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Abstract: A dual-port transparent multiple-input multiple-output (MIMO) antenna resonating at
sub-6 GHz 5G band is proposed by using patch/ground material as transparent conductive oxide
(AgHT-8) and a transparent Plexiglas substrate. Two identical circular-shaped radiating elements
fed by using a microstrip feedline are designed using the finite element method (FEM) based high-
frequency structure simulator (HFSS) software. The effect of the isolation mechanism is discussed
using two cases. In case 1, the two horizontally positioned elements are oriented in a similar direction
with a separate ground plane, whereas in case 2, the elements are vertically placed facing opposite
to each other with an allied ground. In both cases, the transparent antennas span over a —10 dB
band of 4.65 to 4.97 GHz (300 MHz) with isolation greater than 15 dB among two elements. The
diversity parameters are also analyzed for both the cases covering the correlation coefficient (ECC),
mean effective gain (MEG), diversity gain (DG), and channel capacity loss (CCL). The average gain
and efficiency above 1 dBi and 45%, respectively with satisfactory MIMO diversity performance,
makes the transparent MIMO antenna an appropriate choice for smart IoT devices working in the
sub-6 GHz 5G band by mitigating the co-site location and visual clutter issues.

Keywords: MIMO; transparent; dual elements; sub-6 GHz; 5G

1. Introduction

The advent of 5G that leads to delivering minimal lag and allowing data transfer at a
larger volume is emerging as the best choice for wireless communications in recent times.
A lot of new opportunities are provided by this technology, and it is capable of doing
much more than improving the network connection. 5G is divided into sub-6 GHz and
mm-wave bands where both have their perks [1]. 5G will enable the existing technology
for communication to move a lot further. The billions of devices connected and sharing
information for reducing road accidents, or other lifesaving applications in real time is
realistic due to guaranteed lag-free connections.

The antennas for advanced technology will have to be upgraded and with devices
becoming more and more compact, the need for antennas with compact structure along
with fulfilling the higher user capacity is in very much demand. One such solution for
overcoming the space requirements, transparent antennas, which are optically transparent
and causes no visual clutter that can be interfaced anywhere without any location issues, can
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be very well utilized [2,3]. Transparent antennas are a good alternative to their conventional
counterparts, as they provide a good value of conductivity along with optical transparency.
Such antennas are realized using various oxides [4], and inks [5] that can be printed on
the substrate made up of transparent material. Non-conformable [5] and conformable [6]
transparent antennas for 5G applications. Transparent antennas have low efficiency and
gain due to the material properties used for the fabrication of such antennas. The bending
of antennas leads to further deterioration in efficiency and gain of the antenna, so in this
paper, the analysis of non-conformable transparent antenna is carried out.

To fulfill the necessity for superior user capacity, multiple-input multiple-output
(MIMO) technology is the best solution for wireless communication. The antenna systems
with MIMO technology have multiple antennas at both transmitting as well as receiving
ends. It significantly improves the quality of wireless communication along with data rate
without the extra need for the power required for bandwidth and the transmission [7].
The antenna design incorporated with MIMO technology demands a vigilant selection
of the layout that reduces the interelement mutual coupling. Various flexible [8], recon-
figurable [9], and 4-port MIMO antenna structures [10] are proposed for 5G and wireless
applications. However, as the transparent antennas have low gain and efficiency, which will
be more deteriorated by using a flexible substrate, the proposed design is non-conformable,
and the main idea is to test the performance of transparent materials for MIMO applications,
so only a 2-element MIMO antenna is designed.

