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Abstract

This manuscript presents high performance dual polarized eight-element multiple input mul-
tiple output (MIMO) fifth generation (5G) smartphone antenna. The design consists of four
dual-polarized microstrip diamond-ring slot antennas, positioned at corners of printed circuit
board (PCB). Cheap Fr-4 dielectric with permittivity 4.3 and thickness of 1.6mm is used as
substrate with overall dimension of 150 x 75 x 1.6 mm®. In mobile system due to limited
space mutual coupling between nearby antenna elements is an issue that distort MIMO
antenna performance. Defected ground structure is used to control coupling. The defected
ground structure has advantages like ease of fabrication, compact size and high efficiency
as compare to other techniques. Less than 30dB coupling is achieved for adjacent ele-
ments. The -10 dB impedance bandwidth of 700 MHz is achieved for all radiating elements
ranging from 3.3 GHz to 4.1 GHz. The value is about 900MHz for -6dB. The proposed
antenna offers good results in terms of fundamental antenna parameters like reflection coef-
ficient, transmission coefficient, maximum gain, total efficiency. The antenna achieved aver-
age gain more than 3.8dBi and average radiation efficiency more than 80% for single dual
polarized element. The antenna provides sufficient radiation coverage in all sides. The
MIMO antenna characteristics like diversity gain (DG), envelope correlation coefficient
(ECC), total active reflection coefficient (TARC) and channel capacity are calculated and
found according to standards. Furthermore, effect of user on antenna performance in data-
mode and talk-mode are studied. Proposed design is fabricated and tested in real time. The
measured results shows that proposed design can be used in future smartphones applica-
tions. The design is compared with some of the existing work and found to be the best one in
many parameters and can be used for commercial use.
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Introduction

In modern day, the interest in MIMO wireless communication technology is increased due
to key features of MIMO technology like highly improve wireless link reliability, transmis-
sion capacity and data rates of wireless system through multi-path transmission and recep-
tion [1]. For 5G research societies now concentrating on achieving high data rates at low
cost. It is predicated that the 5G data rate will be thousand times higher than the current
communication technologies [2]. The number of users and connected devices are increasing
rapidly. 5G wireless network employed MIMO technique to support low latency, high data
rates and massive user connectivity [3]. MIMO technology is the best solution for achieving
high data rates [4]. Standard MIMO antenna consist of two to four radiating elements in
single suite while massive MIMO consist of large number of antennas. 2 x 2 MIMO antenna
is deployed for current 5G applications, while for future 5G massive MIMO antenna with
greater number of elements is expected, as large number will make the system more resilient
to signal interference and intentional jamming [5]. Printed antenna is most suitable antenna
for 5G among other antenna because of its characteristics like ease of fabrication and low
cost and capability to easily installed on small devices like mobile phones and portable
devices [6]. Some of the techniques used for mutual coupling reduction are defected ground
structure [7]., dielectric resonator antenna [8], complementary split ring resonator (CSSR)
[9], decoupling network [10], neutralization lines [11], parasitic or slot elements [12], elec-
tromagnetic bandgap structures (EBG) [13, 14] and metamaterials [15-17]. EBG structure
and metamaterials are complex and require large area. Resonators have complex fabrication
procedure [18]. Some techniques lead to narrow bandwidth and low antenna gain and effi-
ciency. However, Defected ground structure is taken due to its ease of fabrication and low
circuit complexity. One unique characteristics of DGS is slow wave propagation which leads
to miniaturization of antenna [19]. In MIMO technology the problem of mutual coupling
greatly influences the performance of antenna, mutual coupling arises by placing multiple
elements in limited space in MIMO system [20]. A comparative study between different
mutual coupling reduction techniques is done by the author of [21] in detail. According

