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ARTICLE INFO ABSTRACT

Keywords: In this article, a new compact planar phased array antenna is proposed for blind spot reduction in V2X com-
Automotive antenna munications. The proposed antenna can be easily integrated on the front-panel or rear-view side by providing 2-
Beamforming

dimensional wide communication coverage while overcoming physical integration space limitations. Moreover,
because the proposed antenna is based on a planar structure, it can be integrated effectively with beamforming
circuits. To verify the proposed antenna, both single and array configurations were fabricated and compared with
conventional patch antennas at 5.9 GHz. The proposed single antenna with a size of 19 x 1.1A¢9 x 0.02Ag
exhibited a measured bandwidth of 4.3% and a peak gain of 6.1 dBi. The measured HPBWs in the E- and H-
planes were approximately 126° and 136°, respectively, compared to 75.5° and 66.9° for the conventional patch
antenna. Further, the proposed antenna and reference patch antenna were extended to 1 x 8 array configurations
with 8-ch beamforming circuits. The measured scan angle of the proposed antenna was 160°, compared to only
98° for the patch antenna. Finally, a vehicular communication test was conducted with 256-QAM signals, where
the proposed 1 x 8 antenna array exhibited a stable error vector magnitude (EVM) over a wide coverage angle of

Compact antenna

Dedicated short-range communication (DSRC)
Phased array antenna

V2X communication

Wide-angle scanning antenna

150°.

1. Introduction

The increasing interest in fully autonomous driving has resulted in
the development of wireless vehicular communication with high speed,
low latency, and high data rates. Vehicle-to-everything (V2X) is an
essential technology for autonomous driving that has been conducted
with dedicated short-range communication (DSRC) and cooperative
intelligent transport systems (C-ITSs). IEEE identified the 802.11p/
WAVE standard for V2X communication, with an allocation of
5.850-5.925 GHz [1-3]. Furthermore, studies are being conducted on
various scenarios such as line-of-sight (LOS) and non-line-of-sight
(NLOS) environments [4-6]. Since the physical mounting positions of
the sensor and communication antenna module are limited due to the
vehicle characteristics [7-12], it is important to secure communication
coverage to ensure that blind spots do not occur while the number of
necessary parts is minimized as described in Fig. 1.

The conventional patch antennas for vehicular communication are
generally mounted in the vehicle’s front or rear areas, resulting in a
blind spot for V2X applications. Thus, to overcome the limited HPBW
performance of planar-type patch antennas, various research has been

conducted on antennas with wide beamwidth characteristics. For
example, electrically small planar Huygens source antennas have been
proposed [13-18]. However, these antennas have a complicated ge-
ometry and are low gain with a very narrow impedance bandwidth.
Other approaches based on metasurface, or dielectric resonator an-
tennas have also been proposed [19-24]. However, these require addi-
tional metal walls and complex geometry to achieve wide HPBW,
rendering them unsuitable for V2X applications in-vehicle. To meet the
requirements of compact size and high gain, antennas using a half-mode
substrate integrated waveguide (HMSIW) have been reported [25-30].
However, their HPBW performance is too narrow, meaning they are also
unsuitable for use as V2X communication antennas mounted in vehicles.
From a comprehensive perspective, antennas such as magnetic dipole or
multipole types are considered excellent candidates, as they provide
wide beam coverage in a limited space [31-37]. However, no research
has been conducted on the actual beam coverage by sending and
receiving data from wireless communication devices within a size that
can be fitted into an actual vehicle. In-vehicle mounted V2X beam-
forming antennas need to be compact with wide beam coverage and
high gain. Thus, to overcome the limited performance of the previously
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limited beam-steering angle due to limited HPBW of patch element
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Fig. 1. V2X compact antenna: (a) Conventional planar patch antenna in V2X beamforming applications with limited half-power beamwidth (HPBW) characteristics
and (b) in-vehicle mounting position of the proposed antenna with extended communication coverages.
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Fig. 2. Planar antenna structures with (a) representative radiating edges and (b) 3-D EM simulated electric field comparisons of the antennas.
studied antennas, a new compact planar structure with wide commu- Studio Suite tool. First, the radiation source can be represented by
nication coverage for V2X antenna for in-vehicle mounting in front or magnetic currents, which are induced around radiator edges. According
rear areas is proposed in this paper. to the well-known EM theory, the equivalent magnetic current at each
radiating edge can be expressed as
2. Design and analysis of the proposed antenna _ N
Mi=—-d,x E,; (€]

