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Abstract

An optically transparent UWB antenna with polarization diversity for the use of automo-
tive communications is presented in this paper. The novel two element antenna operates at
the frequency range of 2.5-8 GHz with dimension 45×45 mm2 and peak gain 1.2 dBi. Antenna
elements are placed orthogonally to achieve polarisation diversity. The proposed antenna is
placed on a soda lime glass substrate that has a permittivity of 7.3 and thickness of 2.2 mm.
The radiator of the antenna is made of FTO with sheet resistance 6 Ω/sq. The diversity gain
of the proposed antenna is greater than 9.9 and ECC value is lesser than 0.02 for the frequency
range of 3-8 GHz. The isolation between the antenna elements is more than 15 dB without
any complex decoupling structures between them.

Keywords: Aluminium-doped Zinc oxide (AZO); Multiple-input-multiple-output (MIMO);
Transparent antennas; UWB antenna; Polarisation diversity

1. Introduction

Recently, wireless communication has become a wide range of interest for research. Automobiles
are aimed at providing an extensive communication service. They are expected to be installed with
a good range of wireless communication systems and multimedia products. Automotive antennas
are equipped in automobiles with the uninterrupted transmission of radio waves for ceaseless com-
munication. Automobiles are expected to have antennas operating at different frequency ranges
to fulfil the above-mentioned requirements. Ultra-wide band (UWB) would be a better option. It
covers a wide range of frequencies from 3.1 to 10.6 GHz, which was allocated by the FCC. UWB
technology provides a high data rate and also consumes a very low amount of power. High-speed
mobile communications, in-car sensor network communication, automotive localization and track-
ing with high spatial resolution, emergency services and roadside assistance are some promising
applications of UWB. Like any other wireless communication systems, UWB also suffers from the
problem of multipath propagation. The fast movement of the vehicle causes impairments in the
data rate and link quality. These impairments are caused by multipath propagation and fading. To
overcome these problems, MIMO/Polarisation diversity is introduced. They improve the channel
capacity and link quality. They also alleviate the effects of multipath fading.

Several UWB MIMO antennas with two antenna elements are proposed in (Dong et al., 2017),
(Ren et al., 2014), (Mao and Chu, 2014), (Luo et al., 2015), (Zhang et al., 2009), (Liu et al.,
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2015), (Iqbal et al., 2017), (Lin et al., 2017) and (Liu et al., 2014). According to the author
limited research has been conducted on the UWB MIMO antenna with two antenna elements.
The coupling between the antennas in the MIMO system alleviates the performance. It can be
reduced by increasing the isolation. High isolation is achieved by etching slots or adding stubs. A
defective ground structure with an I-shaped slot and a pair of L-shaped stubs were employed to
improve isolation (Dong et al., 2017). In (Ren et al., 2014) a narrow rectangular slot is etched to
reduce the mutual coupling. A T-shaped slot and an extended stub improved isolation in (Mao
and Chu, 2014). A T-shaped slot and a line slot (Luo et al., 2015) provided high isolation between
the radiators. A tree-like structure is employed on the ground for achieving wideband isolation
(Zhang et al., 2009). In (Liu et al., 2015), a T-shaped ground stub and in (Iqbal et al., 2017),
F-shaped stubs were added to reduce mutual coupling. To improve isolation, a carbon film is
used (Lin et al., 2017) and (Liu et al., 2014) achieves high isolation without decoupling structures;
however, the Envelope Correlation Coefficient (ECC) is higher than others. The ECC should be
ideally zero for uncorrelated diversity antenna. Practically, it should be less than 0.25 (Liu et al.,
2014) and (Alsath and Kanagasabai, 2015) study has ECC below 0.004, which is lesser than the
other studies (Ren et al., 2014), (Liu et al., 2015), (Iqbal et al., 2017), (Lin et al., 2017) and (Liu
et al., 2014) but it uses decoupling structures for improved isolation. Few optically transparent
MIMO antennas are proposed in (Potti et al., 2021), (Li et al., 2017) and (So et al., 2020). These
antennas explored the spatial diversity of MIMO antennas. The antenna proposed in (Desai et al.,
2019) studied the polarization diversity of the MIMO antenna at WiMax and WLAN bands. The
antenna proposed in this paper studied the polarization diversity of the antenna in a wideband
range. The UWB MIMO should have high isolation to avoid coupling between the radiators, low
ECC for better diversity performance, wide bandwidth, and small size. To the best of the author’s
knowledge, research has yet to be reported on optically transparent UWB two-element antenna with
polarisation diversity in wideband range to date. This paper proposes a novel optically transparent

Figure 1. Proposed single element UWB antenna: (a) front view (b) rear view
Optimized dimensions: l=22.5 mm w=22.5 mm, p=7 mm, r=5.8 mm, r1=5.8 mm lf =8mm,
wf=2.8 mm, g=6.5 mm

