation. Therefore, the proposed antenna acts as a radiating and isolating element, resulting in notable isolation.

R0 —— |0t

Fig. 4 - The configuration of the two MIMO antenna elements
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Fig. 5 - The s-parameters of the two MIMO antenna elements at 3.5 GHz band
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Fig. 6 - The surface current distribution of the proposed two antenna elements at 3.5 GHz (a) antenna 1 is
excited; (b) antenna 2 is excited

Fig. 7 (a) and Fig. 7 (b) show the perspective and side view of the proposed 10 x 10 MIMO antenna system operating
at the 3.5 GHz frequency band for 5G mobile phone applications. The FR-4 material with 1.6 mm thickness has been
used for designing the MIMO antenna system. The MIMO antenna system has a total dimension of 150 x 75 x 1.6 mm
to be suitable for a smartphone of 5.5-inch size. The 10-MIMO antenna elements were printed on two side edges of small
substrates with a total dimension of 105 x 5 x 1.6 mm. A space of 22.5 mm is left at the two edges of the system substrates
to allow for other technologies to be deployed, such as 2G, 3G, and 4G. The compact size of the single antenna of 13 mm

x 5 mm with a separation distance of 0.125A provides a low profile, high self-isolated 10-MIMO antenna system.

105.00 mm
(b)
Fig. 7 - The configuration of the 10 x 10 MIMO antenna system (a) perspective view; (b) side view

The surface current distribution of the proposed MIMO antenna system is shown in Fig. 8 (a)-Fig. 8 (e) when
antennas 1-5 are excited, respectively. For brevity and since the MIMO antenna system is vertically symmetric, only 5
MIMO antenna elements have been evaluated. Thus, it can be seen from Figure 8 that the current distribution is confined
to the excited antenna area without flowing to the adjacent antenna despite the closely placed antennas. The surface
current distribution of the MIMO antenna elements signifies the high isolation character of the proposed antenna
elements.
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Fig. 8 - The surface current distribution of the proposed 10x10 MIMO antenna elements at 3.5 GHz (a) antenna
1 excited; (b) antenna 2 excited; (c¢) antenna 3 excited; (d) antenna 4 excited; (e) antenna 5 excited

3. Results and Discussions

Fig. 9 displays the reflection coefficients of the proposed 10-MIMO antenna elements at the 3.5 GHz frequency
band. Only five antenna elements have been evaluated for brevity and due to the vertically symmetric character of the
MIMO antenna elements. The Si1, Sz, S33, S44, and Ss5 at -10 dB bandwidth resonates at 3.5 GHz, indicating good
impedance matching with values less than -17 dB. Fig. 10 demonstrates the transmission coefficient of the 10-MIMO
antenna elements at the 3.5 GHz band. Fig. 10 indicates high isolation of less than -19 dB between the closely placed
MIMO antennas and less than -35 dB between the opposite antennas in the vertical side edges, as shown at S1,10. Despite
the compact antenna size and short separation distance between the adjacent MIMO antenna systems, the MIMO system

demonstrated significant isolation. Therefore, the proposed self-isolated MIMO antenna system is efficient for 5G mobile
applications.
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Fig. 9 - The reflection coefficients of the proposed 10x10 MIMO antenna elements at 3.5 GHz band
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Fig. 10 - The transmission coefficients of the proposed 10x10 MIMO antenna elements at 3.5 GHz band

The simulated 3D radiation patterns for antennas 1-5 are exhibited in Fig. 11 (a) - Fig. 11 (e) at the 3.5 GHz frequency
band. The 3D results show the polarization diversity for the orthogonal placed adjacent antennas, resulting in better
isolation. The realized gain is highest at antenna port 5, at about 2.47 dBi, and lowest at antenna port 2 at about 1.18 dBi,
as shown in Fig. 11 (b) and Fig.11 (e), respectively.

