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ABSTRACT An optically transparent MIMO antenna with close proximity two-element square patch
antenna elements has been presented here to achieve forthcoming requirements of compactness, optical
transparency and visual aesthetic for 5SG wireless communication and Internet of Things (IoT) applications.
A simple, thin optically transparent and more innovative decoupling structure with easier to design closely
spaced transparent MIMO antenna configuration is proposed, optimized, and analyzed to achieve higher
isolation and diversity gain performance even with close proximity of patch antenna elements. Polyethylene
terephthalate (PET) material, a thermoplastic polymer resin of the polyester family, is used as a substrate
to achieve optical transparency. The wired metal mesh parameters are considered to achieve the required
optical transparency, isolation and radiation performance for the MIMO antenna. The performance of the
proposed MIMO antenna is also verified through the fabricated prototype.

INDEX TERMS Proximity elements, MIMO antenna, transparent antenna, polyethylene terephthalate

(PET), wired metal mesh.

I. INTRODUCTION

The 5G standard requires the deployment of several smaller
base stations and the incorporation of the Internet of
Things for realizing its full capabilities and potential. [1].
It will incorporate the use of Multiple-input multiple-output
(MIMO) systems, which necessitate the use of multi-antenna
designs. A significant hurdle in the implementation of mobile
gadgets and base stations for the 5G standard is the wide
range of frequency assignments and operational environ-
ments. These require a new category of base stations and
mobile gadgets, which need to be designed for reliabil-
ity and ease of integration [1], [2]. The current wireless
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communication technology will grow significantly with the
help of 5G technology because lag-free connections are
ensured, and it is possible for millions of connected devices
to share data in real-time for activities like preventing traffic
accidents or other life-saving operations.

Transparent electronic systems make it possible to achieve
a discrete implementation of such systems. A key character-
istic of transparent antennas is that these can be integrated
seamlessly with transparent objects found in the environment,
such as building windows, screens of mobile gadgets, and car
windows [3]. So, it will be necessary to upgrade the anten-
nas for modern technology, and as gadgets get smaller and
smaller, there is a huge requirement that antennas can support
both a larger user capacity and a compact size. Since trans-
parent antennas offer both visual transparency and a suitable
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level of conductance, these can be a good replacement for
traditional ones.

An excessive development for the design of trans-
parent antennas has been observed during the last few
years [4], [5], [6], [7], [8]. An immense progress has been
made in developing hardware technology, including the
development of smart windows and augmented reality [9].
Hence, researchers have started focusing on the development
of transparent as well as conductive materials, which can be
used for wireless transparent applications, including mobile
devices, glass windows, glass disguises, display panels, smart
glasses and glass walls to meet requirements of increas-
ing demand of wireless connectivity without any significant
visual impact. However, transparent antennas may have low
efficiency and gain due to the material characteristics of
optically transparent conductors and dielectric substrate used
in the fabrication of such antennas.

Both transparency and conductivity should be present in
the materials needed for transparent gadgets. Transparent
conducting oxides are considered a good option due to optical
transparency and conductivity. These are largely employed in
transparent electronics. Indium tin oxide (ITO), an oxide of
varying proportions of Indium and Tin is also widely used as a
transparent electrode [10]. However, the use of ITO is limited
due to the fact that indium is not only fragile and expen-
sive but also a rare earth metal. Multilayered film (MLF),
which consists of Indium zinc thin oxide with a silver coating
(IZTO/Ag/TZTO) is considered more flexible and relatively
less expensive [7], [8], [11]. However, the performance of
such MLF oxides is considered relatively poor as compared
to non-transparent antennas. The transparent antennas having
MLF ground planes showed poor efficiency in comparison
with other types of transparent antennas [11], [12]. The
MLF conductivity is considerable. However, increased sheet
resistance due to extremely thin film causes poor efficiency.
Many transparent antennas that have been investigated to
date, use transparent conductive and polyester films coated
with silver (AgHT-4 or AgHT-8) as a conducting material
and high sheet resistances about 4-8 ohm/sq. Low radiation
efficiencies result due to high sheet resistances. For instance,
in [6] and [13] the efficiencies of antennas obtained were
less than 20%, which rendered them relatively impractical
transparent materials for use.

