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Abstract—This study describes the development of a low-profile, omnidirectional, CPW-fed Ultra-
Wide Band (UWB) MIMO antenna. The antenna is designed on a flexible FR4 substrate with thickness
0.07 mm, making it suitable for wearable applications. The fractional bandwidth obtained is more than
100% (3.1-9.3 GHz) which spans the wireless communication bands such as ISM (5.15-5.35 GHz), ISM
(5.725-5.825 GHz), Wi-Fi (5 GHz), Wi-Max (3.4-3.6 GHz), Sub-6 GHz 5G (3.3-4.2 GHz), and WLAN
(5.15-5.825 GHz). The antenna also provides safe SAR value, low envelope correlation coefficient, good
antenna gain, acceptable radiation efficiency, optimum Total Active Reflection Coefficient (TARC) value,
low Channel Capacity Loss (CCL), good gain, and acceptable radiation efficiency across the frequency
ranges. Simulated and measured performances of the antenna in the entire band are presented.

1. INTRODUCTION

Recent years have seen significant progress in the development and production of flexible, electrical
widgets due to the widespread use of wearable devices. Wearable, flexible electronic goods offer a
larger range of uses than their rigid counterparts because they are more compact, flexible, robust, and
adaptable in nature [1,2].

One of the most widely conducted research in the field of human-centered communication antennas
is the study of wearable or flexible antennas. Soldiers, the elderly, patients, and athletes can all benefit
from constant monitoring through Personal Area Networks (PAN) or Body Area Networks (BAN)
made possible by wearable antennas. As the field of wireless communications evolves, researchers and
developers have begun to focus increasingly on Multiple-Input Multiple-Output (MIMO) techniques for
the use in the next generation of devices [3,4]. In the coming years, handheld electronics will have
to incorporate large number of MIMO transceivers. Due to space constraints, it can be challenging to
implement optimal configurations for numerous antennas in handheld devices [5, 6]. In order to minimize
mutual coupling among MIMO antenna elements, orthogonal structure is employed in these antenna
designs [7]. MIMO antennas for telecommunications are observed in [8] which use a common ground
and coplanar waveguide (CPW) feeding.

When it comes to MIMO antenna configurations for wearable applications, the available literature
is very few. There are reports of a dual-band textile MIMO antenna [9] and a decoupled UWB MIMO
antenna [10]. Fabric substances are used in the construction of neutralization line-based UWB MIMO
antennas for wearable devices [9-11], which leads to substantial foot-traces and system failures due to
deformation, denting, and environmental impacts. Ground radiation MIMO antenna with polarization
diversity performance [12], antenna configuration consisting of a ring co-radiator with a high impedance
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surface [13], and MIMO antennas that are in the form of an octagonal ring with four elements are
reported [14].

The parametric studies on antenna structure configuration have been carried out in order to reach
the optimal prototype. The purpose of these studies is to give the best antenna model with the intention
of keeping fabrication inconsistencies as small as possible while maintaining a high isolation quality
across a wide operation frequency range. The similar effect may be obtained by paying close attention
to the design of the associated ground plane lines and by including slots into the substrate. The
characteristics of a MIMO antenna are estimated in terms of Envelope Correlation Coefficient (ECC),
Diversity Gain (DG), and all of the numerically estimated and empirically determined findings must be
in accordance with ideal values specified in operating standards under circumstances as recommended
in [15-17].

As the frequency range of 3.1 GHz to 9.3 GHz is envisioned for the proposed antenna, it is expected
to cater different fields of wireless communication.

2. UNIT ANTENNA GEOMETRY, DESIGN AND THEORY

For the suggested antenna, an FR4 substrate with a thickness of 0.07 mm is chosen. FR4 sheets are
electrical insulators with high dielectric strength and high strength-to-weight ratio. This material is
also known to have good relative temperature resistance and can perform well in most environmental
conditions [18].

The unit antenna to be used as the element in the quad element MIMO antenna is designed at first.
Fig. 1 depicts the structure and radiation characteristic of the unit antenna. The design comprises a
rectangular patch containing a metamaterial inspired impedance resonator structure fed using a coplanar
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Figure 1. (a) Schematic view of unit antenna without intermittent impedance structure. (b) Schematic
view of proposed single antenna unit. (c) Simulated Si; of the unit antenna. (d) Two-dimensional
radiation pattern. At (d) 3.7 GHz, (e) 5.5 GHz, (f) 7.6 GHz.

waveguide. Fig. 1(b) presents the optimized geometry and Fig. 1(c) the variation of reflection coefficient
with the frequency. The unit antenna shows a wide bandwidth with resonances at frequencies 3.7 GHz,
5.5 GHz, and 7.6 GHz. Figs. 1(d), (e), (f) show the far field radiation pattern at aforesaid frequencies.
As can be seen from the plots, the radiation in both planes is almost omnidirectional.

