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Abstract- This paper proposes a millimeter-wave antenna
array tailored for vehicular communication, capable of
supporting multi-dimensional and multi-polarization
communication requirements. The antenna consists of a fully
metallic cavity structure and PCB feeding structure, supporting
dual band operation. At 27.24 GHz, the antenna achieves

circular polarization in the top direction for V21 communication.

At 28.1 GHz, the antenna achieves vertical polarization in the
forward direction for V2V communication. A 1x4 antenna array
is fabricated to achieve high-gain beam coverage in different
directions. Suitable for SG-based vehicular IoT applications.

I.  INTRODUCTION

The fifth generation (5G) vehicular networking offers
significant advantages. Its high-speed transmission, low
latency, and high reliability greatly enhance the efficiency
and safety of vehicle communication [1]-[3]. This advanced
technology enables vehicles to process real-time data swiftly,
driving advancements in intelligent transportation and
autonomous driving. Additionally, 5G networks' ability for
multiple connections and efficient interconnectivity provides
a solid foundation for a wide range of applications in
vehicular IoT [4]. To enhance communication quality, dual
band antennas with small frequency ratio have been proposed.
In [5], orthogonal linear polarization in two frequency bands
was achieved on the patch through analysis of characteristic
modes. In [6], a vehicular antenna system was developed that
uses two adjacent frequency bands to create cross-shaped
beam patterns, enabling both V2V2 and V2I communications.
Dual circular polarization within two frequency bands was
implemented on the patch antenna [7]. Building upon this
foundation, a new method achieving dual-band dual-sense
circular polarization within two frequency bands has been
proposed [8]. For multi-port antennas, achieving isolation
between ports is an effective way to enhance communication
quality. Using metasurface structures [9]-[16] to isolate
different antenna elements or arrays is a proven method.
Many researchers have explored this, including studies on
metasurface bandgap structures and metasurface unit cells,
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Fig. 2. Antenna structure. (a) 3-D view.(b) Front view. (c) Top view. (d)
Rear view. Physical dimensions (units: mm): L; = 4.4, L, =42, L; =3.9,
Li=37,a=94,a=74,b=94,b=74,c=99, c;=79,W,=0.6, W, =
0.6, W5=0.6, W4=0.6.

particularly in the millimeter wave and terahertz frequency
bands, where metasurfaces have shown significant
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Fig. 4. Simulated parameters of AR.

effectiveness. It is noteworthy that most multi-frequency
antennas only achieve beam coverage in a single direction.
For instance, V21 communication often takes place at the top
of vehicles, whereas V2V communication typically occurs at
the front, a capability seldom realized by relevant antennas.

II. DESIGN OF ANTENNA

Fig. 1 depicts a diagram of multi-beam multi-polarization
vehicle communication: the antenna radiates right-hand
circular polarization in the broadside direction and linear
polarization in the end-fire direction. This allows the vehicle
to maintain communication not only with the vehicle in front
while driving but also with satellites positioned above.

Antenna structure as shown in Fig. 2: The antenna consists
of an empty metallic cavity with slots on different surfaces.
Fig. 2(a) provides a 3-D view, Fig. 2(b) shows the front view
where intersecting radiation slots achieve circular polarization
beams. Fig. 2(c) displays the top view where linear
polarization beams are achieved, and Fig. 2(d) presents the
rear view showcasing feeding slots.

The antenna's different frequencies are achieved by
simultaneously exciting different modes of the cavity. Fig. 3
displays the |S;;| parameter of the antenna. At 27.24 GHz,
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Fig. 5. Cavity internal electric field at 27.24 GHz. (a) =0. (b) =T/4.
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Fig. 6. Cavity slot electric field at 27.24 GHz. (a) =0. (b) =T/4.
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Fig. 7. Cavity internal electric field at 28.1 GHz.

circular polarization is generated by the antenna's degenerate
mode TE)oi; at 28.1 GHz, linear polarization is generated by
the antenna's TM;1o mode. The antenna axial ratio as shown
in Fig. 4, is below 3dB at 27.24 GHz, indicating effective
circular polarization performance.

The circular polarization of the antenna is generated by the
degenerate modes of the antenna. Inside the metal cavity, the
electric field directions of the two modes are orthogonal. Fig.
5(a) shows the electric field direction of the antenna at time ¢
= 0. After a 90° phase shift, as shown in Fig. 5(b), the electric
field direction inside the cavity has rotated by 90°, which
meets the conditions for circularly polarized beam generation.
Fig. 6 shows the electric field across the long edge direction
of the cavity slot at 27.24 GHz, which excites the antenna's
radiation performance. We can observe that this is consistent
with the electric field direction inside the cavity depicted in
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Fig. 5. The overlapping of mutually perpendicular electric
field directions, with a 90° phase difference, results in the
generation of a right-hand circularly polarized beam.

