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Abstract

This work presents a small four-port multiple-input multiple-output (MIMO) antenna for Ultra
Wideband (UWB) applications. Four monopole radiating components make up the sug-
gested antenna. Every monopole is positioned perpendicularly to the components that sur-
round it. This compact antenna, 40 mm x 40 mm, is printed on a single layer substrate (FR4)
with a thickness of 1.6 mm and an ¢, = 4.4. This antenna features an isolation of less than
-14 dB and an impedance bandwidth (S11 < -10 dB) of 2.57-12.20 GHz. The average gain
is 4.7 dBi and the envelope correction coefficient (ECC) is less than 0.15. The suggested
antenna is a good option for UWB applications because of its Ultra Wide bandwidth and
small footprint.

1. Introduction

The benefits of planar antennas including their compact size, low profile, easy layout, afford-
able cost, and easy connection with other high-frequency devices have drawn a lot of interest
from both the wireless industry and researchers Peer-to-peer ultrafast communications, short-
range communications, and other high data rate current wireless applications are the greatest
uses for these antennas [1]. The ability of multiple-input-multiple-output (MIMO) antenna
configurations to adapt to the environment of exponentially rising traffic has garnered signifi-
cant attention recently. While maintaining the same frequency range and transmit power,
MIMO technology may significantly reduce the impacts of multipath fading and increase data
rate, range, and reliability. Several antenna components are often combined together with
minimal mutual coupling between the antenna ports to create a high-performing MIMO sys-
tem [2-4]. However, adjusting several antenna components within a portable device might be
challenging due to their small physical area. The radiating antenna unit cells are subjected to
high inter-element coupling due to several closely-operating bands and space constraints,
resulting in a degradation of the system performance [5-7]. Numerous investigators have
reported seeing several MIMO antennas in the past few years [8-13].
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In recent years, a significant amount of research has been done on MIMO antennas as cru-
cial components of UWB MIMO systems. To increase the antennas’ isolation, a few slots are
cut into the ground plane in [14]. To achieve great isolation, two inverted C-shaped ground
metal strips are positioned in between the two radiating components [15]. In order to increase
the isolation among the radiating components and create various resonances, stub of different
shape is placed in the defective ground in [16]. The improvement of isolation is accomplished
in [17, 18] by incorporating slots and slotted strips into the defective ground plane. The isola-
tion of two antenna elements is enhanced in [19] by the use of very expensive carbon black
film. The literatures address many methods for obtaining UWB in MIMO antennas and differ-
ent applications of MIMO antenna [20-28].

This article presents a UWB MIMO antenna with good isolation and low footprint. A
monopole antenna forms up the suggested MIMO antenna. Without the need for further cou-
pling or decoupling mechanisms, good isolation is attained. The impedance bandwidth of the
suggested antenna is 2.57-12.20 GHz. Between 2.57 GHz and 12.20 GHz, there is less than —14
dB of mutual coupling.

2. Geometry of antenna
2.1. Single monopole antenna element

The suggested monopole antenna is 22mm x 18mm. The substrate is FR-4, with 1.6 mm thick-
ness, a loss tangent of 0.02, and a dielectric constant of 4.4. The ground plane length is trun-
cated to achieve the desired frequency without altering antenna dimension. With change in
length of ground plane, different resonant frequencies can be achieved but it causes impedance
mismatch. In the provided antenna design, feeding line width is optimized to match the
impedance at desired frequency. Fig 1 shows the antenna design of single monopole. Table 1
shows the optimized parameter values of the designed antenna.

2.1.1. Single element monopole design evolution. Fig 2 shows simulated result of return
loss for different antenna configurations. Antenna Configuration I illustrates how an antenna
with an L-shaped antenna element and less than half of the ground plane is first developed. It
is noticed that the antenna resonates at around 7GHz frequency. The ground plane is then
refined (Antenna Configuration II) in order to emit for the needed frequency band. Further to
obtain required frequency band, slots are created to derive proposed antenna. So it can be seen
that slots of different length are responsible for different resonances.