Various 2-port MIMO antennas working in dual-band [11,12], tri-band [13], quad-band [14,15],
and wideband [16-23] are proposed in the literature. The dual-band antennas are proposed
for LTE bands operating at low frequency [11], and applications covering X-band and WLAN
bands [12]. Tri-band MIMO antennas cover FD-LTE, WLAN, and WiMAX bands [13]. MIMO
antennas, having quad-band operation, cover applications such as UMTS, GSM850/900,
PCS, DCS, WiMAX, and WLAN bands [14]. The antenna in [15] is also proposed for GSM,
LTE, and DCS applications [16]. The MIMO configuration, having wideband performance,
is discussed next, where various applications are covered that include Wi-Fi, LTE [16],
UMTS [17], band covering 3-7 GHz [18], UWB, X, and Ku with notch band at WiMAX and
WLAN [19], sub-6 GHz spanning from 3.34-3.87 GHz [20], UWB [21], WLAN [22], and 5G
portable devices covering 2.7-3.6 GHz [23]. It is observed that only two MIMO antennas
proposed cover the sub-6 GHz 5G band, although the band spanning from 4.6 to 4.94 GHz
is still not covered, while all the antennas are non-transparent. The transparent 2-element
MIMO antennas are proposed in [24-26]. In [24], a transparent 2-element MIMO antenna
array is proposed for the WLAN band, where satisfactory MIMO diversity performance is
achieved; however, the same is not fabricated. A transparent 2-element MIMO using indium
tin oxide (ITO) is proposed in [25] for 5G mobile applications; however, the antenna is not
tested experimentally. A dual-band transparent 2-element MIMO antenna, using a micro
metal mesh in [26], resonates at 2.4-2.48 GHz and 5.15-5.8 GHz. The antenna is tested for
S parameters; however, the MIMO diversity parameters are not analyzed. So, a 2-element
transparent MIMO antenna with simulated and measured S parameters along with MIMO
diversity parameters is very much needed.

In this article, a simulation as well an experimental study of a dual-element transparent
MIMO antenna for two different cases are analyzed. The single-element antenna geometry
is optimized and in the next stage, the same antenna geometry is replicated along the
horizontal and vertical direction to form a dual-element structure with the separate ground
in case 1 and connected ground in case 2. S parameters and MIMO diversity parameters
are calculated in terms of ECC, DG, MEG, and CCL, where all the results meet the ideal
values as suggested in [27-29].

This paper is structured as follows. A single element followed by two different cases
of dual-element transparent antenna geometry is explained in Section 2. Performance
analysis in terms of basic antenna characteristics along with MIMO diversity parameters is
emphasized in Section 3. Concluding opinions are mentioned in Section 4.
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2. Materials and Methods

In this section, the design stages of the transparent MIMO antenna structure, the
materials used and the electrical properties of these materials and parametric numerical
analysis results for the Sq1 value are presented.

Figure 1a,b portrays the top and isometric layout of a single-element radiator. The an-
tenna consists of a conductive structure realized using a solid cylinder encompassed in a hol-
low cylinder that is connected through a rectangular-shaped stub. Transparent conductive
material AgHT-8 (sheet impedance = 8 ()/Sq, thickness = 0.177 mm, transparency >75%)
is used as a conductive patch/partial ground plane. Plexiglas is chosen as the substrate
material owing to its properties, such as er = 2.3, tan 6 = 0.0003, thickness (T) = 1.48 mm,
and transparency of more than 85%. The entire structure is realized by coalescing the patch
and substrate.

35

(a)

Transparent Substrate
(Plexiglass)

Transparent Patch and
Partial Ground (AgHT-8)

Total Thickness = 1.85

(b)

Figure 1. Single-element transparent antenna geometry. (a) Dimensions of the top view of antenna.

(b) Perspective view of antenna. (All dimensions in mm).

The step-by-step evolution of the antenna is shown in Figure 2. Step 1 to step 3 are
configurations with the full ground plane. In step 1, a circular ring attached to the feedline
is realized. It is observed that a dip is observed between 3.6 and 5 GHz; however, the
reflection coefficient level is not satisfactory, as it does not cross the —10 dB threshold. In
the next step, a vertical stub on the top side inside the circular ring is introduced that leads
to the generation of frequency band on the higher side after 5 GHz. As that band is not of
interest, a solid circular section is added in step 3 after which the ground plane variation is
carried out (Proposed) that leads to attainment of the required frequency band.
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Figure 2. Antenna evolution.
The single-element transparent antenna is optimized before finalizing the design.
The reflection coefficient performance of the radiator is analyzed by varying antenna
geometrical parameters, such as inner cylinder radius, outer cylinder radius, and ground
plane width as shown in Figure 3a—c.
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Figure 3. Cont.
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Figure 3. Parametric analysis of various antenna parameters in terms of S11. (a) Effects of R1.
(b) Effects of R2. (c) Effects of Gy.