There have been several studies that have explored the
transparent dielectric materials’ layout, such as quartz or
glass, coated with a thin transparent conductive film layer,
which can be employed to develop transparent antennas.
The performance of such transparent antennas is explored
using a variety of conductive films and dielectric sub-
strates [14], [15]. An antenna that consists of a ring-shaped
resonator that is fed by a coplanar waveguide had been
presented by Hakimi et al. in [16]. The antenna’s dimen-
sions were reduced by decreasing the size of the ground
plane. The antenna was fabricated using a combination of
gold and ITO on a substrate made of glass. To enhance the
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layer conductivity, the combination of ITO and gold was
chosen. The frequency range of this antenna is 2-20 GHz.
A transparent compact square patch antenna operates in
the frequency band of 2.4 GHz (ISM), as reported by
Awalludin et al. [17]. This antenna was fabricated using
Aluminum-doped Zinc Oxide on a substrate made of glass.
The research also concentrates on enhancing the preced-
ing geometry to achieve better performance of the antenna.
According to Song et al. [18], they proposed a Coplanar
Waveguide antenna that operates at a frequency of 2.2 GHz.
They suggested a technique for enhancing antenna effi-
ciency by incorporating a highly conductive strip in areas
where the density of current is relative. As described by
Green et. al [15], a sapphire substrate was utilized to fabricate
two transparent filters and a transparent antenna, both of
which were coated with a Gallium-Zinc Oxide (GZO) con-
ductive film. The antenna operates at a frequency of 2.2 GHz,
while the filters function at 23-29 GHz frequency band.

The wired metal mesh type optically transparent antennas
are also considered the most suitable option for the last few
years. Such transparent antennas have enough conductivity,
with suitable transparency and optical characteristics and a
rather small fabrication expenditure in contrast to the conven-
tional transparent thin film transparent antennas. In compar-
ison, wired metal mesh transparent electrodes possess high
conductivity and low resistance. These two electrical prop-
erties increased the possibility of using transparent antennas
in patch [19], monopole, and arrayed antenna applications.
For electromagnetic (EM) interference shielding, wired metal
mesh has been used in [20] and [21], in which research has
been done on the effectiveness of infrared light transmission
to reduce the risks associated with electromagnetic radiation.
Metal mesh technology is also used in military applications
to block undesired radiation for infrared windows [21].

There is still limited research on optically transparent
MIMO antenna configurations. MIMO antennas can be
used for various applications and are also considered more
suitable to achieve higher data for different applications
like LTE, WI-fi, UWB, X & Ku band and 5G compact
devices [22], [23], [24], [25], [26], [27], [28], [29], [30].

Reference [31] describes a transparent multiport monopole
coplanar waveguide (CPW) antenna with experimental
design evaluation, that is built on Minkowski fractal geom-
etry, and is suitable for frequency band 5G-NR C. This
compact MIMO transparent antenna, is manufactured from
commonly available transparent materials, ITO films and the
substrate is made of glass. The radiation patterns along with
the reflection coefficients are used to evaluate the Envelope
Correlation Coefficient and diversity gain performance of the
proposed MIMO antenna.

There have been several two ports MIMO antenna designs
presented in the literature [27], [32], [33], [34], [35], [36].
One of the proposed antennas in [35] is intended for the
WLAN band and demonstrates adequate MIMO diversity
performance, however, it has not been manufactured yet.
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For 5G wireless communication, two elements transparent
MIMO antenna employing ITO is presented in [36], however,
it has also not been tested, practically. In [28], a micro metal
mesh is used to develop a two-element transparent dual-
band MIMO antenna that operates in frequency bands of
5.15-5.8 GHz and 2.4-2.48 GHz for Wireless Local Area
Network systems. It has 0.05 €2/sq sheet resistance, which
is significantly lower than the 8 €2/sq achieved by ITO. The
antenna performance is evaluated using its S-parameters,
however, the diversity gain performance of this MIMO
antenna has not been examined.