2.1.2. Parametric analysis. The single monopole element is subjected to parametric anal-
ysis in order to comprehend the change in resonant frequency as a result of various parame-
ters. The variation in L3 changes the operating frequency as shown in Fig 3. The value of L3 is
set to 6.5 mm to achieve appropriated frequency range. Similarly, slot S2’s dimensions are
altered from 1.6 mm to 2.4 mm while keeping all other parameter values the same in order to
comprehend the impacts of employing slot S2. Fig 4 illustrates how the return-loss S11 pro-
gressively gets better, spanning the necessary frequency range for S2 = 2.4 mm. The variation
of the resonant frequency with the value of S1 is seen in Fig 5. To reach the intended frequency
range, S1’s value is therefore adjusted to 2 mm.

2.2. Four port MIMO proposed antenna

The proposed four port antenna’s 2D layout structure is seen in Fig 6. The antenna measures
40 mm x 40 mm in size. The antenna at port 2 faces the same direction as the antenna at port
4, but it is oriented perpendicularly to the antennas at ports 1 and 3. Additionally, the orienta-
tion of the antenna at port 3 is perpendicular to that of the antenna at port 2, port 4, and identi-
cal to that of the antenna at port 1 in the opposite direction. Increasing the number of MIMO
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Fig 1. Single monopole antenna design.

https://doi.org/10.1371/journal.pone.0314193.9001

antenna elements increase the difficulty of decoupling. Therefore, each element of the four-ele-
ment MIMO antenna is placed orthogonally. The orthogonal placement of antenna elements
leads to the polarization mismatch of adjacent antennas, thus improving the isolation degree

between antenna elements.

A separate ground plane can enhance port isolation as it has no current coupling. However,
since each signal in a practical system should have a common ground plane, this technique is

Table 1. Optimized parameters of the designed antenna (in mm).

w L W1 w2 W3 L1 12 L3
40 40 10 3.8 0.4 4 10 6.5
L4 L5 L6 L7 S1 S2 S3
8.38 1 3.6 18 2 2.4 1
https://doi.org/10.1371/journal.pone.0314193.t001
3/12
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Fig 2. Simulated return loss of the evolution steps.

https://doi.org/10.1371/journal.pone.0314193.9002

inappropriate [29]. In this investigation, a connected ground design is thus used. Since a very
thin 0.5 mm strip line is employed to link all ground planes, it little affects the antenna perfor-
mance. The width and position of strip line is optimized after several iterations. Optimized
parameters of designed antenna are listed in Table 1.

Fig 7 displays the simulated reflection coefficient of designed antenna. It resonates from
2.57 GHz to 12.20 GHz with suitable values of return loss. Fig 8 shows the simulated findings,
which provide less than -14 dB of isolation throughout the resonant frequency spectrum. The
isolation attained complies with the standard MIMO antenna requirements.

3. Result analysis

The suggested antenna that’s been constructed and displayed in Fig 9 is measured using the
Vector Network Analyzer. As demonstrated in Table 2, the simulation findings and experi-
mental results are contrasted. It is shown that the findings from simulation and measurement

S11(dB)

L3= 8.5 mm

-50 T T T T T
2 4 6 8 10 12 14

Freq (GHz)

Fig 3. Effect of change in feedline slot length L3.
https://doi.org/10.1371/journal.pone.0314193.g003
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Fig 4. Effect of change in slot length S2.
https://doi.org/10.1371/journal.pone.0314193.9004

nearly match one another. Errors in fabrication and soldering are the principal causes of the
minor discrepancies between them.

Simulated and observed reflection coefficients and transmission coefficients of the sug-
gested UWB MIMO antenna are shown in Fig 10 and Fig 11 respectively. There is a good
matching of simulated and observed reflection coefficient of port 1 as shown. It is evident that
measured value of isolation between the resonating elements is of less than -13 dB throughout
the resonating frequency band. One suggested antenna element (port 1) is energized during
the measurement, and the remaining components are matched with the 50 Q loads.