(@

dBi
247
117

-8.44
-12.1
-15.7
-19.4

-26.6
-30.3
-33.9
-37.5

(e)

Fig. 11 - 3D radiation patterns at 3.5 GHz (a) antenna 1; (b) antenna 2; (c) antenna 3; (d) antenna 4; (e) antenna
5

Table 2 compares the proposed 10-MIMO antenna system for 5G mobile applications at 3.5 GHz with the recent
related work for the single antenna size, MIMO order, isolation level, and the separation distance between adjacent
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MIMO antennas. Table 2 indicates that the proposed MIMO antenna system has a considerable single antenna size with
the least separation distance d of 10 mm compared to the recent related work. Moreover, Table 2 demonstrates that the
proposed MIMO system has the highest MIMO order of 10-MIMO elements and significant isolation of less than -19 dB
compared to previous work with a MIMO order of 8 elements antennas and isolation of less than -12 dB and -16 dB.
Thus, the proposed 10-MIMO antenna system is significant in isolation and compactness and is adequate for 5G mobile
applications.

Table 2 - Comparison of the proposed 10-MIMO antenna system with recent related work at various aspects at
3.5 GHz band

Ref Antsize MIMO order Isolation d

mm? (dB) (mm)
(single)

11 3x8 10 <-12 15
12 - 4 <-15 50
14 16x7 8 <-12 22
15 12.5%4.9 8 <-14 17
16 1717 8 <-12 -
17 10x7 8 <-12 15
19 25x25 8 <-15 -
20 27%1.2 8 <-15 11.8
23 23.2%x5.6 8 <-15 13.2
25 30%5.2 4 <-16.5 17
Pro 13x5 10 <-19 10

4. MIMO Antenna Performance Evaluation

In MIMO antennas, the s-parameters are insufficient to evaluate the mutual coupling between the adjacent MIMO
antenna elements. Therefore, ECC is a critical MIMO parameter to assess the isolation of the MIMO antenna elements.
The maximum allowed value for ECC in MIMO antennas is less than or equal to 0.5, and it can be calculated using eq.1
[25]. Fig. 12 displays the calculated ECC between antennas 1-5 at the 3.5 GHz band. Fig. 12 shows that all the ECC
values are below 0.007, far lower than the maximum allowed ECC value. Furthermore, Fig. 12 indicates that the lowest
ECC value is between antennas 1 and 10 (ECC1,10), less than 0.00001 due to the high isolation between these MIMO
antennas. In MIMO antennas, the lowest the ECC, the higher the isolation. Therefore, the proposed 10-MIMO antenna
system exhibits low ECC values, indicating the significant isolation between the adjacent MIMO antenna elements.

* *

|pe| - M
2 2 2
NGtsatz=lsil® ) (1-Isjsl*-sifl* )|
0.03 . ; . . :
0.025
0.02}
) :'
O 0015 ) /
Ll-l |I
ECC1.2
0.01r ECC23
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0.005 ECG1,10
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0 1 . w B
31 3.2 3.3 3.4 3.5 38 3.7 3.8

Frequency (GHz)
Fig. 12 - The ECC of the proposed 10x10 MIMO antenna elements at 3.5 GHz
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Furthermore, the MIMO diversity performance can be evaluated using the DG parameter that can be computed using
eq.2.The ideal DG value for MIMO antennas are close to 10 dB [23]. Fig. 13 shows that the DG results between the
MIMO antennas 1-5 at the 3.5 GHz band are close to the ideal value of 10 dB, indicating a good diversity performance
MIMO system. Furthermore, Fig. 13 exhibits the highest DG value between antennas 1 and 10 due to the significant

isolation between these ports.

DG;;=10 % /1 — | pel?

10

995 ¢
g
~ 99
U]
[
DG1,2
985 H DG2,3
DG3.4
DG4,5
DG1,10
— — DGY.10
9.8
3.2 3.3

Fig. 13 - The DG of the proposed 10x10 MIMO antenna elements at 3.5 GHz

3.4 35 36

Frequency (GHz)

3.7
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The TARC is another important MIMO parameter to evaluate the effect of mutual coupling on MIMO performance.
TARC values in MIMO antennas should be less than 0 dB and can be calculated using eq.3 [24]. Fig. 14 shows the TRAC
results between adjacent five MIMO antennas in the proposed 10-MIMO antenna system. The calculated TARC results
are below -10 dB at the 3.5 GHz frequency band, which indicates a low mutual coupling between the adjacent MIMO
antenna elements. Moreover, the TARC results validate the significance of the self-isolation character of the proposed

10-MIMO antenna system for SG mobile phone applications.