[22] slot in ground plan is a good technique for reducing mutual coupling. According to the
author of [23] compactness, ease of fabrication, wide band and low mutual coupling are
needs of cellular communication. To achieve the aforementioned characteristics and desired
data rates at least six to eight element MIMO antenna is required [23]. So, MIMO antenna is
urgent demand of 5G communication technology and smart phones applications. Recently
several antenna designs [23-31] have been presented for 5G sub 6GHz band mobile termi-
nals addressing these issues. In [24] an orthogonally dual polarize antenna is proposed but
the antenna gain is only 3dB and antenna also has high mutual coupling. In [25] wide
impedance bandwidth is achieved on the expense of efficiency and isolation. The work pres-
ents in [26] has low efficiency, narrow bandwidth with 5.3 substrate thickness. In [27-29]
antenna presented have high mutual coupling and low gain. The design in [30, 31] has nar-
row bandwidth and low isolation between antenna elements. The minimum number of
antenna MIMO elements that works in sub 6 GHz band is six to eight [32]. This is novel
shape eight-port mobile phone antenna design that features small dual-polarized radiation
elements and offer large impedance bandwidths for 5G applications. Several countries have
defined their own standard for 5G communication. World radio communication confer-
ence (WRC) allocate C-band for 5G communication ranging from 3.4 to 3.6 GHz in 2015,
while China and European Union select C-band and 3.4 to 3.8 GHz band respectively [33].
The UK’s Ofcom has recommended 3.6 GHz as potential frequency band for sub-6 GHz 5G
cellular networks [34], and this antenna is made to function at that frequency. In [35] a
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Fig 1. Dual polarized single element. A: Front View. B: Back View.
https://doi.org/10.1371/journal.pone.0288793.g001

flexible sub 6 GHz 5G MIMO antenna has been proposed achieving 92% impedance band-
width on the expense of gain and efficiency. The author of [36] also proposed MIMO anten-
nas for mobile terminal achieving excellent results but none of them has operating band in
sub 6GHz band both are mm wave antennas, which are not suitable for current 5G mobile
phones. The antennas mentioned above have some limitation like non-planar configuration,
complex structure, high cost, bulky and large size and some are simply not suitable for cur-
rent 5G smartphones. This article focused on a simple, low cost and low weight antenna that
is operating in desired current 5G operating band. The printed circuit board’s corners are
home to four double-fed, dual-polarized antenna elements in design arrangement. On vari-
ous sides of mobile phone PCB, antenna elements have high isolation and wide bandwidth,
which provide polarization diversity characteristics. As a result, the design is capable of sup-
porting various polarizations in addition to offering complete radiation coverage. The
investigation of antenna properties using computer simulation technology (CST) software.

Table 1. Optimized Values of Antenna Design Parameter.

Parameter Value (mm) Parameter Value (mm)
Width of Substrate (W) 24 Width of Arm 1 (W;) 1

Length of PCB (L,) 150 Length of Arm 2 (L,) 5

Width of PCB (W) 75 Width of Arm 2 (W,) 2

Height of Substrate(H) 1.6 Width of Slot 1 (W,) 10

Length of Feed (L) 7 Gap (X) 0.5

Width of Feed (W) 3 Length of Arm 1 (L;) 35

https://doi.org/10.1371/journal.pone.0288793.t001
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Fig 2. Design steps. A: Feed with Full ground. B: Feed with Diamond Slot. C: L-shape Feed with diamon slot. D:
Proposed Design.

https://doi.org/10.1371/journal.pone.0288793.g002

The single element and MIMO mobile phone antenna are examined in terms of fundamen-
tal antenna parameters like S-parameters, Gain, total efficiency, radiation pattern, ECC,
TARC, Diversity Gain and channel capacity basic characteristics of the single-element and
its MIMO design are examined. The proposed design has been constructed, measured, and
the comparison of the results with those from simulations reveals good agreement. Investi-

gations are also conducted into how user behavior affects the performance of the antenna in
data and talk mode.
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Fig 3. Parametric analysis. A: Lz B:W; C:W,. D:X.
https://doi.org/10.1371/journal.pone.0288793.9003

Anetnna design methodology and results
Dual polarized single element antenna

Here, the design of single element dual-polarized antenna and result analysis of simulated and
measured results is discussed. In figure below the configuration of dual-polarized antenna is
presented. Fig 1 shows the front and back view of the proposed antenna design. The antenna
radiating elements are mounted on relatively cheap Fr-4 dielectric substrate with 4.3 relative
permittivity and 0.025 loss tangent having height of 1.6 mm. Two microstrip feed lines as a
radiating ground plane with diamond-ring slot are included in antenna configuration. The
dimension of single element dual polarized is 24 x 24 x 1.6 mm’. The optimized value of the
proposed MIMO design is listed in below Table 1.