The ECC is used to assess the planned antenna’s performance for diversity uses. It is used to
assess how various RF signal pathways will influence how a signal gets to the receiver antenna.
It can establish the correlation between several channels in a MIMO system. MIMO antenna
should have ECC value between 0 and 1. The ECC for a multiple antenna system is written as

-10 4

o
5 -20
=
w
-30 4
40 $1=1.75 mm
$1=2.0 mm
$1=2.25 mm
-50 T T T T T T
2 4 6 8 10 12 14
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Fig 5. Effect of change in slot length S1.
https://doi.org/10.1371/journal.pone.0314193.g005
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Top View Bottom View

Fig 6. Four port MIMO antenna configuration.
https://doi.org/10.1371/journal.pone.0314193.9006

[30]:

BT (0,0) E2 (0, 0)]dQ’

ffIEl 0,0)[°dQ (]| E2 (0,0)°dQ

where E is the pattern of the radiated field, Q is solid angle, ¢ is azimuthal angle, and 0 is eleva-
tion angle. ECC is calculated using 3D radiation patterns measured in an electromagnetic
anechoic chamber. The diversity characterization of the UWB MIMO antenna design is
shown in Fig 12, and it can be seen that ECC is less than 0.15 for entire resonating band.
Diversity gain (DG) indicates the transmission power loss when a multiple-input multiple-
output system is used to implement the diversity mechanism. Diversity gain (DG) is the trans-
mission power loss that occurs when a MIMO system applies the diversity mechanism.
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Fig 7. Simulation of the proposed antenna’s return loss.

https://doi.org/10.1371/journal.pone.0314193.9007
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Fig 8. Proposed antenna’s simulated isolation.

https://doi.org/10.1371/journal.pone.0314193.9008

Equation may be used to derive DG, which is another important antenna feature [31].

DG = 104/1 — |[ECC[*

The values of DG are greater than 9.5, as Fig 13 shows. To sum up, there is sufficient diver-
sity in the suggested antenna.

Fig 13 displays the simulated radiation efficiency. For the whole UWB frequency range, it is
greater than 74%. The antenna’s radiation efficiency is comparatively consistent.

Fig 14 displays the simulated gain as well as the observed gain. The gain is dependent on
directivity at these frequencies, hence despite having the efficiency factor consistent the gain
varies across the UWB spectrum. The gain value spans from 2.5 dBi to 6.8 dBi between 2.57
GHz and 12.20 GHz, with an average gain of 4.7 dBi. A few differences exist between the mea-
sured and simulated gain. The reason is that three 50 ) matched loads and the SMA

Top View Bottom View

Fig 9. Suggested fabricated antenna.
https://doi.org/10.1371/journal.pone.0314193.9009
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Table 2. Results of the recommended antenna from simulations and measurements.

Result Frequency band Isolation (dB)
Simulated 2.57 GHz -12.20GHz <-14dB
Measured 2.68 GHz -12.22 GHz < -13dB

https://doi.org/10.1371/journal.pone.0314193.t002
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Fig 10. Reflection coefficient of the proposed antenna: Measured and simulated.

https://doi.org/10.1371/journal.pone.0314193.9010
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Fig 11. Transmission coefficient of the proposed antenna: Measured and simulated.

https://doi.org/10.1371/journal.pone.0314193.9011

connectors soldered at the antenna’s ports act as metal conductors, which reflect electromag-
netic waves. The radiation and gain of the antenna will therefore be impacted by these metal
conductors.

The E-plane and H-plane’s 2D normalised simulated and observed radiation patterns at 3.1
GHz, 7 GHz, and 10.6 GHz are shown in Fig 15. The results demonstrate that there is consid-
erable agreement between the simulated and bi-directionally observed radiation patterns.
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Fig 12. Simulated and observed ECC of suggested antenna.

https://doi.org/10.1371/journal.pone.0314193.9012

The comparison between the UWB MIMO antenna under discussion and the previously
described work is displayed in Table 3. It is evident that at resonance frequencies, the recom-
mended antenna is small and has a suitable isolation and gain value. Compared to the other
antennas shown, the recommended antenna is smaller. Additionally, the proposed antenna’s
ground surface exhibits the same voltage level, which makes it appropriate for the intended
uses [32-35].

4. Conclusion

This study describes a compact, four-port UWB MIMO antenna that is 40 mm x 40 mm x 1.6
mm overall. The suggested antenna has a good isolation and can operate in the entire UWB
band (2.57-12.20 GHz). The predicted and observed radiation pattern, isolation, and return
loss are in agreement. The antenna gain is 4.7 dBi on average. With an ECC of less than 0.15
and DG of around 10 dB, the suggested antenna has good diversity performance. To sum up,
the suggested antenna shows great potential for wireless UWB-MIMO applications.
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Fig 13. Diversity gain and radiation efficiency of suggested antenna.
https://doi.org/10.1371/journal.pone.0314193.g013
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Fig 14. Simulated and observed gain of suggested antenna.
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Table 3. Comparison of designed UWB MIMO antenna with aforementioned work.