In [37], the authors examine two different scenarios for
simulation and experimental investigation of a two-element
MIMO transparent antenna. Devisowjanya Potti et.al pre-
sented optically MIMO antenna in [38], which has a high
sheet resistance of 10 ohm/sq for conductive layers of antenna
printed on the top of the glass substrate. An optically trans-
parent MIMO antenna for 5G has been presented in [39], and
ITO film has been used as a conductor. In [40], a four-element
wide band optically transparent MIMO antenna is proposed
using AgHT-8 transparent conductive sheet and Plexiglas
substrate. Arpan Desai et.al presented dual-band optically
transparent MIMO antenna in [36] using plexiglass substrate
and Silver Tin Oxide as the transparent conducting material.
Although, the optically transparent MIMO antennas pre-
sented above have relatively good radiation performance, iso-
lation or spectral efficiency, however, larger spacing between
MIMO antenna elements has limitations to develop compact
MIMO antenna systems in which MIMO antenna elements
need to be in close proximity with each other.

MIMO transparent antennas are considered the best solu-
tion particularly for indoor applications within a limited
space. So, the compact size of a MIMO antenna system is a
basic requirement for such applications. However, a compact
MIMO antenna system may need to have closely spaced
MIMO antenna elements, which may cause strong mutual
coupling between closely spaced antenna elements and may
affect the performance of the MIMO antenna system nega-
tively [25], [26], [41], [42], [43]. So, there is a need to develop
a thin and simple transparent decoupling structure to achieve
suitable isolation between closely spaced transparent antenna
elements.

In this work, an optically transparent square lattice of
the wired metal mesh is used to achieve transparent MIMO
antenna for two closely spaced patch antenna elements. Opti-
cally transparent polyethylene terephthalate (PET) material
is used as a substrate. The proposed transparent metal mesh
MIMO antenna is also fabricated using simple printed circuit
technology. The closely spaced transparent patch antenna
elements are isolated by a novel transparent thin decou-
pling structure. The transparent MIMO antenna is analyzed
and optimized by parametric analysis and surface current
distribution analysis of the square lattice for the wired
metal mesh and transparent thin decoupling strip structure
to reduce the spacing between patch antenna elements with
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desired transparency, impedance matching, isolation, radia-
tion performance and diversity gain performance.

Il. DESIGN AND DEVELOPMENT OF OPTICALLY
TRANSPARENT MIMO ANTENNA

To analyze the performance of a wired metal mesh transpar-
ent MIMO antenna, a MIMO antenna is selected in which
two patch elements are in close proximity and it operates
in the 5.74-5.88 GHz frequency band, which is suitable for
WLAN applications and 5G applications in sub-6 GHz band.
The intention of this study is to explore the feasibility of a
2-element transparent MIMO antenna with closely spaced
antenna elements for 5G applications, which may help in
the future to develop compact devices with more number of
antennas in close proximity without affecting visual aesthetic.
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FIGURE 1. The proposed transparent antenna geometry with close
proximity patch antenna elements.

The geometry of the proposed antenna is shown
in Figure 1. The proposed transparent MIMO antenna con-
sists of two extremely close proximity transparent square
patch antenna elements that have very small gaps of 0.1 mm
on both sides of the strip and both antennas are separated
by 0.9mm spacing. The whole structure of MIMO antenna
system is printed on top of PET substrate. The ground of the
MIMO antenna system is printed on the bottom of the sub-
strate, and its size is equal to the system substrate without any
slot or defect. A low-profile transparent passive decoupling
strip of width 0.7mm is used between the patch elements for
decoupling. The length of the parasitic strip plays a crucial
part in attaining a high level of isolation between the antenna
elements. The wired metal mesh with a square lattice is
used to achieve optical transparency and Imm thick optically
transparent PET material is used as a substrate. The PET
substrate consists of a stack of 10 layers and each layer has a
thickness of 0.1 mm and it has a dielectric constant of 3.5.

The size for the square lattice of wired metal mesh ‘L’
and the width of the wires ‘w’ used in the mesh is optimized
to achieve about 83% optical transparency. CST Microwave
Studio is used to design, analyze and optimize the dimensions
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TABLE 1. Geometry parameters of the MIMO antenna.

Parameters w L Wp Lp wf Lf
Values (mm) | 0.2 2 16 16.5 2 7.75
Parameters Wi | Li Ws Ls Ga —
Values (mm,) 6 35 [ 07 | 259 | 0.1 —

of the proposed geometry. The optimized dimensions of the
geometry are given in Table 1.