In order to enhance the impedance properties of the antenna, an intermittent spaced metamaterial
inspired impedance structure has been included in the microstrip patch. Fig. 1(a) depicts the unit
antenna structure without intermittent structures in the radiating patch. Intermittently spaced
impedance structure enhances the bandwidth of the suggested antenna almost by 2 GHz. Intermittent
spaces present in the impedance structure are thus optimized to improve the bandwidth. The optimal
structural parameters of the antenna are shown in Table 1. Fig. 2 shows the dispersion of the surface
currents from feedline to the radiating patch for resonant frequencies 3.3, 5.8, and 8.5 GHz, respectively.

Table 1. Structural dimensions of the unit antenna.

Parameter | Value (mm) | Parameter | Value (mm)
Ly 14 So 1.0
Lo 17.5 Ss 0.35
Ls 9.3 Wi 24
a 0.4 Wo 4.0
S1 0.35 Ws 12.0

3. INTEGRATION OF FOUR ELEMENT MIMO ANTENNA

The antenna elements are arranged orthogonally at an end-to-end spacing of Wy = 5 mm as shown
in Fig. 3(a) which is useful for exploiting polarization diversity [19]. Because of the orthogonal field
generated by the neighboring radiating units, significant isolation is attained [20]. Now, the grounds
of antenna elements are connected using transmission lines through rectangular lines of width 0.4 mm
as shown in Fig. 3. The presence of these ground lines further reduces the coupling and improves the
isolation.

Figures 3(a) & (b) show the schematic of the resultant structure of the quad element MIMO
antenna. The bottom side of the MIMO antenna includes small conducting patches of dimension
Ly = "Tmm and Wy = 5mm. It is arranged below the gaps between the unit antennas as shown.
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Figure 2. Simulated surface current distributions of the proposed antenna for (a) 3.3 GHz, (b) 5.8 GHz
and (c) 8.5 GHz.
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Figure 3. Schematic of the four-element MIMO antenna. (a) Top view. (b) Bottom view. (c)
Fabricated MIMO antenna-top view. (d) Bottom view.
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This arrangement gives better matching and impedance bandwidth. The optimal dimensions for the
complete antenna are 65 mm x 65 mm x 0.07mm. Figs. 3(c) & (d) show photographs of the fabricated
MIMO antenna.

3.1. Impedance Performance

Figure 4(a) depicts a chart of the reflection coefficient vs the frequency. The measured —10dB impedance
bandwidth of the antenna is in the range 3.1 GHz to 9.3 GHz. Fig. 4(b) shows the measured isolation
(S12, Si3, and Si4) values for the quad-element MIMO antenna. It can be shown that the isolation
value is more than 17dB throughout the band.
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Figure 4. (a) Simulated and measured reflection characteristics of the 4 port antenna. (b) Measured
isolation parameters of the 4 port antenna.

3.2. Radiation Performance

2D radiation patterns at different frequencies are given in Fig. 5. The pattern is almost omnidirectional
with slight distortion at some frequencies.
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Figure 5. Measured and simulated two-dimensional radiation pattern. (a) 3.6 GHz. (b) 4.9 GHz. (c)
8.1 GHz.

Figure 6 shows the measured gain and radiation efficiency data. Measured maximum gain is 5.9 dB
(at 6.7 GHz), with a radiation efficiency of more than 50% throughout operational bandwidth, with
values reaching more than 65% at some frequency points.