Ref No. of Size (mm) Relative Resonating Frequency | Isolation (dB)| Peak gain Connected Radiation
Ports Dimensions (GHz) (dB) Ground Efficiency
[20] 2 47 x93 0.49A x 0.97A 3.1~10.6 > 31 3.5 Yes >70%
[21] 4 75.10 x 75.19 0.78\ x 0.78\ 3.1~17.3 > 13 5.5 Yes Not Given
[31] 4 60 x 60 0.60A x 0.60A 3~11 > 20 3.4 No >68%
[22] 4 58 x 58 0.58\ x 0.58\ 3~13.5 > 22 2.9 No Not Given
[23] 4 60 x 60 0.54A x 0.54\ 2.7~10.6 > 15 3.5 No Not Given
[24] 4 45 x 45 0.46A x 0.46\ 3.1~11 > 16 4.3 Yes Not Given
[25] 4 45 x 45 0.46A x 0.46\ 3.1~13.1 > 17 4.0 Yes >73%
[26] 4 50% 39.8 0.42A x 0.33% 2.5~12 > 17 Not Given No Not Given
[27] 4 42 x 42 0.42A x 0.42\ 3~11 > 15 3.5 No >70%
[28] 4 38.3x38.3 0.38A x 0.38L 3~13.2 > 17 4.1 Yes >72%
This 4 40 x 40 0.34A x 0.34\ 2.57~12.2 > 14 4.7 Yes >74%
Work
https://doi.org/10.1371/journal.pone.0314193.t003
PLOS ONE | https://doi.org/10.1371/journal.pone.0314193 December 2, 2024 10/12


https://doi.org/10.1371/journal.pone.0314193.g014
https://doi.org/10.1371/journal.pone.0314193.g015
https://doi.org/10.1371/journal.pone.0314193.t003
https://doi.org/10.1371/journal.pone.0314193

PLOS ONE

Planar compact four port MIMO antenna

Author Contributions

Conceptualization: Poonam Thanki, Mohammad Khishe.
Data curation: Poonam Thanki.

Formal analysis: Poonam Thanki.

Investigation: Trushit Upadhyaya.

Methodology: Trushit Upadhyaya, Mohammad Khishe.
Project administration: Trushit Upadhyaya, Mohammad Khishe.
Software: Upesh Patel.

Supervision: Mohammad Khishe.

Validation: Upesh Patel, Vishal Sorathiya.

Visualization: Vishal Sorathiya.

Writing - original draft: Vishal Sorathiya.

Writing - review & editing: Mohammad Khishe.

References
1. Balanis C.A.: Antenna Theory: Analysis and Design, 3rd edition, New York: Wiley 2012.

2. Kumar S, Kumar R, Vishwakarma RK and Srivastava K. An improved compact MIMO antenna for wire-
less applications with band notched characteristics. AEU-International Journal of Electronics and Com-
munications. 2018, 90, 20—29.

3. UshaDeviY, Madhav, B. T., Anilkumar, T., and Sri Kavya Ch K and Pardhasaradhi P. Conformal
Printed MIMO Antenna with DGS for Millimeter Wave Communication Applications. International Jour-
nal of Electronics Letters. 2019.

4. Venkateswara Rao M., Madhav B. T., Krishna J., Usha Devi Y., Anilkumar T., & Prudhvi Nadh B.
CSRR-loaded T-shaped MIMO antenna for 5G cellular networks and vehicular communications. Inter-
national Journal of RF and Microwave Computer-Aided Engineering. 2019, 29(8).

5. Saxena S, Kanaujia BK, Dwari S, Kumar S and Tiwari R. MIMO antenna with built-in circular shaped
isolator for sub-6 GHz 5G applications. Electronics Letters. 2018, 54, 478-480.

6. Altaf A, Igbal A, Smida A, Smida J, Althuwayb A.A., Hassan Kiani S., et al. Isolation Improvement in
UWB-MIMO Antenna System Using Slotted Stub. Electronics. 2020, 9, 1582.