The effect on Sq; by varying the innermost circular radius is depicted in Figure 3a,
where it can be observed that the application frequency can be optimized by varying the
radius. As the radius increases, the frequency shifts more toward the lower side and vice
versa. So the optimal radius to achieve the best performance is selected as 5 mm. Varying
the outer radius also helps in optimizing the required frequency band along with the return
loss as observed in Figure 3b. The optimum radius to achieve the best performance is
selected as 8 mm. The ground plane variation is carried out to achieve the best possible
impedance bandwidth and return loss, where it is observed in Figure 3c that for a ground
plane width of 5mm, the reflection coefficient and bandwidth is the maximum; however,
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the targeted sub-6 GHz 5G band is 4.60—4.94 GHz, which is achieved at ground plane width
of 15 mm.

The single element antenna is replicated along the Y-axis (case 1, Figure 4a) and X-axis
(case 2, Figure 4b) to achieve the MIMO configuration. Case 1 has a separate ground profile
with elements having similar orientation, whereas in case 2, the antennas are arranged
oppositely with a connected ground profile. The inter-element distance of 5 mm and 15 mm,
respectively, are kept between the elements to achieve spatial diversity as shown in Figure 4.
It is observed that no additional techniques for isolation are used as a complex antenna
geometry makes the fabrication process difficult for transparent antennas. To achieve the
enhanced impedance matching and isolation, the layer beneath the substrate comprises
partial ground, which is separated by a distance of 10 mm in case 1 and 0 mm in case 2. The
dual element antenna dimension for case 1 and case 2 are 50 x 35 mm? and 70 x 25 mm?,
respectively.

(b)

Figure 4. Two-element transparent MIMO antenna geometry. (a) Case 1. (b) Case 2. (All dimensions
are in mm).

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Single-Element Antenna

The optimized single element transparent antenna is fabricated using AgHT-8 (patch/ground)
and Plexiglas (substrate) as shown in Figure 5. The conductive ground and patch layers
are interfaced using adhesive tape on a transparent substrate. A conductive adhesive
(silver/graphene paste) is used to connect the SMA connector.

(b)

Figure 5. Single-element transparent MIMO antenna fabricated prototype. (a) Top view. (b) Front view.

The reflection coefficient is well below -10 dB between the frequency span of 4.60-4.94 GHz
(impedance bandwidth (IB) = 7.13%) with 15111 = 19.53 dB as illustrated in Figure 6 for
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single element structure that correlates well with the simulated structure results. The pro-
posed antenna is useful in several countries, such as China, Japan, and Russia, for IoT
devices working in the sub-6 GHz 5G band.

4.60 - 4.94 GHz =

£ —Simulated
-=-=Measured

Sub-6 GHz 5G Bands
-15 Russia: 4.80-4.94 GHz
China: 4.80-4.94 GHz
220 Japan: 4.60-4.94 GHz

Reflection Coefficient (dB)

-25

3 e 4 4.5 5 o 6
Frequency(GHz)

Figure 6. Simulated and measured reflection coefficient.

The current distribution of antenna is depicted in Figure 7. The surface current on the
outer circular section of solid cylindrical transparent material is symmetrically distributed
in a A resonant mode with the inner circular section being effective for the improved input
impedance matching through the low impedance radial stub as deduced from Figure 3.

Jsurf [Alm]
40.0000

38.0000
36.0000

34.0000

32.0000
30.0000
28.0000
26.0000

24,0000

22,0000
20.0000

18.0000
16.0000
14.0000
12.0000

10.0000

Figure 7. Current distribution of single-element transparent antenna at 4.77 GHz.