The aim of the research is the design of a small MIMO antenna that can be easily inte-
grated into a smartphone’s PCB with wide band and having dual polarization capabilities
and low mutual coupling. This is accomplished by using microstrip patch antenna with slot
in ground plane which increase isolation and wide the antenna bandwidth. Slot antenna is
used because of its attractive features like compactness, light wight and ease of fabrication
and integration with radio frequency circuits. The width of slot determines operating fre-
quency. The circumference of ring needs to match the dielectric wavelength at the operating
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(2) (b)

Fig 4. Surface current distributions. A: Portl. B: Port2.
https://doi.org/10.1371/journal.pone.0288793.g004

frequency as Eq (1).
THg=1 (1)

The dual polarization of antenna is achieved by placing radiating elements orthogonal to
each other so that they orthogonally polarized. Dual polarization also increase isolation
between antenna elements as both elements fed differently. Microstrip feed lines are used for
feeding the orthogonal antenna elements. Microstrip feeding techniques offers features like

dBi
4.13

-1.87
-7.87
= -13.9
-19.9
-25.9

(b)

Fig 5. 3D radiation pattern. A: Portl. B: Port2.
https://doi.org/10.1371/journal.pone.0288793.g005
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Fig 7. Fabricated prototype. A: Front View. B: Back View.

https://doi.org/10.1371/journal.pone.0288793.9g007
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https://doi.org/10.1371/journal.pone.0288793.9008

simplicity, miniaturization, low cost, planar compatibility, high integration which is focus of
this research. The characteristic impedance (Zo) of microstrip feed line can be calculated as

Eq(2)
87 w
Z = . —
e +141 H )
Where effective height of the feed line can be calculated as Eq (3)
Hy =H-e4 (3)
Eeris given by Eq (4)
g+1 g -1 H\\ "
= a 1412 | — 4
Eef B) + B) ( + (W)) (4)

The configuration of various structures studied in the designing process of proposed dual
polarized antenna alongside with their S-parameter are displayed in Fig 2. In first step a
straight microstrip-feed with full ground is taken, then diamond-ring shape slot is etched in
the ground plane for increasing the impedance bandwidth and reduce coupling, the size of
radiating element increases to shift the frequency to L-shaped radiating element with diamond
slot and at the last stage the proposed design is made which has wide bandwidth, high isolation
and low mutual coupling operating at 3.6 GHz. The four designing stages are presented in Fig
2A to 2D respectively.
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Fig 9. Proposed smartphone antenna. A: Front View. B: Back View.

https://doi.org/10.1371/journal.pone.0288793.g009

Reflection coefficient (S11) of various antenna design parameters like Lf, Wf, Wx and x are
demonstrated in Fig 3. The effect of changing the feed length (Lf) on the resonance frequency
presented in Fig 3A, when its size 5.5 to 7.5mm, the antenna impendence matching varies with
no shift in resonant frequency. The effect of feed width is demonstrated in Fig 3B. The reso-
nant frequency shifts from high to low as the width of feed (Wf) increase from 2.5 to 4.5. Fig
3C demonstrates the variation in resonant frequency as the radius of diamond slot (Wx)
changes. Central frequency varies from high to low as the radius changes from 8 to 12. Fig 3D
illustrates the effect of slot width on resonant frequency with increase in size the frequency
shifts form low to high.
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Fig 4 demonstrates antenna’s surface current distributions at 3.6 GHz. Surface current of
an antenna shows magnitude and pattern of current that is flowing on the surface of antenna
element. Radiation pattern is determined from distribution of current [33]. Well distributed
current is cause of good radiation pattern. Figure clarifies the currents are mostly concentrated
near the ring slot in ground plane and both antennas are independent of each other which
means high isolation between antenna elements. Fig 5 shows antenna’s 3D radiation patterns
of both antenna elements (Portl & Port2). As demonstrated, antenna exhibits orthogonally
polarized radiation patterns with more than 3.5 dB of realized gain at whole operating band.
Dual-polarized antenna’s maximum gain plot against frequency and radiation characteristics
in terms of radiation efficiency and overall efficiency are shown in Fig 6. The antenna has sig-
nificant total efficiency, as can be observed. In whole operation band, 70-80% of the radiation
efficiency is obtained. It is evident that antenna displays nearly identical radiation and overall
efficiency.

The photograph of fabricated prototype of proposed antenna design (single element) and
the measured reflection and transmission coefficient are given in Fig 7. the measured results
are almost identical with simulated results with very little variations due to experimental errors
as illustrated in Fig 8.

