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In this paper, a quad-port multiple-input multiple-output (MIMO) semitransparent antenna is designed for automotive ap-
plications. Te transparent soda lime glass substrate is used in the prototype antenna for windshield applications, and the radiator
is nontransparent copper metal. Te unit cell radiator of the MIMO antenna is similar to the “NISSAN automobile-like” logo.Te
proposed MIMO antenna has a −10 dB impedance bandwidth of 3.4 to 11GHz. Te edge-to-edge distance between the elements
in the MIMO confguration is 6mm. Te antenna elements are perpendicularly oriented to ofer dual (horizontal and vertical)
polarization, which aids in providing better isolation and good signal reception in all directions. Te isolation between the
resonating elements is greater than 15 dB without the use of any decoupling structure.Te diversity metrics are examined in order
to gain a better understanding of the MIMO antenna performance. Te envelope correlation coefcient (ECC) is less than 0.01,
diversity gain (DG) is greater than 9.98 dB, and the total active refection coefcient (TARC) and channel capacity loss (CCL) are
less than −10 dB and 0.07 bits/s/Hz, respectively.Te quad-port MIMO antenna ofers transparency of 52.26% over the entire area.
Te proposed antenna could be suitable for automotive applications such as intelligent transportation systems (ITS), vehicular
communications, and the automatic vehicle identifer (AVI).

1. Introduction

With advancements in wireless technologies, various tech-
nological equipment have been introduced in the feld of
automotive electronics [1]. Te new features meet additional
infotainment and security requirements in the vehicle. Te
purpose of contemporary services is to ensure the comfort
and safety of the driver [2]. Smart automobiles use a variety
of wireless services, including GPS, GSM, Bluetooth,WLAN,
and LTE, to function consistently. However, the number of
antennas increases with the number of services in the vehicle
[3]. Te automotive antenna should be low-profle and
occupy little space in the vehicle, and it should be placed far
from the ground plane to compensate the ground losses.
Also, the antenna placement should not afect the appear-
ance of the vehicle. Tis necessitates the development of

a multifunctional antenna. Te low-profle antenna can be
placed inside the shark-fn module to ft the vehicle’s aerial
confguration [4]. Te prototype can also be placed in the
side mirror cavity, chassis cavity, trunk, and bumper. For
vehicular applications, multiband/broadband antennas are
receiving a lot of attention from the researchers [5, 6].

Ultra-wideband (UWB) technology is widely used in
a variety of applications, including automotive [7]. Te
electromagnetic coupling that occurs between the antenna
elements in a MIMO system is referred as mutual coupling.
When adjacent antenna elements have the same direction of
current fow, mutual coupling increases. Te spacing be-
tween the antenna elements must be considered for
changing the interelement coupling. When there is in-
adequate space between the radiators, mutual coupling in-
creases, resulting in deterioration of the radiation pattern
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and impedance characteristics [8]. In the literature, mutual
coupling has been addressed using electromagnetic band gap
(EBG), decoupling networks, the frequency selective surface
(FSS), the neutralization line, the defected ground structure
(DGS), and isolation walls [9]. However, these structures
complicate the antenna design. Te isolation can also be
increased by positioning the antenna elements orthogonally
and increasing the space between them [10].

In [11], a UWB multiple-input multiple-output
(MIMO) antenna with octagonal-shaped radiating ele-
ments was presented, with the elements positioned per-
pendicular to each other and the ground planes connected.
In [12], a compact UWB MIMO antenna was designed for
X-band,WLAN, andWi-MAX frequencies. A four-element
UWBMIMO antenna with isolation greater than 18 dB was
presented in [13]. However, a transparent broadband or
multiband antenna is required to easily install and save
space in the vehicle without compromising its aesthetic
appearance. In [14], a polyimide substrate-based trans-
parent antenna with coplanar waveguide (CPW) feed was
proposed to achieve wideband characteristics. A CPW-fed
transparent antenna with indium tin oxide as the radiator
was presented in [15]. In [16, 17], a tapered CPW-fed
MIMO antenna with orthogonal elements and clove-
shaped radiator was proposed for super-wideband char-
acteristics, respectively. In [18], a semitransparent antenna
was designed to operate in the ISM band, and its com-
pactness and fexibility make it suitable for installation in
a vehicle. A CPW-fed transparent antenna for WLAN and
sub-6 GHz applications was developed in [19]. In [20],
a transparent wideband antenna for 5G communication
was designed on the plexiglass substrate, and rectangular
branches were used to achieve wideband characteristics. In
[21], canopy mesh was used for the radiator and the ground
plane of the transparent antenna. In [22], a transparent
glass was used as the substrate, and the antenna was suitable
for 5G communications. In [23], a semitransparent an-
tenna with a defected ground structure for increasing
impedance was reported. In [24], a circular-shaped
transparent monopole antenna was presented, and its
conformability and fexibility make it suitable for vehicular
communications. A transparent car logo design-inspired
antenna was reported in [25], and when placed in the
location of the brand logo, it has no efect on the ap-
pearance of the automobile.