3.3. Diversity Capabilities of Four-Element MIMO Antenna

As a consequence of the close proximity of antenna components, designing the MIMO antenna is a
difficult challenge. The port coupling and field coupling increase as a result. These couplings have an
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Figure 6. Gain and efficiency of the antenna.
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Figure 7. The suggested MIMO antenna’s diversity performance. (a) ECC. (b) DG.

impact on the proposed antenna efficiency and channel capacity [25]. As a result, there is a need for
good isolation and low correlation level. The suggested MIMO antenna’s performance characteristics,
such as ECC, DG, Total Active Reflection Coefficient (TARC), and Channel Capacity Loss (CCL), are
determined, as shown in Figs. 7(a) & (b) and 8(a) & (b).
The suggested MIMO antenna’s measured ECC (p12, p13, and pi14) is presented in Fig. 7(a) using
Eq. (3). The measured ECC of the proposed MIMO antenna is less than 0.05 for the whole operating
band, indicating good diversity performance. The proposed MIMO antenna’s measured DG plot is
displayed in Fig. 7(b), which is derived using Eq. (4). The developed antenna’s DG ranges between
9.95 and 9.99 guaranteeing good performance. According to Fig. 7(b), the DG for the working band is
about equal to 10.
) —S5iiS;; — Sjis; )
i =
L VISP = ISP (U= 1855 = 183P)

DG =10 x \/1— [ECC] 2)

where p;; is the correlation coefficient between antenna elements 7 and j; S;; is the transmission
coefficient between antenna elements ¢ and j; and 7; and n; are the radiation efficiencies of antenna
elements ¢ and j, respectively.
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Figure 8. The suggested MIMO antenna’s diversity performance. (a) TARC, and (b) CCL.

The measured results of TARC derived using Eq. (5) are shown in Fig. 8(a). The TARC values
are found to be less than —10dB for all phase values. According to Fig. 8(b), the suggested four-
element MIMO design has an extremely low CCL value [estimated using Eqgs. (6) to (8)] of less than
0.4 bits/s/Hz, which is much less than the allowed limit of 0.4 bits/s/Hz for the operating region [25].

|S11 + 5126j9\2 + |S21 + 5226j9|2

t _
r_ . ®
_ R R _ |P11 ¥12
CCloss = — log, ’@ | ,  where ¢ [@21 9022] (4)
o1 = 1= (1Sul* +15121%), a2 =1— (|92 +[%/%) (5)
12 = — (S11512 + 551 522), 21 = — (832521 + S12511) (6)

To evaluate the effectiveness of the proposed MIMO antenna, it is compared to the existing flexible
antennas in Table 2. The suggested MIMO antenna strikes a great balance among electric size, thickness,
radiation efficiency, bandwidth, isolation, and ECC compared to the antennas in [26-34].

3.4. Bending Analysis

For reliable operation on conformal surfaces, it is crucial to understand how the proposed flexible MIMO
antenna’s performance changes due to bending of the structure. Therefore, bending analysis is used to
verify performance characteristics of the bent MIMO. The antenna is then placed on a cylindrical block
of Styrofoam (g, = 1.03) of diameter 50 mm. The scattering parameters are measured after bending
along x axis as in [21]. Fig. 9(a) illustrates the measured scattering parameters for the bent antenna.
Fig. 9(b) depicts the bending process on a Styrofoam cylinder, along = axis.

An impedance bandwidth (3.4 to 9.1 GHz) similar to that of the unbent MIMO antenna (3.1 to
9.3 GHz) is observed along X-axis bending. Since the MIMO antenna is identical along X and Y axes, a
similar result is expected along Y axis. Since the port isolation values are larger than 15dB in Fig. 9(a),
the MIMO antenna performance isolation requirements are met.

Figures 10(a), (b), & (c) show the measured ECC, DG, and TARC values under the bending
configuration. Fig. 10(a) illustrates that ECC value is well below 0.1 in the whole operative band.
This value has to be less than or equal to 0.3 in order to ensure that MIMO applications function
to their full potential [15]. When gauging the reliability of MIMO antennas, diversity gain (DG) is
another crucial metric to take into account. Fig. 10(b) illustrates DG in bending condition. Under
bending along X-axis, DG is found to be greater than 9.85. It is a good indication of the MIMO
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Figure 9. (a) Measured S parameters of the flexible MIMO antenna for bending along X-axis. (b)
MIMO antenna on a Styrofoam bent along X-axis.

Table 2. Analysis of proposed work with similar existing flexible antennas from literature.