3.2. 2-Element MIMO Antenna

The fabricated prototype of case 1 (separate ground profile) and case 2 (connected
ground profile) is depicted in Figure 8, where the optical transparency of antennas is visible.
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()

(b)
Figure 8. Two-element transparent MIMO antenna fabricated prototype. (a) Case 1. (b) Case 2.

The dual element antenna performance in terms of reflection coefficient, radiation
pattern, and current distribution along with other diversity parameters, such as ECC, DG,
MEG, and CCL, are carried out in this section, where two different cases are considered to
understand the effect of element position in the MIMO environment.

Figure 9 reveals the S parameters in terms of S11 and 512, where two MIMO antennas,
using the elements aligned in horizontal and vertical direction, achieve an impedance
bandwidth ranging from 4.65 to 4.97 GHz (6.65%) for case 1 and 4.67 to 4.94 GHz (5.61%)
for case 2, respectively. The resonant peak within the impedance bandwidth for case 1 is
observed at 4.81 GHz, having a value of |S11| =17.18 and isolation |S121| greater than
17.10 dB, whereas for case 2, the resonant peak is observed at 4.81 GHz, having a value of

IS111 =14.86 and isolation 1S121 greater than 17.38 dB, which shows that both designs
show good MIMO isolation performance. The higher isolation in case 1 is due to a separate
ground profile, while in case 2, it is due to the spatial diversity. The measured results agree
well with the simulated results.

The surface current distribution of a dual-element transparent antenna with a partial
ground plane is depicted in Figure 10 for both cases. It is revealed that coupling between
the two elements is negligible when port 1 is excited by keeping port 2 terminated at a
50 () matched load. The improved isolation is observed due to the use of a partial ground
plane in case 1, while for case 2, the distance between the two elements results in lower
mutual coupling.

The co/cross-polarization 2D patterns for both the cases are illustrated in Figure 11 at E
and H Plane, respectively, which is measured in the anechoic chamber as shown in Figure 12.
Along E and H plane, the antenna shows a dipole and omnidirectional-formed radiation
pattern for both the cases. The acceptable difference between the co/cross-pol pattern
around 15 dB is observed, which guarantees good pattern diversity for the transparent
MIMO antenna.
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Figure 9. Simulated and measured S parameters of 2-element transparent MIMO antenna. (a) Case 1.

(b) Case 2.
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Figure 10. Current distribution of 2-element transparent MIMO antenna at 4.81 GHz. (a) Case 1.
(b) Case 2.
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Figure 11. Co/Cross Pol of 2-element transparent MIMO antenna at 4.81 GHz. (a) Case 1. (b) Case 2.



Electronics 2022, 11, 251 11 of 20

Antenna
Under Test
(Rx)

(Separate Ground (Connected
Transparent Ground
MIMO Antenna) Transparent
MIMO Antenna)

Figure 12. Setup of radiation pattern measurement inside anechoic chamber.

3.3. MIMO Diversity Analysis

The MIMO diversity performance is analyzed in terms of ECC, MEG, TARC, DG,
and CCL, where it is ensured that the proposed antenna meets the diversity requirements
recommended in [29-32].

ECC, which is an important diversity parameter, conveys the field correlation amid
antenna elements in a MIMO system, which is calculated from far-field parameters referring
to Equation (1) [29].

Qe = Uf4n [f1(0,9) * f2(0, (P)]dQ|2
il £1(6,9) PO [[y 126, 9) PO

The emitted radiation pattern influenced by simultaneous port excitation is understood
using ECC. The simulated value of ECC for the proposed transparent MIMO antenna is
<0.05 for case 1 and <0.03 for case 2, as illustrated in Figure 12, which is well under the
limit of 0.1 as recommended in [29].

DG in multiple MIMO antenna concerning a single antenna structure is the improve-
ment in (SNR) signal-to-noise ratio. The ideal value of DG should be 10, according to [8]
which is calculated referring to (2).