In this work, a wideband UWB antenna is designed on
the semitransparent substrate material. Te proposed an-
tenna is designed to be mounted on the windshield. Te
antenna radiator is a “NISSAN automobile-like” design,
which does not afect the appearance of the vehicle. Te
ground plane is rectangular in shape, and a CPW feed is used
to provide easy integration and a wide impedance band-
width. Te unit cell antenna is used to develop a four-port
MIMO antenna confguration, and the diversity charac-
teristics are studied. Te diversity metrics are found to be

within a practical range.Te antenna housing results are also
studied and found to be satisfactory for vehicular
applications.

2. Antenna Design

Figure 1 depicts the layout and the fabricated prototype of the
proposed antenna. Te antenna is designed on the semi-
transparent soda lime glass (dielectric constant� 7.3) sub-
strate of thickness of 1.1mm, and copper is used for the
ground plane and the radiator.Te antenna radiator is similar
to the “NISSAN automobile-like” logo, comprised of a cir-
cular ring with an inner radius of 6.3mm, an outer radius of
8.5mm, and a rectangular patch of 18mm in the centre. Te
antenna design simulations are performed using the CST
Microwave Studio tool [26].

In the proposed antenna design, fnite ground coplanar
waveguide feed is proposed. A conductor strip is used in the
centre of a coplanar waveguide feed (CPW), which also has
two ground planes on either side [27–29]. CPW feed is used
for antenna feeding due to its low dispersion, broadband
performance, and ease of implementation. Te length and
width of the ground plane are 7mm and 11.2mm, re-
spectively. Te proposed antenna prototype has a total
footprint of 25mm× 25mm. Te impedance bandwidth of
the antenna ranges from 3.4 to 11GHz. Figure 2 depicts the
evolution stages and refection coefcients of the proposed
unit cell. Te antenna design starts with a CPW-fed circular
monopole radiator (evolution 1) and amodifed ground plane
that covers a wide bandwidth range.Te circular patch is then
evolved into a circular ring (evolution 2), with a rectangular
stub added in the middle of it (evolution 3). Evolution 2 and
evolution 3 are proposed to achieve the desired shape of
NISSAN automobile logo. Te antenna covers the UWB
frequency range of 3.4–11GHz. Figure 3 depicts the para-
metric analysis of the proposed antenna, and Table 1 depicts
the changes in design parameters in the evolution stages. Te
radius of the rings is fxed to 6.8mm and 8.5mm in the
parametric design change 1 (PDC1).Te ground plane length
(d), width (b), and rectangular stub length (f) are fxed as
6mm, 10.5mm, and 3.6mm, respectively. Te length of the
ground plane in PDC2 is changed to vary the impedance
matching. Te dimensions of b, d, and f are varied to achieve
a UWB range (PDC3 and PDC4).

Te antenna refection coefcients curve is shown in
Figure 4. Te plot depicts −10 dB resonance at frequencies
ranging from 3.4 to 11GHz, covering the entire UWB
spectrum. Figure 5 depicts the current distribution on the
surface of the proposed unit cell. Te surface current dis-
tribution is checked at 3.5GHz, 6GHz, 9GHz, and 10.6GHz
frequencies. At 3.5GHz, the current distribution is high in
the centre of the antenna ring.

Te surface current distribution reveals that the upper
part of the circular ring contributes to the 6GHz, whereas
the current intensity is high over the outer ring and the
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ground plane at 9GHz. Te bottom part of the circular ring
has the highest current intensity at 10.6GHz.

2.1. Equivalent Circuit Design of the Proposed Antenna.
Te equivalent circuit is investigated in order to compre-
hend the physical mechanism of the antenna. Te imped-
ance characteristics and equivalent circuit of the unit cell
antenna are shown in Figures 6(a) and 6(b), respectively.Te
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Figure 1: Proposed antenna: (a) layout and (b) fabricated prototype.
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Figure 2: (a) Evolution 1, (b) evolution 2, (c) evolution 3, and (d) refection coefcients of the evolution stages.
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Table 1: Parameter dimensional changes (PDCs) in the evolution
stages.