Fig. 2 displays an analysis of the electromagnetic (EM) field radiation
by a reference patch antenna, a reference magnetic dipole (MD) an-
tenna, and the proposed diverse magnetic current (DMC) antenna. In
this article, all 3-D EM simulations have been conducted using the CST

where aj, is the normal vector, and E; is the tangential electric field in-
tensity at the radiating edges while M; is the magnetic current repre-
sentation at the corresponding radiating edge denoted by i.
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Fig. 3. Proposed DMC antenna structure with (a) geometric parameters, simulated results of reflection coefficient according to (b) D and (c) ¢, (c) 2-D HPBW

optimization according to D at 5.9 GHz.

In the case of a conventional patch antenna, the radiation is weak-
ened because M1, M6 and M3, M4 cancel each other, meaning that only
M2 and M5 contribute to the beam radiation pattern as shown in Fig. 2
(a). This results in a limited half-power beamwidth. Therefore, to in-
crease the beamwidth, magnetic dipole antennas have been widely
researched. In the case of a commonly used magnetic dipole antenna,
one end of an antenna radiator (to which a signal is applied) is connected
to ground through a shorting via, as displayed in Fig. 2(a). This means
that at the locations of the aligned vias, the electric field strength is zero.
Hence, M2 becomes the dominant source and forms a radiation beam
pattern by equivalence modeling theory. However, in existing magnetic
dipole antenna structures, a surface current is induced in one direction
according to the direction of the vias aligned in a row, forming a wide
beamwidth in one direction only due to M1 and M3 having relatively
weak intensities. Given these considerations, we propose a new compact
antenna structure with wide beamwidth characteristics in all directions
that uses the concept of a conventional magnetic dipole antenna. Unlike
the conventional MD antenna method, the proposed DMC antenna
structure is designed such that it changes the direction of the surface
current by placing an offset shorting via between a feeding part and an
end ground via without aligning the ground vias on the same line.
Finally, the proposed antenna is optimized by using a non-square-plane
radiator to regulate the electrical length of the surface current flowing

along the outer periphery of the antenna, reducing the size of the radi-
ator by varying the current flow. Simultaneously, M1-M5 are formed on
all the outer sides of the radiator, making it possible to create an antenna
with a 2-D wide beamwidth, as displayed in Fig. 2(a). The representative
models are 3-D EM simulated as shown in Fig. 2(b), where the electric
fields along the radiating edges are demonstrated.

To verify the wide beamwidth of the proposed antenna structure at
5.9 GHz, the DMC antenna has been designed following the process
described in Fig. 3(a). Moreover, to demonstrate the feasibility of the
DMC antenna, a patch antenna, an MD antenna, and the proposed an-
tenna has been analyzed using the same substrate and overall antenna
size. All the antennas have been designed using a Taconic TLX-9 sub-
strate with a relative permittivity of 2.5 and a thickness of 1.1 mm. In
addition, a typical finite ground size of 1.0 A¢ x 1.1 Ao has been applied.
Next, the proposed DMC antenna has been designed by adjusting the
offset vias and signal feeder from the square radiator of a reference MD
antenna. Fig. 3(b) and (c) display the parametric analysis of the reflec-
tion coefficient based on the offset shorting via by D and the angle of the
radiator by ¢, respectively. First, the proposed antenna has been opti-
mized according to the results of the reflection coefficient, antenna gain,
and beamwidth variation with respect to the offset via distance, where a
D value of 3.7 mm has been found to be the most efficient. In addition,
by designing the square side of the radiator with multiple angles while