(Sii+ Sij)?+(Sjj+ Sji)?

TARC = \/

2
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=
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P
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TARC3.4
251 — — 7aARc4s
TARC1,10
_30 1 1 1 1 Il
32 3.3 3.4 35 3.6 37

Fig. 14 - The TARC of the proposed 10x10 MIMO antenna elements at 3.5 GHz

Freauencv (GHz)

3.8

3

The MIMO antenna system significantly increases the channel capacity; however, high mutual coupling causes
channel capacity loss, resulting in a low MIMO performance. Thus, CCL is critical to evaluate the MIMO performance,
and it can be calculated using eq.4. The maximum allowed CCL value is less than or equal to 0.4 bits/s/Hz for MIMO
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antenna elements. Fig. 15 indicates that the CCL between the correlated MIMO antennas of the 10-MIMO antenna system
is lower than 0.08 bits/s/Hz at 3.5 GHz, demonstrating lower losses. The CCL results exhibit low losses between the
correlated MIMO antenna elements. Thus, the proposed self-isolated 10-MIMO antenna system is adequate for 5G mobile
applications.

R
CCLypss=—log, det(l/) ) 4
1.2
1t
<0871
L
2
2 L
5 06
o CCL 1.2
Ogal cCL23
CCL3.4
— — CCL45
02t CCL 1,10
0 L L L L L
3.2 33 3.4 3.5 3.6 3.7 3.8

Frequency (GHz)
Fig. 15 - The CCL of the proposed 10x10 MIMO antenna elements at 3.5 GHz

Table 3 illustrates the MIMO performance metrics of the proposed 10-MIMO antenna system, such as ECC, TARC,
DG, and CCL, compared with the recent literature at the 3.5 GHz band. The computed MIMO performance metrics show
that the proposed 10-MIMO antenna elements have been widely evaluated, while most previous literature only calculated
the ECC. Table 3 indicates that the MIMO performance metrics of the proposed MIMO antenna system, such as the ECC,
TARC, DG, and CCL, are below the maximum allowed value of less than 0.006, -10 dB, = 10 dB, and less than 0.08
bits/s/Hz accordingly. The MIMO performance metrics of the proposed 10-MIMO antenna system are far lower than the
previous related work, indicating a substantial MIMO performance with significant isolation. Thus, Tables 2 and 3 show
the significance of the proposed 10-MIMO antenna system to be deployed for 5G mobile applications at the 3.5 GHz
frequency band.

Table 3 - Comparison of the proposed 10-MIMO antenna elements with the recent related work at MIMO
performance metrics at 3.5 GHz band

Ref ECC TARC DG CCL

Limit < 0.5 (dB) (dB)= 10 (bits/s/Hz)
Limit<0 Limit < 0.4

11 - - - -

12 <0.04 - - -

14 <0.1 - - -

15 <0.15 - - -

16 <0.2 - - -

17 <0.21 - - -

19 <0.05

20 <0.16 <-10 - -

23 <0.08 - - -

25 <0.03 <-8 >9.993 <0.35

pro <0.006 <-10 >9.97 <0.08

5. Conclusion

This paper proposes a compact high isolated 10 x 10 MIMO antenna system for 5G mobile applications. The
proposed antenna element has a compact size of only 13 mm % 5 mm to be suitable for 5G mobile phone applications
and to be deployed in high MIMO to maximize the channel capacity. The total MIMO antenna system size matches the
recent modern smartphones of 5.5 inches. The proposed MIMO antenna elements operate at a 3.5 GHz band at -10 dB
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impedance bandwidth. The characterization of the antenna element demonstrated its ability to radiate and isolate
simultaneously. The s-parameters results indicate a good impedance matching and notable isolation of less than -19 dB
between the adjacent 10-MIMO antenna elements despite the high MIMO order and the short edge-to-edge separation
distance of only 10 mm (0.1252).