As depicted in Fig. 7, at 28.1 GHz, the electric field inside
the cavity aligns with the radiation direction of the field
produced by the slot, resulting in the excitation of a vertically
polarized beam in the end-fire direction of the antenna.

As shown in Fig. 8, the antenna maintains a relatively wide
axial ratio performance in the radiation direction, achieving
good beam coverage in the end-fire direction. It provides over
150° of circularly polarized beam coverage in the xoz plane
and over 100° in the yoz plane. The axial ratio in the yoz
plane is slightly lower due to the feed structure being in the
same plane, leading to a decrease in circular polarization
performance in the yoz plane due to irregular feed structure
and misaligned ground plane. However, this can be avoided
in practical antenna applications.
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Fig. 10. Simulated antenna arrav structure.

The radiation patterns of the antenna unit are shown in Fig.
9. Fig. 9(a) and Fig. 9(b) depict the circularly polarized
radiation patterns of the antenna at 27.24 GHz, with the beam
directed towards the +z direction. The actual gain of the
antenna in this direction is 6.61 dBi. Fig. 9(c) and Fig. 9(d)
show the circularly polarized radiation patterns of the antenna
at 27.24 GHz, with the beam directed towards the +x
direction. The actual gain of the antenna in this direction is
7.71 dBi. Additionally, the antenna maintains cross-
polarization performance below -20 dBi across different
frequency bands. This indicates that the antenna achieves
beam coverage in different directions and polarizations within
the same aperture.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on November 25,2024 at 09:33:36 UTC from IEEE Xplore. Restrictions apply.



0

'
(=]

—
m

=

- -20

ot

L

g

530 .

=] —=—Simu [S |
& —e— Simu [S,,)|
40t

- -4 - Meas [S, |

=-v - Meas [S,,|

-50 1 1 1 1
260 265 270 275 280 285  29.0
Frequency (GHz)
()

X

—=—Simu [S,,|
—e— Simu [S,;|
- -4 - Meas [S,|

--v - Meas S,

S-parameters (dB)
N
(=]

270 s s . ! !
260 265 270 275 280 285 290
Frequency (GHz)

(b)

Fig. 12. Simulated and measured S-parameters of the antenna array.

III. DESIGN OF ANTENNA ARRAY

Simulated antenna array structure is shown in Fig. 10. The
antenna is entirely made of metal, but the traditional RF chip
and signal processing modules are integrated into a PCB. To
integrate with the conventional PCB system, a substrate-
integrated waveguide is used to feed the metal cavity antenna.
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Fig. 13. Simulated and measured antenna array radiation patterns. (a) 27.24
GHz. (b) 28.1 GHz.

The fabricated prototype, as shown in Fig. 11, utilizes a PCB
substrate for antenna feeding. Screws are added on both sides
of the metallic cavity and between the substrate layers to
reinforce the structure. The surface of the metallic cavity is
gold-plated to prevent rusting. When simultaneously exciting
four feed probes, the antenna achieves circular polarization
beam coverage in the top direction and linear polarization
beam coverage on the side. The four array units achieve high-
gain coverage in two directions.

As shown in Fig. 12, the simulated and measured S-
parameters of the antenna array indicate that each port is
independent, and return loss parameters for each port were
tested. The port structure is symmetrical, with both the
measured and simulated return losses for ports 1 and 2 being
below -10 dB, meeting the requirements at 27.24 GHz and
28.1 GHz. Minor discrepancies are attributed to inaccuracies
in fabrication and testing soldering. The isolation between
different ports also demonstrates this symmetry, with
isolation between ports 1 and 2 below -20 dB, and similarly
between ports 2 and 3. The measured and simulated results
are in close agreement. Traditional phased array or MIMO
antennas require port isolation of -15 dB or better. This
design holds broad application value.
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Simulated and measured antenna array radiation patterns as
shown in Fig. 13. The radiation pattern achieving circular
polarization at the top is shown in Fig. 13(a). The antenna
resonates at 27.24 GHz, with a simulated peak gain of 14.4
dBi and a measured peak gain of 14.37 dBi. The main beam
deviates approximately 5°, which is attributed to
measurement environment errors. The radiation pattern
achieving linear polarization on the side is shown in Fig.
13(b). The antenna resonates at 28.1 GHz, with a simulated
peak gain of 14.48 dBi and a measured peak gain of 13.2 dBi.
The frequency ratio of 1.03 between the two frequencies
enabled a good beam separation within a small frequency
ratio.

IV. CONCLUSION

This paper proposes a multi-beam, multi-polarization array
antenna for millimeter-wave vehicular communication. The
antenna features a fully metallic cavity structure, employing
different cavity modes at two frequencies: the TEio; mode for
circular polarization beam coverage at the top and the TM;o
mode for vertical polarization beam coverage on the side.
This allows the antenna to achieve high-gain beam coverage
in multiple dimensions and polarizations using a single
structure.
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