UWB-polarisation diversity antenna with two antenna elements for automotive communications is
proposed. Placing multiple antennas improves communication service, but causes space constraints
and affects the vehicles’. Conventional antennas are opaque in nature. They are fabricated with
metal on dielectric substrates. The transparency is obtained using transparent conducting oxides
(TCOs). Radiating patch and ground plane of the antenna are made up of TCOs. Although using
the TCOs, the antennas achieve high transparency, but have poor conductivity, affecting gain and
efficiency. The addition of metal dopants will overcome the conductivity issues. It increases the
conductivity and also maintains transparency. They can be integrated into any part of the vehicle
without affecting their look. The transparent UWB MIMO antenna presented in this paper is
fabricated on soda lime glass. The radiator is made up of AZO film (aluminium-doped zinc oxide).
Also, the ground is made up of AZO in addition to FTO (fluorine-doped tin oxide).
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The rest of the paper is organized as follows: Section 2 details the design of the transparent
two element UWB MIMO antenna. Section 3 discusses the results of the proposed antenna.

Figure 2. Evolution of a single element UWB antenna: (a) evolution 1, (b) evolution 2, and (c)
proposed antenna

Figure 3. Reflection coefficients characteristics of a single element UWB antenna

2. Single Element Antenna

The proposed single element is a monopole antenna that operates from 3 to 8 GHz. The
geometry of the monopole along with its reflection coefficient characteristics are presented in the
below section. A simple monopole antenna is shown in Fig. 1. The antenna is designed on a
soda lime glass substrate with a permittivity of 7.3, and a thickness of 2.2 mm, respectively. The
radiator of the antenna is made of AZO film to attain transparency. The AZO film has a sheet
resistance of 6 Ω/sq. and a thickness of 600 nm. To increase the conductivity, the bottom side of
the substrate is coated with both FTO and AZO, reducing the sheet resistance to 4 Ω/sq. The
designed UWB antenna consists of a circular monopole with a rectangular stub on the top as shown
in Fig. 2(a). A rectangular stub was added on the top of the radiator to increase the bandwidth
at higher frequencies as shown in Fig.2(b). The width of the rectangular slot was gradually varied
between 12 mm and 14 mm. An increase in the width resulted in an increased gain. Therefore,
the width of the rectangular slot was fixed at 14 mm. A semi-circular slot is etched out of the
radiator’s rectangular portion as shown in Fig.3(c), providing increased bandwidth and a further
increase in the gain. The evolution of the antenna is shown in Fig.2. The radiator is fed by a
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microstrip feed line of length 8 mm and width 2.8 mm. The overall dimension of the antenna is
22.5× 22.5 mm2. The proposed antenna operates over a bandwidth of 5 GHz as shown in Fig.3.

Figure 4. Proposed UWB MIMO antenna: (a) front view, (b) rear view
Optimized dimensions: L=45 mm, W=45 mm, Lg=38.5 mm, Wg=38.5 mm, Wg1=6.5 mm

3. UWB MIMO Antenna

The geometry of the proposed two-element UWB MIMO antenna with an overall dimension
of 45 × 45 mm2 is shown in Fig.4. To enhance the channel capacity and to decrease the effects
of multipath fading, the two radiating elements are placed orthogonal to each other. A square-
shaped slot is etched out on the other side of the substrate to form an L-shaped partial ground
to improve bandwidth and impedance matching at low frequencies. The proposed UWB antenna
operates from 3 to 8 GHz as shown in Fig.5 and the isolation between the antennas is greater than
18 dB over the entire operating frequency range. The surface current distribution of the MIMO
antenna in Fig.6 shows that the isolation between the antenna is high without adding any isolation
structures.

Figure 5. Simulated reflection and isolation coefficients characteristics of UWB MIMO antenna

4. Results and Discussion

The UWB MIMO antenna is fabricated using the sputtering technique. The top and bottom
layers of the transparent conductive oxides are sputtered on the soda lime glass substrate using dc
magnetron sputtering. The SMA connector is connected using the cold soldering method. The fab-
ricated prototype is shown in Fig.7. The fabricated antenna is tested for impedance characteristics
using VNA and radiation characteristics are tested in an anechoic chamber.
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Figure 6. Surface current distribution of the UWB MIMO antenna at 3, 5, and 7 GHz with (a)
port 1 excited and (b) port 2 excited

4.1. Impedence Characteristics

The fabricated UWB MIMO antenna exhibits a bandwidth of 5.5 GHz extending from 2.5 GHz
to 8 GHz. The simulated reflection coefficient characteristics and isolation characteristics of the
proposed antenna are shown in Fig.8. A good isolation of more than 25 dB is observed between
the radiators without any decoupling structures between them for the entire frequency range.