The scattering parameters of the proposed transparent
MIMO antenna system are shown in Figure 2. As both the
antenna elements are symmetric around the decoupling strip,
the S12 curve is overlapped on the S21 curve and in a similar
manner S11 and S22 curves are also overlapped. Both the S11
and S22 curves show that the proposed transparent MIMO
antenna has good impedance matching at 5.8 GHz and the
return loss is well below -10 dB from 5.74 GHz to 5.88 GHz,
while the isolation (S21) between the closely spaced transpar-
ent elements is greater than 25 dB in the desired frequency
band, which shows that the proposed transparent MIMO
antenna may have better diversity gain performance as well
as good impedance matching.

50 1 1
5.4 5.6 5.8

Frequency (GHz)

FIGURE 2. Scattering parameters of the proposed transparent MIMO
antenna.

The transparent thin strip has an important role to achieve
higher isolation between the patch antenna elements. The
length of the passive transparent strip is optimized to achieve
higher isolation between the closely spaced patch elements,
which causes two out-of-phase currents that cancel the mutual
flow of surface current between both the antenna elements.
It is also verified by removing the decoupling thin strip
between the two antenna elements. In Figure 3, it is observed
that the isolation between the closely spaced antenna ele-
ments is reduced to -7 dB without proposed decoupling
transparent thin strip.

The surface current distribution for the MIMO antenna is
also presented in Figure 4. to verify the reason for higher
isolation between antenna elements. It can be seen that when
antenna-1 is excited then there is almost no surface current
coupling observed towards antenna-2 and in a similar manner
there is no coupling of surface current to antenna-1 when
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FIGURE 3. Transparent MIMO antenna without decoupling strip
(a) geometry, (b) scattering parameters.
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FIGURE 4. Surface current distribution at 5.8 GHz (a) antenna-1 excited
and antenna-2 is matched to 50 ohm load, (b) antenna-2 excited and
antenna-1 is matched to 50 ohm load.

antenna-2 is excited. This also confirms that the isolation is
achieved due to the thin transparent passive decoupling strip
between the closely spaced antenna elements.

Ill. RESULTS AND DISCUSSION
A. PARAMETRIC ANALYSIS
The parametric analysis for the proposed transparent MIMO
antenna is also presented here to reveal how to optimize
square lattice dimensions of the wired metal mesh to achieve
better performance with suitable optical transparency for
MIMO antenna with closely spaced antenna elements.

The optical transparency (OT) for the wired metal mesh
square lattice can be defined as [44]:
L 1

] ey

0.1 = [m

Figure 5 (a), shows the parametric analysis to analyze the
effect of the parameters ‘w’ and ‘L’ for the square lattice of
the wired metal mesh on optical transparency of all the con-
ducting elements including the ground of the MIMO antenna.
It can be seen that the optical transparency of the MIMO
antenna can be increased by increasing ‘L’ and decreas-
ing ‘w’. The effect of variation in both the dimensions of the
square lattice on resonant frequency, return loss and isola-
tion are also analyzed and shown in Figure 5 (b), (c) and (d),
respectively, to achieve optimum values for both the dimen-
sions. It can be seen that the resonant frequency decreases
minutely with an increase in ‘L’ and a decrease in ‘w’, which
is due to an increase in the effective electrical length of the
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FIGURE 5. Parametric analysis for the proposed transparent MIMO
Antenna (a) for optical transparency, (b) for resonance frequency, (c) for
return loss, (d) for isolation.

patch antenna element due to the larger size of the square lat-
tice. The return loss for each antenna element varies randomly
and the minimum return loss is achieved for L = 2 mm and
w = 0.3 mm. The isolation between the patch elements also
varies randomly and the maximum Isolation is achieved for
L =2 mm and W = 0.2 mm. Through the above analysis,
it is found that L = 2 mm and W = 0.2 mm are the most
suitable dimensions for the square lattice to achieve optimum
values for optical transparency (83%), return loss (25 dB) and
isolation (25 dB) at 5.8 GHz.