Table 1
Geometric parameters for the reference patch, reference magnetic dipole, and proposed dmc antennas.
Type Parameters (mm)
Wg Lg H w L1 12 D F1 F2 )
Reference patch 55 60 1.1 16 14.8 0 0 32.9 27.5 0
Reference MD 55 60 1.1 18 7.8 0 0 31.4 27.5 0
Proposed DMC 55 60 1.1 13.8 5.2 6.4 3.7 30.4 27.5 58.5
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Fig. 4. Proposed DMC antenna with (a) equivalent circuit model and (b) simulated impedance parameters by 3-D EM and circuit models.
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Fig. 5. (a) 1 x 8 array antenna structures and simulated radiation patterns of the array, (b) reference patch, and (c) proposed DMC antenna in xz plane at 5.9 GHz.

fixing the offset via distance, we analyzed the reflection coefficient ac-
cording to the angle and tuned it to the desired resonant frequency of
5.9 GHz, as displayed in Fig. 3(d). The beamwidth could be increased
through a field analysis of the flow of magnetic fields and currents in
different directions of the final designed proposed DMC antenna, as
depicted in Fig. 3(e). The optimized performance for each antenna will
be presented with both simulation and measurement in section IIL
Finally, the configuration of the reference patch, reference md, and
proposed DMC antennas and a summary of the design parameters are
presented in Table 1.

Next, the resonant frequency of the proposed antenna has been
determined and analyzed using equivalent circuit modeling, as dis-
played in Fig. 4(a). To verify the diverse magnetic resonant currents
through the radiator and shorting via at the center frequency, a lumped-
element equivalent circuit model has been extracted by a 3-D EM
simulation of real and imaginary impedance characteristics. The reso-
nant frequency has been determined by adjusting the vias and offset vias
at the end of the antenna radiator and by using a curve fitting method,
from which an RLC-equivalent circuit could be extracted, as displayed in
Fig. 4(b).

To verify the performance of the beamforming pattern, the proposed
DMC antenna elements from Fig. 5. have been configured in 1 x 8 array
structures at 5.9 GHz and compared with the conventional patch an-
tenna. The volume of the reference patch arrays (including the ground
plane) is 1.11 x 4.2)y x 0.02A¢. The proposed DMC antenna array has
an identical volume (including the ground plane) of 0.74Ay x 3.7Xpx%
0.02)¢ for in-vehicle mounting. The beam patterns are shifted through
several arbitrary angles until the side-lobe level (SLL) exceeded —10 dB.

The achievable peak scan angles with an SLL of less than —10 dB for the
reference patch and proposed DMC arrays are approximately +45° and
+65°, respectively. Further, for each 3 dB beam coverage with an SLL of
less than —10dB, the angles are approximately +55° and +83°,
respectively. At a peak angle of +65° for a typical patch antenna, the
gain decreased rapidly as the beam is steered and the sidelobes increases
rapidly. For the proposed DMC antenna, the gain variation is only 1.2 dB
from the peak gain and the sidelobe varies by more than 10 dB. More-
over, the simulated peak gains for the 1 x 8 reference patch and the
proposed DMC antenna were approximately 14.5 and 12.2 dBi, respec-
tively. This is because the total beam pattern characteristics of the array
antenna are related to the radiation pattern performance of the single
antenna. Therefore, the proposed antenna has a significant advantage in
terms of overall antenna size, array antenna beam-steering angle, and
gain variation rate, although the peak gain is slightly reduced compared
to the conventional patch antenna.

