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Abstract: This letter proposes a novel design for a printed 5G monopole antenna on a vehicle window
glass. The proposed antenna consists of a coplanar waveguide (CPW), a monopole radiator, parasitic
elements, and a lattice-structure reflector. The parasitic elements are placed on either side of the
monopole radiator to improve the bore-sight gain. To solve the radiation pattern distortion problem
that occurs due to the thick vehicle window glass, the lattice-structure reflector is printed on the
opposite side of the monopole radiator. Through fabrication and measurement of the proposed
antenna, it is confirmed that the design improves bore-sight gain, and minimizes the radiation pattern
distortion. The results demonstrate that the proposed 5G monopole antenna with parasitic elements
and the lattice-structure reflector is suitable for 5G communication in vehicle applications.

Keywords: monopole antennas; glass antennas; gain enhancement; parasitic elements; reflector antennas

1. Introduction

With the dramatic development of wireless communication technology, interest in
vehicle communication systems has been increasing considerably in various applications,
such as autonomous driving [1–3], telematics service [4–6], and vehicle-to-everything (V2X)
communications [7–11]. In recent years, these systems require 5G wireless communica-
tion technology for high-throughput and low-latency in an ever-changing communication
environment. In particular, for vehicle applications, it is significantly important to em-
ploy high-gain 5G antennas to maintain a stable 5G communications link while driving.
Many studies have investigated the use of conventional antenna structures, i.e., patch
antennas [12], dipole antennas [13,14], and dielectric resonator antennas [15] in 5G vehi-
cle antenna designs. In some cases, research has attempted to apply such conventional
antennas to actual vehicles using additional structures; for example, the vehicle roof is
re-designed and modified to construct a cavity structure for mounting a 5G inverted-F
monopole antenna [16]. Although these antennas have shown high antenna performances,
the need to modify the vehicle structure or add new structures to the vehicle creates a
disadvantage for their adoption as 5G wireless vehicle communication systems. To resolve
these problems, a number of antenna designs that directly print the antennas onto the
vehicle window glass have been reported, for example, mesh-grid strip line patterns [17],
horizontal strip line patterns [18], and printed inverted-F antenna [19]. However, in gen-
eral, on-glass antennas have been employed for low-frequency band applications below
1000 MHz, such as amplitude modulation broadcasting (AM), frequency modulation
broadcasting (FM), and digital multimedia broadcasting (DMB). In addition, the linear
polarization (LP) characteristic is essential for 5G vehicle communications. Thus, there
needs to be more in-depth research to develop glass-printed antennas with monopole
radiators to achieve the LP property.
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In this paper, we propose a printed 5G monopole antenna on the vehicle window
glass using parasitic elements and a lattice-structure reflector for gain enhancement. The
proposed antenna consists of a coplanar waveguide (CPW), a monopole radiator, parasitic
elements, and a lattice-structure reflector. The CPW is used as a feeding line instead of
other transmission lines because guided fields are not induced inside the thick vehicle
window glass. The monopole radiator is directly connected to the CPW inner line, and
then the multiple rectangular parasitic elements surrounding the monopole are designed to
enhance the bore-sight gain. The lattice-structure reflector, composed of multiple patches,
is printed onto the opposite side of the monopole radiator to minimize pattern distortion.
Herein, the pattern distortions resulting from thick vehicle window glass can be adjusted
by the number and dimension of the reflector elements. The proposed antenna is modeled
and optimized using the CST Studio Suite full EM simulation software [20]. To verify the
feasibility, the proposed antenna is fabricated, and measured in a full anechoic chamber to
obtain its performances, such as gains, reflection coefficients, and radiation patterns. The
results confirm that the proposed antenna printed on thick vehicle window glass is suitable
for 5G vehicle applications with improved gain and low pattern distortion.