The diversity gain is calculated by using Equation (2).

DG = 104/1 — |[ECC[? )

Figure 13 illustrates that the diversity gain value of the proposed transparent MIMO
antenna system is between 9.88 and 10 dB for both cases, which meets the MIMO diver-
sity criteria.

)
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Figure 13. Envelope correlation coefficient (ECC) and diversity gain (DG) of 2-element transparent
MIMO antenna. (a) Case 1 (Separate Ground MIMO) (b) Case 2 (Connected Ground MIMO).

MEG of the MIMO system in a fading environment is the ratio of a diversity antenna
and isotropic antenna received power levels that are calculated referring to Equation (3).
The ratio of MEG1/MEG?2 ranging between +3 dB is good for the MIMO antenna system.

prat Go (6, ¢) Pa (6, ¢)+
XPR+1 0 (]
MEG = / / l xR Go (6, 9) Py (6, ) )

where, in Equation (3), Gg(6, ¢) and Py(0, ¢) are the power gain and the existing power
along the horizontal and vertical polarizations, respectively. The XPR is expressed as
follows in Equation (4)

P
XPR = 101log;, P:”” (4)
pa

where, Pvpa and Phpu represent the power received by vertically and horizontally polarized
antennas, respectively.
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The MEG plot of the antenna is shown in Figure 14, where it can be observed that
MEG-1/MEG-2 are around one for both the cases, which signifies the improved diversity
performance of the radiator.

1.2
B 1 memmmmm e e
=
g 0.8 MEG1
0 --- MEG2
2 0.6
7 P - - MEG1/MEG2
04 A NG
= a" \\~
3 0.2 e "W
E - -‘--~-
0
3 3.5 4 4.5 5 95 6
Frequency(GHz)
(a)
1.2
5 1
=
S o8 MEG1
Q
2 06 --- MEG2
Q2 Jom==s —MEG1/MEG2
o 0.4 W e ?
C ’l' \\~
8 "’” ‘\\~
= 0 17/ O - e T
0
3 3¢5 4 4.5 5 55 6
Frequency (GHz)
(b)

Figure 14. Mean effective gain (MEG) of 2-element transparent MIMO antenna. (a) Case 1 (Separate
Ground MIMO) (b) Case 2 (Connected Ground MIMO).

CCL signifies the maximum message rate limit over which the message is transmitted
continuously through a channel without any losses. Figure 15 depicts the CCL of the
transparent MIMO antenna, where it is observed that the value is below 0.5 bits/S/Hz for
the proposed frequency band in both antennas, having horizontal and vertical alignment,
which matches well with the ideal value. Channel capacity is calculated referring to (5).

Closs = _logszt(A) (5)
A= [ i 0Oij ] ®)

%i G
o =1— (|5ii|2 - |Sij|2) @)

oij = = (Si"Sij + S;iSji”) ®)
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Figure 15. Channel capacity loss (CCL) of 2-element transparent MIMO antenna. (a) Case 1 (Separate
Ground MIMO) (b) Case 2 (Connected Ground MIMO).

The total active reflection coefficient (TARC) is one more parameter that also depicts
the performance of the MIMO antenna in terms of isolation. It reflects the fraction of power
levels of reflected and incident waves. The effective MIMO antenna operating bandwidth
is derived using this parameter. The operating bandwidth is observed by varying the input
phase with a step size of 30° starting from 0° to 180°. The proposed frequency band should
be below-10 dB at phase angles covering the entire proposed bandwidth. The calculation of
the total active reflection coefficient (TARC) is carried out using the equation given in (9).

TARC = Y == Lica 0K ©)

lec\]=1 ]ak|2

where g and b are excitation and scattering vectors, respectively.

TARC is calculated between port 1 and port 2, where the necessary frequency bands
are covered while achieving the stable characteristics as illustrated in Figure 16a,b. The
TARC bandwidth ensures that high isolation is present among various ports present in the
MIMO antenna.
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TARC (dB)

TARC (dB)

30 4 4.5 5 aa 6
Frequency (GHz)

(a)

3.0 4 4.5

Frequency (GHz)
(b)

Figure 16. Total active reflection coefficient (TARC) of 2-elements transparent MIMO antenna. (a) Case 1.
(b) Case 2.