Figure 7. Fabricated prototype of the MIMO antenna

4.2. Radiation Characteristics

The simulated and measured radiation pattern characteristics of the proposed antenna at 5, 6,
and 7 GHz with port 1 excited and port 2 terminated with 50 Ω impedance are shown in Fig.9. The
simulated and measured realized gain and radiation efficiency of the proposed antenna are shown
in Fig.10. The measured peak realized gain of the antenna is 1.19 dBi. The radiation efficiency of
the proposed antenna varies between 39% and 49% with peak efficiency at 5 GHz.
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Figure 8. Measured reflection and isolation coefficients characteristics of UWB MIMO antenna

Figure 9. Simulated and measured normalized radiation pattern at port 1 (a) 3 GHz, (b) 5 GHz,
and (c) 7 GHz

4.3. MIMO Performance Parameters

The parameters that determine the performance of the MIMO antenna are Envelope Correlation
Coefficient (ECC), Diversity Gain (DG), Mean Effective Gain (MEG), and Channel Capacity Loss
(CLL). The correlation between the antennas is measured by the parameter ECC (ρij). The
standard value of ECC should be less than 0.5. The ECC and diversity gain value for the proposed
two-element antenna can be calculated using a far-field radiation pattern as shown in equations 1
and 2, respectively,

ECC = |ρij |2 =
|
˜

[Ei(θ, φ) ∗ Ej(θ, φ)dΩ]
2˜

|Ei(θ, φ)|2dΩ
˜

|Ej(θ, φ)|2dΩ
(1)

Diversity Gain(DG) = 10
√

1− |ρij |2 (2)

where Ei and Ej are the radiated fields of the ith and jth antenna. The simulated ECC of the
proposed antenna is less than 0.02 over the entire operating frequency range as shown in Fig.11. The
simulated diversity gain of the proposed antenna is greater than 9.9 over the operating frequency
range as shown in Fig.11 which shows that it has less loss in transmission power.

The mean received power is analyzed using mean effective gain (MEG) which is given by
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Figure 10. Simulated and measured realized gain and simulated efficiency of the proposed MIMO
antenna

Figure 11. Simulated ECC and diversity gain of the proposed antenna

equation 3.

MEGi = 0.5(1−
K∑
j=1

|Sij |) (3)

where Sii and Sij are the reflection and isolation coefficients of the antenna. The simulated and
calculated mean effective gain of the antenna are shown in Fig.12. To obtain a good diversity
performance, the MEG should be −3 ≤ MEG(dB) ≤ −12. If the antennas are 100% efficient,
then maximum MEG (dB) is -3 dB (Fakharian et al., 2022). The proposed antenna MEG is between
−3 ≤ MEG(dB) ≤ −5 as shown in Fig.12 which shows the proposed antennas has suitable MEG.

Figure 12. Measured MEG (dB) of the proposed antenna

4.4. Comparison of the MIMO antenna with other MIMO antennas in the litera-
ture

From Table 1, it is observed that

1. The antenna is compact in size as compared to (Dong et al., 2017), (Mao and Chu, 2014),
(Zhang et al., 2009), (Iqbal et al., 2017) and (Lin et al., 2017).
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2. The ECC of the proposed antenna is lesser than (Ren et al., 2014), (Liu et al., 2015), (Iqbal
et al., 2017) and (Liu et al., 2014).

3. The diversity gain of the proposed antenna is greater than (Lin et al., 2017).

4. The proposed antenna is transparent in nature when compared with others.

Table 1. Comparison of Proposed Design with Literature

References Size (mm) Frequencies
(GHz)

Gain ECC DG Transparent

(Dong et al.,
2017)

0.32λ × 0.56λ 3.28-12 - - - No

(Ren et al.,
2014)

0.3λ × 0.3λ 2.9-12 1.7-4.2 < 0.4 - No

(Mao and Chu,
2014)

0.42λ × 0.42λ 3.2-10 - - - No

(Luo et al.,
2015)

0.22λ × 0.26λ 3.1-10.6 3.8 < 0.04 - No

(Zhang et al.,
2009)

0.36λ × 0.41λ 3.1-10.6 3.1 < 0.01 - No

(Liu et al.,
2015)

0.19λ × 0.31λ 2.6-11 1-5 < 0.06 - No

(Iqbal et al.,
2017)

0.41λ × 0.25λ 2.5-14.5 0.3-4.3 < 0.04 - No

(Lin et al.,
2017)

0.41λ × 0.33λ 2.5-11 > 2.11 < 0.01 > 7.4 No

(Liu et al.,
2014)

0.21λ × 0.29λ 2.14-11.4 6.5 < 0.25 - No

This Paper 0.37λ × 0.37λ 2.5-8 0 - 2 < 0.02 > 9.9 Yes

5. Conclusion

A novel transparent MIMO antenna is proposed for UWB automotive applications. The an-
tenna operates at a frequency of 3 to 8 GHz, making it suitable for UWB applications. The isolation
between the antennas is more than 17 dB without adding any decoupling structures. It has an
ECC value of less than 0.02 and a diversity gain greater than 9.9 dB, making it a good candidate
for the UWB MIMO antenna. The simulated and measured results are well in accordance with
each other. It has an omnidirectional radiation pattern with a measured peak realized gain of 1.9
dBi and simulated peak radiation efficiency of 49% at 5 GHz. The transmittance of the antenna
is greater than 72% so that it can be installed on the car’s windshields.
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