7. KaurH, Singh H.S, Upadhyay R. Design and Analysis of Compact Quad-Element MIMO Antenna with
Asymmetrical Ground Structures for Ultra-Wideband Communication. Wireless Personal Communica-
tion. 2022, 124, 3105-3127.

8. Khan MS, Capobianco AD, Asif SM, Anagnostou DE, Shubair RM and Braaten BD. A compact CSRR-
enabled UWB diversity antenna. IEEE Antennas and Wireless Propagation Letters. 2017, 16, 808-812.

9. DenglJ, LiJ, ZhaoL and Guo L. A dual-band Inverted-F MIMO antenna with enhanced isolation for
WLAN applications. IEEE Antennas and Wireless Propagation Letters. 2017, 16, 2270-2273.

10. Sarkar D and Srivastava KV. Compact four-element SRR-loaded dual-band MIMO antenna for WLAN/
WiIMAX/WIiFi/4G-LTE and 5 G applications. Electronics Letters. 2017, 53, 1623—1624.

11. Ramachandran A, Pushpakaran SV, Pezholil M and Kesavath V. A four-port MIMO antenna using con-
centric square-ring patches loaded with CSRR for high isolation. IEEE Antennas and Wireless Propaga-
tion Letters. 2016 15, 1196—1199.

12. Upadhyaya T, Park |, Pandey R, Patel U, Pandya K, Desai A, et al. Aperture-Fed Quad-Port Dual-Band
Dielectric Resonator-MIMO Antenna for Sub-6 GHz 5G and WLAN Application. International Journal of
Antennas and Propagation, 2022.

13. Patel U, Upadhyaya T. Four-Port Dual-Band Multiple-Input Multiple-Output Dielectric Resonator
Antenna for Sub-6 GHz 5G Communication Applications. Micromachines. 2022, 13(11). https://doi.org/
10.3390/mi13112022 PMID: 36422450

PLOS ONE | https://doi.org/10.1371/journal.pone.0314193 December 2, 2024 11/12


https://doi.org/10.3390/mi13112022
https://doi.org/10.3390/mi13112022
http://www.ncbi.nlm.nih.gov/pubmed/36422450
https://doi.org/10.1371/journal.pone.0314193

PLOS ONE

Planar compact four port MIMO antenna

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ageel S., Jamaluddin M. H., Khan A. et al. A dual-band multiple input multiple output frequency agile
antenna for GPSL1/ Wi-Fi/WLAN2400/LTE applications. International Journal of Antennas and Propa-
gation, 2016.

Yang Z., Yang H., and Cui H. A compact MIMO antenna with inverted C-shaped ground branches for
mobile terminals. International Journal of Antennas and Propagation. 2016.

Igbal A, Saraereh O. A, Ahmad A.W, Bashir S. Mutual coupling reduction using F-shaped stubs in
UWB-MIMO antenna. IEEE Access. 2017, 6, 2755-2759.

Revati C.G, Patil R.R. Slot-based mutual coupling reduction technique for MIMO antenna. SN Comput.
Sci. 2021, 2, 104.

You X, Du C, Yang Z.P A Flexible CPW 2-Port Dual Notched-Band UWB-MIMO Antenna for Wearable
loT Applications. Prog. Electromagn. Res. C 2023, 128, 155—168.

Lin G., Sung C., Chen J., Chen L., and Houng M. Isolation improvement in UWB MIMO antenna system
using carbon black film. IEEE Antennas and Wireless Propagation Letters, vol. 16, pp. 222—-225, 2016.

Radhi A.H.; Nilavalan R.; Wang Y.; Al-Raweshidy H.S.; Eltokhy A.A.; AbAziz N. Mutual coupling reduc-
tion with a wideband planar decoupling structure for UWB-MIMO antennas. Int. J. Microw. Wirel. Tech-
nol. 2018, 10, 1143-1154.

Kayabasi A.; Toktas A.; Yigit E.; Sabanci K. Triangular quad-port multi-polarized UWB MIMO antenna
with enhanced isolation using neutralization ring. AEU Int. J. Electron. Commun. 2018, 85, 47-53.