Eight element MIMO smart phone antenna

Smart phone 8 by 8 antenna design on 75mm by 150 mm PCB is illustrated in Fig 9. Four dual
polarized antenna elements are positioned at the four corners of PCB. The antennas are far
enough from each other to reduce mutual coupling and increase isolation. The layout also
shows that there is enough space to insert additional mm wave antennas in future on same
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Fig 11. 3D radiation pattern. A: Antenna 1. B: Antenna 2. C: Antenna 3. D: Antenna 4. E: Antenna 5. F: Antenna 6.
G: Antenna 7. H: Antenna 8.

https://doi.org/10.1371/journal.pone.0288793.9011

PCB covering mm-wave 5G bands. Fig 10 shows the simulated S-parameter of the design over
its operating band, including reflection coefficient (S,n) and transmission coefficient (S,m).
The figure shows that the suggested antenna design for smart mobile phone exhibits good
return loss, wide bandwidth, high isolation, low mutual coupling and polarization diversity.
Each of the four dual polarized radiating elements offers comparable performance.

Fig 11 demonstrates the radiation pattern of proposed 8 by 8 MIMO antenna. The radia-
tion pattern of all the elements in different direction covering all area around, means that
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Fig 12. Simulated results. A: Maxmimum Gain. B:Efficiency.
https://doi.org/10.1371/journal.pone.0288793.g012

antenna offers good radiation coverage and are best for multipath transmission and recep-
tion with low interference making it best for mobile phones. Results demonstrates that
antenna has good radiation properties, high gain and total efficiencies in the desired fre-
quency band. The simulated gain against frequency plot and the total and radiated efficien-
cies are given in Fig 12.

The photograph of fabricated prototype of 8 by 8 smart phone antenna is illustrated in Fig
13. the prototype is fabricated on lossy and cheap Fr-4 dielectric of 1.6 thickness. The PCB
used to build the cell phone antenna has an overall dimension of 75 x 150 x 1.6 mm3. The fab-
ricated design is tested and the measured S-parameter results are presented in Fig 14. the mea-
sured results shows that antenna is best for mobile phones in real world scenarios as it offers
wide impedance bandwidth and high isolation with sufficient total efficiency and gain of more
than 7dB in the entire band. There are some variations in measured results, errors in fabrica-
tion, feeding and experimentation procedure are the reasons for these certain inconsistencies
in measurement.

The measured and simulated 2D polar plots (E & H-plane) of radiation pattern are com-
pared and illustrated in Fig 15.

ECC, DG, TARC and channel capacity (CC) are some crucial factors that need be taken
into account in MIMO antennas to find that MIMO system function properly. ECC between
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(b)

Fig 13. Fabricated prototype. A: Front View. B: Back View.
https://doi.org/10.1371/journal.pone.0288793.9013

i" and j™ element of m by n MIMO antenna can be determined from antennas S-Matrix using
equations Eq (5). Diversity Gain in terms of ECC can be calculated from Eq (6).

- 15;8; + 55,1

bl

v (5)
Va=ISP =18 =I5 =18,
DG = 10V1 — ECC? (6)
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Fig 14. Measured results. A: Reflection Coefficient. B:Transmission Coefficient.

https://doi.org/10.1371/journal.pone.0288793.9g014

ECC of antenna described about how much radiation pattern of two elements of a
MIMO system are independent of each other. If on element is vertically polarized and a
near-by second element is horizontally polarized then these elements would have a zero cor-
relation between them. Correspondingly, if one antenna only radiated energy towards the
ground and the other antenna element has a radiation pattern towards the sky totally oppo-
site the ECC between these antennas would also be zero. Polarization of the antenna, shape
of radiation pattern and relative phase of fields between two elements of a MIMO antenna
or taken into consideration when calculating ECC of MIMO system. Envelope correlation
coefficient of MIMO system can be calculated using S-matrix via Eq 1. Diversity Gain can
define as amount of transmission power that can be reduced by introducing technique into
MIMO antennas for diversity without degrading antennas performance. DG is mostly
expressed in decibels (dB) and sometime as power ratio. Soft handoff gain is an example of
diversity gain. The following Fig 16 shows the ECC and DG of MIMO system for 5G
communication.