Ref Electric | Thickness| IBW | Radiation | Isolation ECC Material
No. Size (mm) (GHz) | Efficiency | (dB)
9 4-9.48 Micrometal mesh
26 40 x 40 1.124 7 43%, 46% > 15 - film glued on a
5.15-5.8
' ’ glass substrate
[27] 22 x 31 0.125 |3.43-10.1|  63% >15 | <03 | Wapton polyimide
substrate
multilayered
[28] 126 x 70 4.27 5.6-6.1 2% > 30 0.001 | polydimethylsiloxane
(PDMS) substrate
Conductive copper
[29] 38.1 x 38.1 2 2.4-2.5 27% > 12 < 0.01 Felt substrate
2.6-3.18
’ Thick flexibl
30] |180x180| 152  [53-6.06,| 70% 13 | <05 Rog;(;s ;{333333
6.7-6.94
[31] 31.6 x 3.3 0.5 33.8-36.1 > 40 - RT /duroid5880
32) | 11x254 | 0147 | 27.2-40 - >20 | <0.06 silver
nanoparticle ink
33] | 6060 0.2 445 | 8% > 20 |<o0.005] N Pased embedded
metallic mesh
AgHT-4 Malinex
4 4 .62 2.21- 41 1 .01
34 | 66x45 | 0.625 6 % ~15 |<0.016 (ST507)
Pﬁ)iied 65 x 65 0.07 3-9.3 50% >15 |<0.08| Thin FR-4 film
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Figure 10. (a) Measured ECC of the MIMO antenna for bending along X-axis. (b) Measured DG
after bending along X-axis. (c¢) Measured TARC of the MIMO for bending along X-axis.

system’s dependability and diversity performance. TARC values of bent MIMO antenna are illustrated
in Fig. 10(c). TARC value is below —10dB, and therefore MIMO performance requirements are met
even under bent conditions.

3.5. SAR Analysis

On-body technologies need the use of wearable textile antennas, which necessitates that the antenna
function in close proximity to human body. Thus, Specific Absorption Ratio (SAR) must be computed
once the antenna is activated on the body. Normal units for describing SAR values are expressed in
W/kg. SAR is a method of calculating how much energy a body absorbs from radio waves. Electric field
and SAR have a one-to-one relationship. It is possible to determine the SAR (W /kg) given the electric
field, E (V/m), conductivity of the material, o (S/m), and the density of the material, p (kg/m?) [22].

E2
SAR — w (7)

E#\s = incident power density (s) x 377 (8)
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A 150 x 150 x 40 mm? cuboid is used to model human organs for the purpose of studying the effect
on multilayer tissues. Muscle, fat, and skin make up the model’s three distinct layers. Table 3
provides approximate value for mass density, thickness, conductivity, and permittivity for each layer.
Its properties are taken according to [23] and are enumerated in Table 3.

Table 3. Characteristics of human tissues for 4 GHz.

Tissue | Thickness (mm) | Conductivity (S/m) | Permittivity
Skin 2 2.34 36.5
Fat 4 0.18 5.1
Muscle 10 3.01 50.8

The multilayer model simulation result is shown in Fig. 11. The prototype is positioned 1 mm
behind the proposed antenna. The antenna’s input power is set to 100 mW, and the software in the
CST MWS uses the IEEE C95.1 standards to calculate the SAR results. The IEEE (C95.1 standard
states that the SAR value of a device has to be lower than 2 W /kg when being averaged across 10 g of
tissue in a cube form [24]. The SAR levels at 3.39 GHz, 4.75 GHz, and 8.1 GHz are found at 1.29 W /kg,
1.47W /kg, and 1.71 W /kg, respectively. The obtained value is below the safety limit of 2 W /kg.

W/kng

o0 8 oo
W O P

Figure 11. Obtained SAR values as per IEEE C95.1 standards.

4. CONCLUSION

The purpose of this work is observing the functionality of the suggested antenna for UWB applications
and other wireless communication applications like ISM, Wi-Fi, and WiMAX, W-LAN, Sub-6 GHz 5G,
etc. The designed flexible and wearable antenna has a good performance over the whole bandwidth it
occupies. The most important discovery made by this research is the fact that the proposed UWB MIMO
antenna may be utilized for a variety of applications in 5G, S, C, and X bands. The novel self-decoupled
MIMO antennas are inherently segregated across broad frequency range without the need for external
decoupling devices. The suggested design scheme shows remarkable possibilities for the development
of highly integrated MIMO antennas for 5G devices in the future due to its straightforward structure,
expansive bandwidth, and high efficiency.

In order to verify the idea, the simulation of the 2 x 2 MIMO antenna system is followed by
fabrication and measurement of its performance. Both the antenna’s operating mechanism and its
performance are investigated. In general, results of both the simulation and experiment match well.
Furthermore, the findings of the SAR simulation demonstrate that the antenna satisfies the safety
standards. Because of its adaptability and wide frequency range, this antenna might be used in a
variety of wearable electronics.
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