The proposed MIMO antenna system has been further evaluated using ECC, DG, TARC, and CCL. The ECC
calculated results are below 0.006, far lower than 0.5, indicating significant isolation. The proposed MIMO antenna
elements exhibited DG values close to the ideal value of more than 9.97 dB. The TARC calculated results of the proposed
self-isolated MIMO antennas are less than -10 dB, demonstrating a low mutual coupling effect between the adjacent
MIMO antennas. The CCL computed results of the proposed self-isolated 10-MIMO antenna elements are lower than
0.08 bits/s/Hz, indicating lower channel capacity losses and good MIMO performance. Thus, from the obtained s-
parameters results and the calculated MIMO antenna parameters, the proposed self-isolated 10-MIMO antenna elements
are adequate for 5G mobile applications with low mutual coupling and compact antenna size.

Acknowledgement

This research is supported by Universiti Tun Hussein Onn Malaysia through the research grant TIER 1 with code
number Q436. The authors would like to thank Faculty of Engineering Technology, Universiti Tu Hussein Onn Malaysia
for providing the necessary research facilities.

References

[1] Nokia white paper: ‘5G deployment below 6 GHz’, available at https://resources.ext.nokia.com/asset/201315,
accessed January 2021.

[2] Wong, K. L., Chen, Y. H., & Li, W. Y. (2018). Decoupled compact ultra-wideband MIMO antennas covering
3300~ 6000 MHz for the fifth-generation mobile and 5GHz-WLAN operations in the future
smartphone. Microwave and Optical Technology Letters, 60(10), 2345-2351.

[3] Li, R., Mo, Z., Sun, H., Sun, X., & Du, G. (2020). A low-profile and high-isolated MIMO antenna for 5G mobile
terminal. Micromachines,11(4), 360.

[4] Ojaroudi Parchin, N., Jahanbakhsh Basherlou, H., Al-Yasir, Y. I., M. Abdulkhaleq, A., Patwary, M., & A. Abd-
Alhameed, R. (2020). A new CPW-Fed diversity antenna for MIMO 5G smartphones. Electronics,9(2), 261.

[5] Deng,J. Y., Yao, J, Sun, D. Q., & Guo, L. X. (2018). Ten-element MIMO antenna for 5G terminals. Microwave
and Optical Technology Letters, 60(12), 3045-3049.

[6] Ghouz, H. H. M,, Sree, M. F. A., & Ibrahim, M. A. (2020). Novel wideband microstrip monopole antenna designs
for WiFi/LTE/WiMax devices. IEEE Access, 8, 9532-9539.

[7] Jensen, M. A., & Wallace, J. W. (2004). “A review of antennas and propagation for MIMO wireless
communications” in I[EEE Transactions on antennas and propagation, 52(11), 2810-2824.

[8] Gupta, A., Kansal, A., & Chawla, P. (2021). Design of a wearable MIMO antenna deployed with an inverted U-
shaped ground stub for diversity performance enhancement. International Journal of Microwave and Wireless
Technologies, 13(1), 76-86.

[9] Kim, S., & Nam, S. (2019). “A compact and wideband linear array antenna with low mutual coupling” in IEEE
Transactions on Antennas and Propagation, 67(8), 5695-5699.

[10] Khalid, M., Iffat Naqvi, S., Hussain, N., Rahman, M., Mirjavadi, S. S., Khan, M. J., & Amin, Y. (2020). “4-Port
MIMO antenna with defected ground structure for 5G millimeter wave applications” in Electronics, 9(1), 71.

[11] Wong, K. L., & Lu, J. Y. (2015). 3.6-GHz 10-antenna array for MIMO operation in the smartphone. Microwave
and Optical Technology Letters, 57(7), 1699-1704.

[12] Abdullah, M., Ban, Y.L., Kang, K., ford Sarkodie, O.K.K. and Li, M.Y. March. (2017) “Compact 4-port MIMO
antenna system for 5G mobile terminal” In 2017 International Applied Computational Electromagnetics Society
Symposium-Italy (ACES). 26-30 March. Firenze, Italy. IEEE. (pp. 1-2).