Raheja D.K.; Kanaujia B.K.; Kumar S. Compact four-port MIMO antenna on slotted-edge substrate with
dual-band rejection characteristics. Int. J. RF Microw. Comput.-Aided Eng. 2019, 29, e21756.

Khac K.N.; Bao P.; Ngoc C.D. Design of Compact 4 x 4 UWB-MIMO Antenna with WLAN Band Rejec-
tion. Int. J. Antennas Propag. 2014, 539094.

Kumar S.; Lee G.; Kim D.; Mohyuddin W.; Choi H.; Kim K. A compact four-port UWB MIMO antenna
with connected ground and wide axial ratio bandwidth. Int. J. Microw. Wirel. Technol. 2020, 12, 75-85.

Wu A.; Zhao M.; Zhang P.; Zhang Z. A Compact Four-Port MIMO Antenna for UWB Applications. Sen-
sors 2022, 22, 5788.

Khan, M.S.; Capobianco, A.D.; Asif, S.; Iftikhar, A.; Braaten, B.D. A 4 element compact Ultra-Wideband
MIMO antenna array. In Proceedings of the IEEE International Symposium on Antennas & Propagation
& USNC/URSI National Radio Science Meeting, Vancouver, BC, Canada, 19-24 July 2015.

Mathur, R.; Dwari, S. A compact 4-port UWB-MIMO/diversity antenna for WPAN application. In Pro-
ceedings of the 3rd International Conference on Microwave and Photonics (ICMAP 2018), Dhanbad,
India, 9—11 February 2018.

Gomez-Villanueva R.; Jardon-Aguilar H. Compact UWB Uniplanar Four-Port MIMO Antenna Array with
Rejecting Band. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 2543-2547.

Sharawi M.S. Current misuses and future prospects for printed multiple-input, multiple-output antenna
systems. IEEE Antennas and Propagation Magazine. 2017, 59, 162—170.

LiY.; BianL.; XuK,; Liu Y.; Wang Y.; Chen R; et al. Mutual Coupling Reduction for Monopole MIMO
Antenna Using L-Shaped Stubs, Defective Ground and Chip Resistors. AEU-Int. J. Electron. Commun.
2023, 160, 154524.

Ahmad S.; Khan S.; Manzoor B.; Soruri M.; Alibakhshikenari M.; Dalarsson M.; et al. A Compact CPW-
Fed Ultra Wideband Multi-Input-Multi-Output (MIMO) Antenna for Wireless Communication Networks.
IEEE Access 2022, 10, 25278-25289.

Mohammadzadeh A., Taghavifar H., Zhang Y. and Zhang W., "A Fast Nonsingleton Type-3 Fuzzy Pre-
dictive Controller for Nonholonomic Robots Under Sensor and Actuator Faults and Measurement
Errors," in IEEE Transactions on Systems, Man, and Cybernetics: Systems, vol. 54, no. 7, pp. 4175—
4187, July 2024, https://doi.org/10.1109/TSMC.2024.3375812

Yan SR., Guo W., Mohammadzadeh A. et al. Optimal deep learning control for modernized microgrids.
Appl Intell 53, 15638—-15655 (2023). https://doi.org/10.1007/s10489-022-04298-2.

Mohammadzadeh Ardashir, Zhang Chunwei, Alattas Khalid A., EI-Sousy Fayez F.M., Vu Mai The. Fou-
rier-based type-2 fuzzy neural network: Simple and effective for high dimensional problems, Neurocom-
puting, Vol. 547, 2023, https://doi.org/10.1016/j.neucom.2023.126316.

Mohammadzadeh Ardashir, Taghavifar Hamid, Zhang Chunwei, Alattas Khalid A., Liu Jinping, Mai The
Vu. A non-linear fractional-order type-3 fuzzy control for enhanced path-tracking performance of auton-
omous cars, IET Control Theory & Applications, 2023, https://doi.org/10.1049/cth2.12538.

PLOS ONE | https://doi.org/10.1371/journal.pone.0314193 December 2, 2024 12/12


https://doi.org/10.1109/TSMC.2024.3375812
https://doi.org/10.1007/s10489-022-04298-2
https://doi.org/10.1016/j.neucom.2023.126316
https://doi.org/10.1049/cth2.12538
https://doi.org/10.1371/journal.pone.0314193