The simulated radiation efficiency along with gain values is depicted in Figure 17a,b,
where efficiency value ranging from 48% to 53% and gain ranging from 1.02 to 1.83 dBi is
observed for case 1, whereas for case 2, the simulated efficiency and gain value ranges be-
tween 58% and 59% and 1.56 and 1.65 dBi, respectively, which coincides with the measured
values of gain very well. The low gain and efficiency in the case of transparent antennas is
due to its low conductivity value that is inversely proportional to its optical transparency.
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Figure 17. Gain and efficiency of 2-element transparent MIMO antenna. (a) Case 1. (b) Case 2.

Table 1 illustrates the antenna performance for both cases in terms of the radiation
efficiency, gain, and MIMO diversity parameters. It can be observed that for both cases, the
results are almost similar; however, the case 2 antenna is more preferable, considering the
connected ground structure [28].

Table 1. Two-element transparent antenna characteristics.

Impedance Bandwidth  Radiation MIMO Parameters

Antenna  (%)/Center Frequency  Efficiency . Isolation Diversity Gain MEG CCL  TARC
o (dBi) ECC )
(GHz) (%) (dB) (dB) (dB) (Bits/s/Hz) (dB)
Casel  6.65% (4.65-4.97)/4.81  48-53% 11;;2 dtgi 17.44  0.02 9.96 1 010  >—15dB
Case2  5.62% (4.67-4.94)/4.81  58-59% 11‘6556 ;1(;1 1747 0.02 9.94 1 015  >—12dB

Table 2 shows that very few transparent antennas are proposed for MIMO applica-
tions [24-26]. The antenna in [24] covers the sub-6 GHz band; however, no MIMO diversity
parameters are analyzed. The MIMO antenna in [25] covers dual-band (2.23-2.46 GHz
and 3.22-4.04 GHz) with high gain; however, the MIMO antenna is not fabricated, and
the resonating bands do not cover the sub-6 GHz bands covered by the proposed antenna.
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Additionally, the size of the antenna structure is very big. A compact antenna with a size
of 40 x40 mm? is proposed in [26]; however, the antenna radiates at the WLAN frequency
band. Thus, it is observed that the proposed antenna outperforms another 2-port MIMO
antenna in terms of the covered application band (sub-6 GHz band) and analysis of all
MIMO diversity parameters (ECC, MEG, TARC, DG, and CCL), with the acceptable value
of gain and efficiency.

Table 2. Comparison of proposed 2-port transparent MIMO antenna with other 2-port MIMO
antennas from literature.