—S21
-40 - -S22
- =S12
-50
5.4 5.6 5.8 6 6.2
Frequency (GHz)
(a) (b)

FIGURE 6. (a) Fabricated prototype of the proposed transparent MIMO
antenna, (b) measured scattering parameters for the proposed
transparent MIMO antenna.

B. PERFORMANCE ANALYSIS

The fabricated prototype of the proposed transparent MIMO
antenna shown in Figure 6 (a) is also characterized to verify
its simulated performance. The measured scattering parame-
ters for the proposed transparent MIMO antenna are shown
in Figure 6(b). It is observed that the measured scattering
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parameters are almost matched with the simulated ones.
A minor shift in resonance frequency and little deviations in
transmission coefficient curves have been seen, which may
be due to practical tolerance in simulation and measurement
environments and imperfect soldering connections of both
SMA connectors.

The performance of the proposed transparent MIMO
antenna is also analyzed through radiation pattern, Enve-
lope Correlation Coefficient (ECC), Channel Capacity
Loss (CCL), Total Active Reflection Coefficient and Mean
Effective Gain (MEG).

1) RADIATION PATTERN

The radiation pattern for one of the transparent patch antenna
elements at 5.8 GHz is shown in Figure 7.

= =Measured — =Measured
—Simulated]| ( 0 |——Simulated

30
60
]
/
90
120
210 150
180 180
(@ (b)

FIGURE 7. Radiation pattern of the transparent MIMO antenna at 5.8 GHz
(a) E-plane, (b) H-plane.

The transparent antenna element has achieved a gain of
3.55 dBi, radiation efficiency of 65% and total efficiency
of 64.5% at 5.8 GHz, while the total efficiency at extreme
frequencies of 5.74 GHz and 5.88 GHz is 59% and 63.5%,
respectively, which is considered significant performance
for a transparent patch antenna element in the desired fre-
quency band. Similar radiation performance is observed for
the 2" closely spaced transparent antenna element.

2) ENVELOPE CORRELATION COEFFICIENT
AND DIVERSITY GAIN
The Envelope Correlation Coefficient (ECC) is a measure-
ment of the impact that one antenna element has on another
as a result of coupling. This parameter is used to measure the
correlation between antenna elements in a MIMO diversity
system. When evaluating the diversity performance of the
MIMO antennas, the correlation coefficient is a crucial factor.
The ECC performance of the proposed transparent MIMO
antenna is calculated in the desired frequency band through
far-field radiation pattern technique [43], and it is found to
be 0.1198 at 5.8 GHz while its value is 0.134 and 0.1451 at
5.74 and 5.88 GHz, respectively. This ECC value in the
required frequency band is below the required minimum
value of 0.5 [45].
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The diversity gain (DG) is used to express the improvement
in combined signal strength of a multiple antenna system over
time averaged SNR. It is imperative to state here that the
diversity gain, as well as the envelope correlation coefficient,
are interrelated. This relation is such that if the correlation
coefficient is low, then consequently the diversity gain will
be high and vice versa{ [45].

The diversity gain is 9.93 at 5.8 GHz, while it is 9.91 and
9.89 at 5.74 and 5.88 GHz respectively, so the diver-
sity gain is nearly equal to the ideal value of 10 in the
desired frequency band, which is also considered good diver-
sity gain performance for the proposed transparent MIMO
antenna.

3) TOTAL ACTIVE REFLECTION COEFFICIENT (TARC)
The TARC Characteristic is a measure of the performance of
a MIMO antenna. It illustrates the significance of resonance
frequency stability even when the phase difference between
antenna elements changes. This factor can be computed by
taking the square root of the ratio between the available
power minus the radiated power and the total available
power [45].

The TARC performance of the proposed transparent
MIMO antenna is also shown in Figure 8 which is -21 dB
at 5.8 GHz.

0 - r
-5
g-10
&
< -15
h
-20 ——Measured
— =Simulated
-25 . -
5.4 5.6 5.8 6 6.2
Frequency (GHz)

FIGURE 8. Total active reflection coefficient (TARC) for the proposed
transparent MIMO antenna.

4) CHANNEL CAPACITY LOSS (CCL)

The CCL parameter is used to find transmission loss in terms
of a number of data bits per second per Hertz transmitted
through a communication channel. A CCL value less than
0.04 bps/Hz in a MIMO system is desirable for optimal
performance [45].