3. Fabrication and measurement
3.1. Measurement of the single antenna

The proposed DMC antenna element has been fabricated by using the
parameters summarized in Table 1. To compare the performance of the
proposed DMC antenna, reference patch and conventional MD antennas
have been also fabricated as well. All the antennas have been fabricated
with the same Taconic TLX-9 substrate as indicated in the previous
section for simulations. Further, to verify realistic performance, a finite
ground size of 1 A x 1.1 A9 x 0.02 Ay at 5.9 GHz (corresponding to
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Fig. 7. Measured radiation patterns of the single reference patch, magnetic dipole, and DMC antennas in (a) xz-plane and (b) yz-plane at 5.9 GHz.

55 mm x 60 mm x 1.1 mm) has been used for all the antennas.

Fig. 6(a) displays the fabricated antennas and Fig. 6(b) presents the
measured reflection coefficients. The reference patch and MD antennas
exhibit 10-dB impedance bandwidths of 180 MHz (5.85-6.03 GHz) and
140 MHz (5.87-6.01 GHz), respectively. In comparison, the proposed
DMC antenna exhibits a 10-dB impedance bandwidth of 150 MHz

(5.84-5.99 GHz). Thus, all antennas show good agreement between the
simulated and measured reflection coefficients. Then, the radiation
patterns have been measured to verify the extended HPBW character-
istics of the proposed DMC antenna in both planes, as displayed in Fig. 7.

Fig. 7(a) and (b) depict the radiation patterns of the reference patch,
the conventional MD, and the proposed DMC with HPBWs of 71.0°,
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teristics of the 1 x 8 reference patch of proposed DMC antennas.

130.0°, and 124° in the xz plane, and HPBWs of 84.7°, 107.7°, and 136°
in the yz plane, respectively. Also, the measured peak gains of the
reference patch, the conventional MD, and the proposed DMC are 7.6
dBi, 5.5 dBi, and 6.1 dBi, respectively. Thus, the simulations and mea-
surements demonstrate that the proposed single DMC antenna has an
extended HPBW in both planes.

3.2. Measurement of the 1-D beam steering antenna module

To verify the extended beam-scanning performance of the proposed
DMC antenna, both 1 x 8 reference patch and proposed DMC antenna
arrays have been fabricated using the same Taconic TLX-9 substrate.
Fig. 8(a) shows the top views of the fabricated reference patch and
proposed DMC array antennas with the port numbers. Fig. 8(b) and (c)
display the simulated and measured reflection coefficients of the
selected antenna ports of the reference and proposed DMC arrays. Here,
the 10-dB IBWs of 2.88% (5.84-6.01 GHz) and 2.54% (5.83-5.98 GHz)
for the 1 x 8 reference patch and proposed DMC arrays are observed,
respectively. Also, Fig. 8(d) and (e) display the measured antenna port-
to-port isolation characteristics of the 1 x 8 reference and proposed
DMC arrays. The measurements are always better than —15 and —18 dB
for the reference and proposed DMC arrays, respectively. Thus, the
realized 1 x 8 array configurations exhibit good agreement between the
simulated and measured S-parameters.

To drive the phased array operation for the proposed DMC antenna, a
1 x 8 Wilkinson divider and an 8-ch beamformer consisting of
commercially available RF phase shifters and attenuators have been also
implemented, as displayed in Fig. 9(a). The beamformer has been
fabricated with RF-35 Taconic and FR4 substrates forming a four-layer