Dimension

MIMO Diversity Analysis

References (mm)/No. of Impedance Bandwidth (%) Sl\‘/[’:ts::?:le Gain (dBi) DG TARC MEG
Elements FEC wm @B @B
[11] 50 x 100/ 827-853 MHz FR-4 —2.8-5.5 <0.25 - >—10dB <3 dB
2 Elements 2.3-2.98 GHz
[12] 27 x 21/ 5.19-5.41 GHz, FR-4 9.38 0.13 >9.7 >-—10dB NA
2 Elements 7.30-7.66 GHz
[13] 53.00 x 10.95/ 2.32-2.37/ FR-4 - 0.1 - - -
2 Elements 3.40-3.62/
5.12-5.29 GHz
[14] 125 x 85/ 826-1005, FR-4 - 0.0184, NA NA NA
2 Elements 1527-2480, 0.0008,
3439-3690, 0.0003,
5340-5749 (MHz) 0.0001
[15] 60 x 80/ 900 MHz (890-960 MHz), FR-4 34 NA >9.9 NA NA
2 Elements 1800 MHz (1710-1880 MHz),
2300 MHz (2320-2370 MHz)
2600 MHz (2575-2635 MHz)
[16] 105 x 125/ 2.4-3 GHz FR-4 4.85 0.04 NA NA NA
2 Elements
[17] 55 x99/ 1870-2465 MHz FR-4 NA NA NA NA
2 Elements
[18] 59 x 55/ 3-7GHz FR-4, DRA 5 <0.09 >9 >—10dB ~1
2 Elements
[19] 20 x 36/ 2.60-20.04 RT Duroid 4.35 <0.02 >9.95 >—20 NA
2 Elements 5880
[20] 20 x 35/ 3.34-3.87 GHz FR-4 2.34 <0.012  >9.999 <0.5 ~1
2 Elements
[21] 18 x 36/ 3-40 GHz FR-4 6 <0.02 NA NA NA
2 Elements
[22] 14 x 14/ 5.58-5.88 GHz FR-4 NA <0.10 NA NA NA
2 Elements
[23] 50 x 100/ 2.7-3.6 GHz FR-4 3 <0.009 - - -
2 Elements
[24] 150 x 70/ 45-5.3 GHz Glass - <0.1 - - -
2 Elements (Transparent)
[25] 105 x 105/ 2.23-2.46 GHz and Plexiglas 36and7.1 <0.002 9.95- - -
2 Elements 3.22-4.04 GHz (Transparent) 9.99
[26] 40 x 40/ 2.4-2.48 GHz and Glass 0.35to 1.15 - - - -
2 Elements 5.15GHz-5.8 GHz (Transparent)
Proposed Case1:50 x 35  4.65 to 4.97 GHz (6.65%) for Plexiglas 1.83 and 0.02 >9.8 >-10dB 1
Antenna  Case 2: 70 x 25 case 1 (Transparent) 1.65

2 Elements

4.67 to 4.94 GHz (5.61%)

Some salient features of the proposed transparent MIMO antenna are listed below:

1.  Where extreme space limitations on a compact circuit board need to be mitigated,
transparent antennas offer easy integration while saving space. It can be placed
anywhere, thus offering a degree of integration flexibility unrivaled by other an-
tenna solutions.
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2. Transparent structure, sub-6 GHz band (4.60-4.94 GHz), more than 15 dB isolation
levels, shared ground and unshared ground configurations, the antenna meeting all
MIMO diversity characteristics, acceptable gain, and radiation efficiency point out
that the proposed MIMO antenna appears to be a commercially feasible solution for
IoT devices.

3. The proposed optically transparent MIMO antenna finds its applications in smart
indoor devices, such as wireless repeaters and routers that work at the sub-6 GHz
5G band. It can be easily interfaced on the office and home buildings, where glass
structures are utilized. That way, it maintains the aesthetics, owing to its transparency.
In addition, such types of transparent antennas can be utilized in satellites with a
small-form factor and also in cube satellites by repeating the structure to form an
array structure, thus helping to meet the critical space necessities [33,34]. Transparent
antennas over solar panels help in revenue generation by leasing out the panels to
telecom operators [33-35].

4. Conclusions

Two different transparent dual-element MIMO antennas are proposed, for which the
study on S parameters and MIMO diversity parameters is carried out. The antennas differ
in the way that the elements are positioned along with the ground plane configuration.
The antenna design with vertically positioned elements (Case 2) with connected ground
shows an almost similar performance when compared to the horizontally positioned MIMO
antenna (case 1), which has a separate ground structure. The —10 dB impedance bandwidth
(IB), ranging from (5.61%) 4.67 to 4.94 GHz with isolation greater than 15 dB is achieved
between inter-elements in case 2. Additionally, the value of the envelope correlation is
under 0.05, and DG is nearly 10 dB. The antenna shows the the ratio of MEG is around 1 and
the CCL values are below 0.5 bits/s/Hz. The radiation efficiency and gain of more than 45%
and 1 dBi, mitigation of visual clutter, no co-site location issues, and complete transparency
make the proposed transparent connected ground dual-element MIMO antenna suitable
for smart devices using sub-6 GHz 5G in IoT applications.
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