The CCL performance of the proposed transparent MIMO
antenna is shown in Figure 9. It can be seen that the CCL
value remains less than 0.04 bps/Hz in the desired frequency
band.
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FIGURE 9. Channel Capacity Loss (CCL) performance for the proposed
transparent MIMO antenna.

5) MEAN EFFECTIVE GAIN (MEG)

A power imbalance in the diversity elements of the MIMO
system can cause diversity loss, which can negatively affect
system performance. This imbalance is influenced by the
antenna’s total efficiency. MEG is a crucial parameter for
measuring the performance of a MIMO antenna system,
because of its special ability to represent all influences on
the antenna’s overall efficiency. The multiple antenna system
must meet the balanced power requirement in order to pro-
vide the best possible diversity performance. It compares the
power received by the MIMO antenna at the receiver to the
power received by an isotropic antenna in a multipath fading
environment [45].

MEGI1-Measured
== MEG2-Measured
-15F == MEG12-Measured
= =MEGI-Simulated
----- MEG2-Simulated
220 MEG 12-Simulated|
54 5.6 5.8 6 6.2

Frequency (GHz)

MEG (dB)
=
\

FIGURE 10. Mean Effective Gain (MEG) performance for the proposed
transparent MIMO antenna.

The simulated and measured MEG performance for
the proposed transparent MIMO antenna is illustrated
in Figure 10. It can be seen that the simulated MEG |, value
remains at O dB, while the measured MEG |, value is also less
than 3 dB in the desired frequency band.
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TABLE 2. Comparison with previous recent works.

. . . Element
Ref. Radiation O0.T Peak Gain Isolation .
No Freq. Bands (GHz) Substrate Conductor EfE. (%) (%) (dBi) (dB) Sg?l:::;g
[28] 24-25,5.1-5.8 Glass Micro Metal Mesh 43, 46 40 0.74, 2.30 15, 21 22.4
[36] 2.2-2.5,3.24 Plexi-glass AgHT-8 86, 88 - 1.98,2.95 12,32 35
[37] 4.6-5 Plexi-glass AgHT-8 53 45 1.83 10 5
[38] 24-11 Glass ITO & FTO 60 72 2 20 20
[39] 4.8-5,22.6-28.3 Glass 1TO - 84 2.3,39 35, 30 90, 130
This- 5.7-5.9 PET Wired Metal Mesh 65 83 3.55 25 0.9
Work
Table 2, compares the performance of the proposed close REFERENCES

proximity 2-element optically transparent MIMO antenna
with some recent previous works to highlight the importance
of the proposed design technique. The results indicate that
the proposed transparent thin decoupling strip has helped to
achieve comparable isolation and radiation performance even
with significantly reduced spacing between antenna elements
as compared to spacing demonstrated in previous works.
This significant reduction in spacing between antenna ele-
ments may help to develop compact and optically transparent
MIMO antenna systems for potential future applications of
IoT and 5G Communication systems.

IV. CONCLUSION

A transparent MIMO antenna is proposed, which consists
of transparent patch elements in close proximity. The wired
metal mesh with a square lattice is used to achieve optical
transparency and Imm thick transparent PET material is used
as a substrate. A very low-profile decoupling transparent strip
is used to achieve more than 25 dB measured isolation in
the desired frequency band. The transparent MIMO antenna
is optimized and analyzed using parameters of the square
lattice wired metal mesh and the length of the thin transparent
passive strip between the antenna elements. The proposed
MIMO antenna has achieved 83% transparency. The antenna
operates at 5.8 GHz and the inset feed technique is used for
impedance matching. The transparent MIMO antenna perfor-
mance is also exhibited through gain, radiation efficiency,
total efficiency, envelope correlation coefficient, diversity
gain, TARC and mean effective gain. The performance of
the proposed transparent MIMO antenna is also verified
through measurement of the fabricated prototype, which also
confirms the suitability of the proposed transparent MIMO
antenna for applications, which need compactness as well
as suitable optical transparency and visual aesthetic. The
proposed technique may have a key role in the development
of future smart wireless transparent gadgets.
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