[13] Gao, C., Li, X.Q., Lu, W.J. and Wong, K.L. (2018). “Conceptual design and implementation of a four-element
MIMO antenna system packaged within a metallic handset” in Microwave and Optical Technology Letters. 60(2),
pp.436-444.

[14] Kiani, S.H., Altaf, A., Abdullah, M., Muhammad, F., Shoaib, N., Anjum, M.R., Damasevi¢ius, R. and Blazauskas,
T. (2020). “Eight element side edged framed MIMO antenna array for future 5G smart phones” in Micromachines.
11(11), p.956.

[15] Jiang, W., Liu, B., Cui, Y. and Hu, W. (2019). “High-isolation eight-element MIMO array for 5G smartphone
applications” in IEEE Access. 7, pp.34104-34112.

[16] Li, M.Y., Ban, Y.L., Xu, Z.Q., Guo, J. and Yu, Z.F. (2017). “Tri-polarized 12-antenna MIMO array for future 5G
smartphone applications” in IEEE Access. 6, pp.6160-6170.

275



Fayad Ghawbar et al., Int. Journal of Integrated Engineering Vol. 15 No. 3 (2023) p. 265-276

[17] Wong, K.L., Tsai, C.Y. and Lu, J.Y. (2017). “Two asymmetrically mirrored gap-coupled loop antennas as a compact
building block for eight-antenna MIMO array in the future smartphone” in IEEE Transactions on Antennas and
Propagation. 65(4), pp.1765-1778.

[18] Wang, H., Zhang, R., Luo, Y. and Yang, G. (2020). “Design of MIMO antenna system operating in wideband of
3300 to 6400 MHz for future 5G mobile terminal applications” in International Journal of RF and Microwave
Computer-Aided Engineering. 30(12), p. €22426.

[19] Parchin, N.O., Al-Yasir, Y.I.A., Ali, A.H., Elfergani, 1., Noras, J.M., Rodriguez, J. and Abd-Alhameed, R.A. (2019).
“Eight-element dual-polarized MIMO slot antenna system for 5G smartphone applications” in IEEE access. 7,
pp-15612-15622.

[20] Liu, Y., Ren, A., Liu, H. and Wang, H. (2019). “Eight-port MIMO array using characteristic mode theory for 5G
smartphone applications” in IEEE Access. 7, pp.45679-45692.

[21] Sun, L., Feng, H., Li, Y. and Zhang, Z. (2018). “Tightly arranged orthogonal mode antenna for 5G MIMO mobile
terminal” in Microwave and optical technology Letters. 60(7), pp.1751-1756.

[22] Liu, D.Q., Luo, H.J., Zhang, M., Wen, H.L. Wang, B. and Wang, J. (2019). “An extremely low-profile wideband
MIMO antenna for 5G smartphones” in IEEE Transactions on Antennas and Propagation. 67(9), pp.5772-5780.

[23] Zhang, H.H., Yu, G.G., Liu, X.Z., Cheng, G.S., Xu, Y.X., Liu, Y. and Shi, G.M. (2021). “Low-SAR MIMO
Antenna Array Design Using Characteristic Modes for 5G Mobile Phones” in IEEE Transactions on Antennas and
Propagation.

[24] Sun, L., Li, Y., Zhang, Z. and Wang, H. (2020). “Self-decoupled MIMO antenna pair with shared radiator for 5G
smartphones” in IEEE Transactions on Antennas and Propagation. 68(5), pp.3423-3432.

[25] Moses, A. T. Z., & Moses, N. (2021). Compact self-decoupled MIMO antenna pairs covering 3.4-3.6 GHz band
for 5G handheld device applications. AEU-International Journal of Electronics and Communications, 141, 153971.

[26] Saxena, G., Jain, P. and Awasthi, Y.K. (2020). “High diversity gain MIMO-antenna for UWB application with
WLAN notch band characteristic including human interface devices” in Wireless Personal Communications.
112(1), pp.105-121.

276