PDC
Parameter (mm)

r1 r2 f b d
1 6.8 8.5 3.6 10.5 6
2 6.8 8.5 3 10.5 6
3 6.8 8.5 3 11.2 7
4 6.3 8.5 4 11.2 7
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Figure 4: S11 of the proposed car logo-inspired antenna.
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RLC values of the equivalent circuit are calculated using the
following equations, where ω0 � 2πf0 and ωc � 2πfc [30].
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Te impedance characteristics are used to design the
equivalent circuit. Te three peak impedance points
(4.02 GHz, 7.652 GHz, and 10.392 GHz) are chosen from
the antenna’s refection coefcients to calculate the RLC
values. When the impedance curves move from low to high,
a series resonant circuit is formed, and when the curves
move from high to low, a parallel resonant circuit is
formed. Figure 6(c) compares the refection coefcients
calculated using the equivalent circuit to the simulated and
measured values.

2.2. Orthogonal Quad-PortMIMOAntennaDesign. Te unit
cell is developed into a four-port diversity antenna, shown in
Figure 7, with orthogonal resonating elements. Te or-
thogonal orientation of the antenna elements ofers polar-
ization diversity, with two polarization vectors (horizontal

and vertical). MIMO/diversity in automotive antennas aids
in signal reception from all directions. Te perpendicular
positioning of the unit cells has no efect on the refection
coefcient characteristics of the proposed MIMO antenna.
Many techniques for increasing isolation have been reported
in the literature, including EBG, metamaterial surfaces [31],
FSS, neutralization line, parasitic elements, photonic
bandgap (PBG), embedded periphery slot [32], and DGS.
Tough these decoupling methods have their own advan-
tages, they can add complexity to the antenna design. Te
distance between each unit cell is kept as 6mm, resulting in
isolation greater than 15 dB without the use of any additional
isolation structures. Te size of the diversity antenna is
56mm× 56mm× 1.6mm.

Figure 8 depicts the surface current distribution of the
MIMO antenna. It demonstrates that the majority of the
current exists in the feeding radiator (element-1) of the
antenna known as the active zone.Te neutral zone, which is
the area around the nonfeeding radiators, has a lower
current distribution. Te surface current distribution is less,
but not zero, in the neutral zone [33].

3. Results and Discussion

3.1. Sii and Sij Characteristics. Te refection coefcient
characteristics and mutual coupling of the quad-port di-
versity antenna are investigated and plotted in Figures 9 and
10, respectively. Te antenna exhibits stable performance
across the resonating band. Te Sij characteristics are in-
vestigated in relation to antenna-1 and antenna-2, and
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Figure 5: Surface current distribution at (a) 3.5GHz, (b) 6GHz, (c) 9 GHz, and (d) 10.6GHz.
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Figure 6: Proposed antenna: (a) impedance characteristics, (b) equivalent circuit, and (c) refection coefcients.
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(c)

Figure 7: Orthogonal quad-port MIMO antenna: (a) layout, (b) prototype, and (c) VNA measurement setup.
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Figure 8: Surface current distribution of the MIMO antenna, when antenna element-1 is excited at (a) 3.5GHz, (b) 6GHz, and (c) 9GHz.
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Figure 9: Sii curves of the proposed antenna.
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without using any additional mutual coupling reduction
techniques, the isolation is greater than 15 dB.

3.2. Radiation Characteristics. Te radiation pattern plots of
the antenna are shown in Figure 11. Te radiation pattern is
shown for frequencies of 3.5, 6, 9, and 10.6 GHz. Te
copolarization and cross-polarization radiation patterns of
the antenna are investigated. In copolarization, the polari-
zation of both the transmitting and receiving antennas is the
same, whereas in cross-polarization, the polarization of both
antennas is diferent. Te cross-polarization value is less
than the copolarization value at all the frequencies. Figure 12
shows the gain and efciency graphs. Te maximum gain
and efciency of the proposed antenna are greater than
3.45 dBi and 97%, respectively.

3.3. Housing Efects of the Antenna

3.3.1. Refection Coefcient and Far-Field Efect. Te
designed antenna is installed in the windshield of the car
(shown in Figure 13(a)), and the refection coefcient and
far-feld characteristics are investigated. Figures 13(b) and
13(c) present the antenna’s refection coefcients and far-
feld characteristics.Te refection coefcients illustrates that
the antenna’s performance is unafected by its location in the
vehicle. Te far-feld curves reveal that the antenna has near-
omnidirectional properties and improved directivity.