An important parameter for assessing performance of MIMO antenna is TARC. It can be
calculated from Eq (7). Figs 17 and 18 show TARC and channel capacity of proposed MIMO
system. TARC value of the proposed antenna is less then -30dB at 3.6GHz. from the obtained
results it is concluded that the proposed design is suitable for MIMO applications. channel
capacity is another important parameter which shows the maximum achievable data rates by
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Fig 15. Polar plots. A: Antenna 1. B: Antenna 2. C: Antenna 3. D: Antenna 4. E: Antenna 5. F: Antenna 6. G: Antenna 7. H: Antenna 8.
https://doi.org/10.1371/journal.pone.0288793.9g015

MIMO system. channel capacity loss indicates the reduction in channel capacity of MIMO sys-
tem as compare to ideal data rates. the ideal data rates for 8 by 8 MIMO system is 44 bps/Hz
[36]. channel capacity of MIMO antenna can be calculated using Eq (8). The proposed design
achieve more than 43 bps/Hz can be observe in Fig 19

2 2
C = log,(det(I + SNR - HH")) (8)

The detailed comparison of proposed work with already present work in literature is given
in Table 2. The proposed work shows good results specially in isolation reduction. The pro-
posed antenna shows greater mutual coupling reduction properties and efficiency at the
expense of bandwidth for the same standard mobile phone dimensions. The ECC of the
antenna is very low which shows antenna’s MIMO behavior. The Table 2 shows the compari-
son of some existing prototypes with the proposed work in some important parameters like
size, bandwidth, efficiency, isolation and ECC.

User’s body impact on antenna performance

Effect of human (users) body tissues on proposed design performance is studied considering
three common scenarios i.e., Data mode in which two modes single hand mode (SHM) and
dual hand mode (DHM) and talking mode (TM). The placement of mobile phone MIMO
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Fig 16. MIMO results. A: ECC. B: DG.
https://doi.org/10.1371/journal.pone.0288793.9016

antenna in different scenarios is illustrated in Fig 19. The simulated reflection, transmission
coefficient, efficiency and ECC in the vicinity of user’s body. The simulated results (reflection
coefficient, tranmission coefficient, radiation efficiency and ECC) of all the three scenarios
SHM, DHM and TM are presented in the Figs 20-22 respectively. It is observed from the fig-
ures that the user body tissues has impact on antenna performance. The reflection coefficient
of the antennas that are directly touched by the body are slightly shift towards higher fre-
quency. The isolation between elements increase due to the absorption of energy by users head
and hands. The Efficiency of the different modes are about 50% to 60%. The ECC has not
effected much in all the three scenarios. The reflection coefficient shows that antenna can be
used for 5G sub 6 GHz applications, as central frequency is in required band of 3.6 GHz. A
critical issue called specific absorption rate (SAR) also needs to be identified for antenna
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Fig 19. Different posture. A: SHM front View. B: SHM back View. C: DHM front View. D: DHM back View. E: TM front View. F:
TM back View.

https://doi.org/10.1371/journal.pone.0288793.9g019
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Table 2. Comparison between proposed design and referenced 5G antennas.