2. Proposed Antenna Design
2.1. Geometry of Vehicle Window Glass Antenna

Figure 1 shows the geometry of the proposed printed 5G monopole antenna on the
vehicle window glass with the parasitic elements and lattice-structure reflector to improve
the bore-sight gain and minimize the radiation pattern distortion. The proposed antenna
consists of the CPW feeding structure, the monopole radiator with parasitic elements, and
the lattice-structure reflector. The CPW has an inner conductor (length l2 × width w4) and
grounds (length l2 × width w2). The gap between the inner conductor and grounds is
g1. The CPW is printed on the top of the thick vehicle window glass substrate (εr = 6.9,
tanδ = 0.017 at 28 GHz) with dimensions of w1 × l1 × t (width × length × thickness). Note
that the guided fields from the CPW line are less affected by substrate thickness compared
to other transmission lines (i.e., strip line, microstrip, and CPW with a ground) that induce
more electromagnetic fields inside the substrate. This CPW line is fed by a K-type (2.92 mm)
connector [21], and we modeled the actual geometry to consider the effects of the connector,
as shown in Figure 2. The K-type connector is excited by using a waveguide port at
the starting points of the inner and outer conductors, which is directly connected to the
coaxial cable, to feed the CPW in the simulation conditions. The monopole radiator is
directly connected to the CPW inner conductor and has a length of l4 and a width of w4 for
resonance at 28 GHz. This monopole has the LP characteristic that can have advantages
for the design and fabrication of an antenna, and in general, it is widely employed for 5G
vehicular communications [22–25]. The parasitic elements have four rectangular patches
(l3 × w3) that are placed at the distances g1 and g2 from the monopole radiator and the CPW
ground, respectively. When adjusting these dimensions, the parasitic elements operate as a
radiator by indirect coupling with the monopole radiator. Furthermore, the electromagnetic
waves radiated from each parasitic element can be combined with those radiated from
the monopole radiator that results in increasing the bore-sight gain. The lattice-structure
reflector is printed on the opposite side of the monopole radiator. The reflector is composed
of multiple square patches with a width of w5, and the distance between the adjacent
patches is g3. The number of reflector elements is M × N, where M and N indicate the
total number of reflector patches along the x- and y-axes. The adjustment of the reflector
parameters can effectively minimize the radiation pattern distortion that occurs due to the
thick vehicle window glass in accordance with the wavelength at 28 GHz. Herein, design
goals for this work are as follows: operating center frequency of 28 GHz, bandwidth of
more than 850 MHz, reflection coefficient less than −10 dB, bore-sight gain of more than
0 dBi, LP, and glass substrate thickness of 3.2 mm. To achieve the goals, the proposed
antenna was modeled and optimized using the CST Studio Suite full EM simulator, and
the optimized design parameters are listed in Table 1.
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Table 1. Optimized design parameters of the proposed antenna.

Parameters Values Parameters Values

l1 25 mm w5 2 mm
l2 2 mm g1 0.13 mm
l3 1.4 mm g2 0.13 mm
l4 2.03 mm g3 0.5 mm
w1 25 mm g4 0.5 mm
w2 9.62 mm t 3.2 mm
w3 0.8 mm M 4
w4 0.5 mm N 6
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Figure 2. The actual connector model with a waveguide port in the CST EM simulation software: (a) a feeding connection
part; (b) a waveguide port excitation part.

2.2. Fabrication and Measurement

Figure 3 shows photographs of the fabricated 5G monopole antenna with the parasitic
elements and the lattice-structure reflector on vehicle window glass. In general, glass
antennas are fabricated or printed on vehicle glass using a silk-screen method [17] or an
epoxy resin adhesive. However, such methods have low conductivity in the electrical
connection, poor manufacturing tolerance, and low thermal durability in the fabrication of
the glass antenna. To solve these problems, the proposed antenna is fabricated by etching
the copper layer and employing a thermosetting adhesive to strongly stick the copper
patterns to vehicle window glass. The proposed antenna is directly fed by the K-type
(2.92 mm) connector, and the inner and outer conductors of the feeder are electrically
connected to CPW by soldering. Note that the actual K-type connector is modeled and
excited by using a waveguide port at the starting points of the inner and outer conductors
to feed the CPW in the simulation conditions. On the bottom of the vehicle window glass,
which is electrically isolated from the antenna feeder, the lattice-structure reflector patches
are printed. To confirm feasibility, the fabricated antenna is measured in a full anechoic
chamber to obtain the antenna characteristics, such as gains, reflection coefficients, and
radiation patterns. To minimize the cable effects, a jig with a low dielectric constant is
used to stand the proposed antenna in the air of the anechoic chamber, where the cable is
connected to the K-type connector with the jig. In addition, the thick vehicle window glass
substrate is measured to obtain the specific EM characteristics according to the frequency
of the measurement setup, as shown in Figure 4. The measured dielectric constant (εr)
and loss tangent (tanδ) are 6.9 and 0.017 at 28 GHz, respectively, and then the measured