3.3.2. Efect of Nearby Conductors on the Antenna. A metal
plate with the antenna placed in two axes is examined to
investigate the performance of the proposed antenna under
the infuence of other conductors, as shown in Figure 14.Te
metal plate has a size of 40 cm× 40 cm× 5 cm. Te metal is
a perfect conductor and serves as a large ground plane. Te
plate resembles the roof of the vehicle.Te proposed antenna
is positioned vertically (case-1) and horizontally (case-2)
with respect to the metal plate. Te distance between the
antenna and the metal plate is kept as 1 cm.Te Sii properties
of the antenna are investigated in the presence of a metal
plate, shown in Figure 15, and the results are consistent.

3.4. Diversity Parameter Results. To understand the char-
acteristics of the MIMO antenna, the diversity metrics are
evaluated. Te envelope correlation coefcient (ECC) de-
scribes how the antenna elements are related to one another.

0
-10
-20
-30
-40
-50
-60
-70
-80

1 2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

S1,2 S2,3 S3,4
S1,3 S2,4 S4,1
S1,4 S3.1 S4,2
S2,1 S3,2 S4,3

|S
ij| (

dB
)

Figure 10: Sij curves of the proposed antenna.
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Figure 11: Radiation patterns of the developed MIMO antenna-1
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Te ECC can be calculated using far-feld and S-parameters
[34]. Te diversity performance plots are shown in Fig-
ures 16 and 17.

Other parameters such as diversity gain (DG), the total
active refection coefcient (TARC), and channel capacity
loss (CCL) are calculated for antennas-1 and -2. Te DG is
also related to the ECC and is determined by the corre-
lation among the antenna elements. TARC is an impor-
tant parameter that relates to the refection coefcient of
the whole MIMO antenna [35]. Te CCL is used to cal-
culate transmission losses in the case of high data rate
transmission [36].

Mean efective gain (MEG) is used to assess the ability of
the antenna to accept electromagnetic power in a multipath
environment. MEG is defned as the ratio of average power
received by the antenna to the total powers received in the
same environment if two isotropic antennas with vertical
and horizontal polarization are used. Table 2 shows theMEG
ratio of antenna-1 and antenna-2, which is close to unity for
the desired frequencies.

Table 3 compares the proposed MIMO antenna with the
previously reported antennas. Te characteristics of the
proposed work are as follows:

(1) Unlike other works reported in the literature
[37–41], the proposed antenna is fabricated on
a semitransparent substrate.

(2) Te proposed antenna is investigated for the UWB,
and the MIMO/diversity parameters are examined.

(3) Te ECC, TARC, and CCL values of the proposed
antenna are lower than those reported in the liter-
ature [37–41].

(4) Unlike previous works [38, 39, 41], the MIMO an-
tenna provides dual polarization vectors.

(5) In comparison to the previous literature [37–41], the
proposed MIMO antenna has a straightforward
design. In [40], a rhombic-shaped radiator was
presented with a partial ground plane, whereas the
proposed antenna comprised of a circular ring with
a rectangular stub radiator and a CPW feed. In [41],
the antenna ground plane was provided at the back
of the radiator, but in the designed MIMO antenna,
the radiator and the ground plane are on the same
side, making fabrication easier.

(6) Furthermore, no decoupling structure is used in the
proposed design, contributing to its low complexity.
Te area covered by the radiating (metal) part over
the substrate is reduced due to the minimal use of
stubs and slots, resulting in a transparency of 52.26%.
Te proposed MIMO/diversity antenna is tested in
the automobile windshield and shows satisfactory
performance.
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Table 2: MEG of the antenna-1 with respect to antenna-2.

Frequency (GHz) Isotropic XPR� 0 dB Outdoor XPR� 1 dB Indoor XPR� 5 dB
MEG1/MEG2 MEG1/MEG2 MEG1/MEG2

3.5 1 0.999 1
6 1 1 0.998
9 1 0.999 1
10.6 1 0.999 1
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4. Conclusion

In this work, a semitransparent antenna is designed on
a windshield substrate. Te radiator of the antenna is similar
to the “NISSAN automobile-like” logo, and its imple-
mentation does not afect the aesthetic appearance of the
vehicle.Te antenna has an impedance bandwidth of −10 dB
over a frequency range of 3.4–11GHz. Te unit cells are
combined to form a four-port MIMO antenna with more
than 15 dB of interelement isolation. Te diversity perfor-
mance metrics of the MIMO antenna show ECC< 0.01,
DG> 9.98 dB, TARC<−10 dB, CCL< 0.07 bits/s/Hz, and
MEG ratio close to unity, which meets the practical limits.
Te reliability of the antenna is tested on a vehicle, and it
performs satisfactorily. Te antenna prototype can be in-
stalled in the windshield, side, front, or rear mirror. In the
future, the antenna could be developed on a completely
transparent substrate, with transparent thin flms as radia-
tors and ground planes.
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