Reference Size Substrate Design Method Bandwidth Gain Efficiency Isolation Decoupling Method ECC
(mm?2) | Material (GHz) (dB) (%) (dB)
[23] 150 x 75 | Fr-4 Circular-ring slot 3.3-3.9 >3 60-80 18 Orthogonal Polarization | <0.005
[24] 150 x 70 | Fr-4 Inverted L-shape 2.5-3.6 2.3 45-65 >10 Slot in ground <0.02
[25] 150 x 75 | Fr-4 Double-sided parallel 3.4-3.6 1.57 33-47 20 Self-isolation <0.4
strip
[26] 150 x 80 | Fr-4 T-shape 2.54-2.62 - 52-70 10 Polarization diversity <0.1
[27] 136 x 68 | Fr-4 Inverted L-shape 3.3-3.7 50-75 15 DGS <0.1
[28] 150 x 75 | Fr-4 Loop-type 3.2-3.8 70-80 15 Different operating <0.17
frequency
[29] 150 x 75 | Fr-4 Square-ring slot 3.4-3.8 3.9 60 >20 Orthogonal Polarization | <0.5
[30] 150 x 80 | Fr-4 L-Shape 3.4-3.6 2-4 60-80 - Different Frequency <0.3
bands
[34] 150 x 75 | Fr-4 L-shaped 3.3-3.9 3 60-80 17 Orthogonal Polarization | <0.01
[36] 60 x 60 | Fr-4 Jug-shaped CPW-fed 3-11 34 68 >20 Orthogonal Polarization | <0.02
Proposed | 150x75 | Fr-4 Inverted J shaped 3.3-4.1 4.1 80-85 >30 DGS <0.001
diamond-slot
https://doi.org/10.1371/journal.pone.0288793.t002
__________________________________________ 613 i 515 516 517 518 523 524 —525 526 —527 538 — 534!
| =Sl —$22 —$33 ~S44 —S55 —S66 —S77 —S88 1 ISSASERe TN SEATE TSRS ST BT S e
e B e ! s v ot e . e AN . s/
g o o
ey 2
g
g% £ 40
o o
o S
g £ -60
£ -40 Z
= z -80 N
4 & S
-60 -100 =
28 32 16 4 4.4 2.8 b 3.6 4 44
Frequency (GHz) Frequency (GHz)
() (b)
1~ -5-Rad. Eif1 -SlTﬂT = :‘:R;dTE-ﬂf[S-il{]- ~-Rad i3] -Sl;ll- = -R;dTE-‘I‘T[S-fn:l 3 12ECC12 —ECC13 —ECCLE -~ ECCLS ~——ECCL6 ~——ECCL7 ——ECCLS —ECC23 —ECC24 —ECC2S'
: :gi Eg.i g}:‘;]] :Eg. %gg{;}z:]] :gi %g %‘:ﬂ']] :_gi Eg‘g{;‘[':al] : I—ECCZ,S ==ECC2,7 ==ECC2,8 ——ECC3,4 ECC3,5 ECC3,6 =——ECC3,7 =~ECC3,8 ==ECC4,5 —ECCI.ﬁI
= Rad. Eff5] Mea_.] — Rad. Eﬂ's[Mea:l Rad. Eff7] Mea_:] Rad. Eﬂ's[Mea:L 1 I—ECC4,7 ~=ECC4,8 ==ECC5,6 ==ECCS5,7 =—ECC538 ECC6,7 ECC6,8 ECC78 1
100% —————————————————————————— s=————————— 00— —_—_—_—
_80% \
Q\i \
= 60%
g 00s
E 40%
= \
_— N P \ /;>*
e 2N ==\
0 g‘& —
0%
3 32 34 3.6 3.8 4 s L 24 =6 =8 4

Frequency (GHz)

(c)

Frequency (GHz)

(d)

Fig 20. SHM. A: Reflection Coefficient. B: Tranmission Coefficient. C: Efficiency. D: ECC.

https://doi.org/10.1371/journal.pone.0288793.9020
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Fig 21. DHM. A: Reflection Coefficient. B: Tranmission Coefficient. C: Efficiency. D: ECC.
https://doi.org/10.1371/journal.pone.0288793.g021

meant for mobile phone applications. The SAR measures the absorption level of electromag-
netic waves in a human body. For our proposed design, the SAR characteristic of our proposed
MIMO antenna system with user-head are investigated. The minimum and maximum SAR
for the proposed MIMO antenna is 0.4 W/kg and 1.8 W/Kg respectively for Ant-5 and Ant-2.
It can be concluded that the close distance between elements and the head phantom leads to a
maximum SAR value and vice versa.

Conclusion

For 5G MIMO communications, a mobile phone antenna with dual-polarization capabilities is
suggested. The antenna layout includes two-port microstrip feed lines with ground plane dia-
mond slots placed at each of the PCB’s four corners. The antenna elements have a broad band-
width with a 3.6 GHz center frequency. Antenna performance parameters i.e., S-parameters,
Efficiency, maximum realized gain, radiation patterns, DG, ECC, TARC and channel capacity
are simulated and adequate results are obtained. Antenna has more than 700 MHz bandwidth
and radiation efficiency more than 85% with more than 6 dB gain for MIMO configuration.
The antenna has exhibits more than 30dB isolation due to orthogonal placement of adjacent
element. ECC one of main MIMO antenna parameters is less than 0.001. The antenna’s perfor-
mance in talk-mode and data-mode scenarios is examined. Also, the proposed design of
smart-phone antenna is fabricated and tested. The experimental results are in decent agree-
ment with simulated one’s with very little variations due to experimental errors. The results
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Fig 22. Talk mode. A: Reflection Coefficient. B: Tranmission Coefficient. C: Efficiency. D: ECC.
https://doi.org/10.1371/journal.pone.0288793.9022

showed that the suggested smartphone antenna satisfies the criteria for use in upcoming
smart-phones.
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