Appl. Sci. 2021, 11, 9953 5 of 12

results are employed as input parameters to simulate the proposed antenna. Figure 5
presents the measured (solid line) and simulated (dashed line) reflection coefficients of
the proposed antenna. The measured reflection coefficients agree well with the simulated
results, and the values at 28 GHz are −20 dB and −15.6 dB, respectively. Figure 6 presents
the bore-sight gain of the proposed antenna with and without parasitic elements. The
proposed antenna with the parasitic elements has measured and simulated bore-sight
gains of 2 dBi and 1.6 dBi at 28 GHz, while the simulation result of the vehicle window
glass antenna without the parasitic elements is 0.3 dBi. In addition, the gain bandwidth
over 0 dBi increases from 1.7 GHz to 3 GHz, according to the existence and absence of the
proposed parasitic elements. The gain of the proposed antenna seems to be slightly lower
than that of conventional monopole antennas due to the high dielectric loss of the thick
vehicle glass. It results in the radiation efficiency of 33.68% at 28 GHz, but this radiation
efficiency can be enhanced when the dielectric loss of the antenna substrate becomes lower.
Figure 7 illustrates the measured and simulated radiation patterns in zx- and zy-planes
at 28 GHz and 29 GHz, where the solid line and dashed line indicate the measured and
simulated results, respectively. The measured half power beam widths are 42◦ and 64◦ in
the zx- and zy-planes at 28 GHz. The measured maximum gains are 2.3 dBi and 2.1 dBi at
angles of −25◦ and −1◦ in the zx- and zy-planes at 28 GHz, respectively. The measured
radiation patterns are in good agreement with the simulated radiation patterns at 29 GHz.
Figure 8 illustrates the 3D radiation patterns of the proposed antenna according to the
frequency to observe the maximum gains. The maximum gains of the proposed antenna
are 0.3 dBi, 3.2 dBi, and 3.4 dBi at 26 GHz, 28 GHz, and 30 GHz, respectively. To confirm the
feasibility, the antenna characteristics such as the operating frequency band, the maximum
gain, the antenna dimensions, and the substrate material of the proposed antenna are
compared to those of previous studies, as listed in Table 2.
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Table 2. Comparisons of antenna characteristics.

Research Frequency Band Maximum Gain

Antenna
Dimensions

(Width × Length
× Thickness)

Substrate
Material

[17] 108–130 MHz −7.47 dBi 850 × 480 ×
3 mm3 Glass

[18] 112.5–130 MHz −7.58 dBi 1.2 × 0.42 m2

(width × length)
Glass

[26] 88–106 MHz - 52.6 cm (width) Glass
[27] 4.66–11.84 GHz −0.15 dBi 50 × 17 × 1 mm3 Glass
[28] 24–30.6 GHz >5 dBi 40 × 24 × 1.6 mm3 FR-4

[29] 25–30 GHz >8 dBi 20 × 16 ×
0.508 mm3 Nelco NY9220

Proposed antenna 24.6–30 GHz 2 dBi 25 × 25 × 3.2 mm3 Glass
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2.3. Analysis and Verification

Figure 9 shows the bore-sight gain results according to the number of reflector patches.
The M and N values are varied from 3 to 9 to observe the gain properties of the proposed
antenna. The resulting maximum bore-sight gain of 1.6 dBi is observed when the patches
of the lattice-structure reflector are arranged with a 4 × 6 (M × N) planar array. We further
examine the gain characteristics by changing other reflector patch parameters to obtain
the optimum bore-sight gain. Figure 10a illustrates the bore-sight gain in accordance
with the gap between and the width of the reflector patches. In the fixed 4 × 6 (M × N)
arrangement, the bore-sight gain is observed to be in the ranges of 1.5 mm ≤ w5 ≤ 2.5 mm
and 0.1 mm ≤ g3 ≤ 0.9 mm. The increment of the reflector patch width usually improves
the bore-sight gain, while that of the gap reduces the bore-sight gain. In addition, these
parameters can adjust the reflection coefficients for impedance matching characteristics, as
shown in Figure 10b. When w5 is less than 2 mm, and g3 is more than 0.5 mm, impedance
matching for the proposed antenna improves. From the results, the optimal values for
parameters w5 and g3 of the lattice-structure reflector can be determined to be 2 mm and
0.5 mm. Furthermore, a patch width of w5 can improve the bore-sight gain through the
minimization of the pattern distortion, and there is another key design parameter of w3
that can adjust the impedance matching characteristic of the proposed antenna. In addition,
we simulate the proposed antenna mounted on an actual vehicle model to observe the
vehicle platform effects. The partial vehicle model, where the dimensions were over
20 wavelengths at 28 GHz, is used to analyze the radiation characteristics of the proposed
antenna due to the limited computational resources. Figure 11a illustrates the simulated 3D
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radiation patterns according to the mount location of the proposed antenna: front, rear, left
side, and right side of the vehicle window. The radiation patterns of the proposed antenna
with the vehicle platform are similar to those of the stand-alone antenna, but it has small
fluctuations due to the ground effect, as can be seen in Figure 11b. The results confirm that
the proposed antenna is feasible for 5G communication in vehicle applications with high
gain performance by optimizing the parasitic elements and the lattice-structure reflector.
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3. Conclusions

We investigated the novel design of a printed 5G monopole antenna with the parasitic
elements and the lattice-structure reflector on the vehicle window glass. The parasitic
elements were placed on either side of the monopole radiator to improve the bore-sight
gain. To solve the radiation pattern distortion problem that occurs due to the thick vehicle
window glass, the lattice-structure reflector was printed opposite to the monopole radiator.
The proposed antenna had a measured reflection coefficient of −20 dB, and a bore-sight
gain of 1.6 dBi at 28 GHz. The results demonstrated that the proposed 5G monopole
antenna with the parasitic elements and the lattice-structure reflector was suitable for 5G
communication in vehicle applications. In future work, more design considerations such
as the large window glass and delicate fabrication process might be needed for practical
use of the proposed antenna.
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