231

PCB, as presented in Fig. 9(a). The RF-35 substrate has a relative
permittivity of 3.5 and a loss tangent of 0.0018 while the FR4 substrate
has a relative permittivity of 4.7 and a loss tangent of 0.018. For the
beamformer, 6-bit phase shifters and attenuators having the corre-
sponding resolutions of 5.6° and 0.5 dB, respectively from MACOM
Technology Solutions have been adopted. Then, both reference patch
and proposed DMC antenna-based phased arrays have been measured in
an anechoic chamber to verify the extended beam scanning performance
at 5.9 GHz, as displayed in Fig. 9(a). The measured results at 5.9 GHz
with de-embedded RF connector and cable losses are displayed in Fig. 9
(b) and (c). The measured HPBW scanning angle of the 1 x 8 patch array
satisfying the SLL below —10 dB in the xz plane is 98° (—48° to +50°)
while the measured peak gain is 14.7 dBi, as shown in Fig. 9(b). It is
observed that the grating lobe of the patch array rises as high as the main
lobe at the scanning angle exceeding 100°, proving the limited coverage.
In comparison, the measured HPBW scanning angle of the 1 x 8 pro-
posed DMC array satisfying the SLL below —10 dB in the xz plane is 160°
(—82° to +78°) while the measured peak gain is 12.7 dBi, as shown in
Fig. 9(b). Thus, the scanning coverage is approximately extended by
63% with a small gain variation during the beam-steering. In addition,
the antenna elements have been tuned in-phase for the measured beam
pattern in the yz-plane, as displayed in Fig. 9(c). The measured HPBW
for the proposed DMC array is approximately 132.2°, compared to
approximately 71.4° for the patch array in the yz plane. Therefore, the
proposed DMC array antenna can cover a wider scan angle in both
planes with lower SLL and gain variation.
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Fig. 9. Proposed phased array antenna module and the measured beamforming pattern: (a) configuration of the beamformer and the measurement test setup, (b)
beamforming pattern in xz-plane of reference patch and proposed DMC antenna, and (c¢) beamforming pattern in xz and yz-planes at in-phase of reference patch and

proposed DMC antennas.

3.3. Measurement of the EVM performance

To verify the reference and proposed DMC antennas over-the-air
(OTA) in an electromagnetic shielding room, the error vector magni-
tude (EVM) performance has been verified with NR USRP-2954R 256-

232

QAM signals. Fig. 10 (a) displays the measurement set-up, where an
up-converter has been used in the Tx and a down-converter, DC-divider,
and hybrid coupler have been used in the Rx. Fig. 10(b) and (c) display
the measured EVM values at 28 GHz with 64-QAM and a different po-
sition of the Tx horn antenna with Rx beamforming performance. The Tx
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Fig. 10. 256-QAM test of the 1 x 8 reference patch and proposed DMC array antenna: (a) measurement set-up, (b) measured constellations, and (c) measured EVM

results at different Tx positions.

Table 2
summary of proposed antenna and its performance comparison with state-of-the-Art Wide beam coverage.
Ref. Array size  Total volume w/ Center Min. 10-dB  Peak gain  Aperture eff. @ 0 /75° (%)  3-dB coverage scan angle (°) ~ 256-QAM
ground plane Freq. (GHz) BW (%) (dBi) EVM @ 75° (%)
[31] 1x9 1.54 X 4.8109 x 0.03%y 5.8 4.4 12.3 13/8 154 N/A
[32] 1x9 Tho X 4.81%9 X 0.05)¢ 5.8 2.54 12.5 20/15 150 N/A
[34] 1x8 Tho X 4.25)9 X 0.02)¢ 5.9 2.06 10.8 23/18 160 N/A
[37] 1x8 0.67h X 4.2% X 0.03%¢ 5.0 18.2 15 42/ 25 120 N/A
This work 1x8 0.74ho X 3.7h9 X 0.0229 5.9 2.37 12.7 37 /31 160 6.6

233
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output power has been set to —27.3 dBm and the Tx horn antenna gain
has been set to approximately 20 dBi at 5.9 GHz. The distance between
the Tx and Rx antennas has been set to 3 m in the test. The worst EVMs of
the Rx reference and DMC antennas are 23.6% and 6.1%, respectively.
The proposed DMC antenna demonstrates good EVM measurement re-
sults at all positions of the Tx horn antenna compared to the reference
patch antenna.

The overall performance of the proposed DMC array antenna is then
compared with the other compact wide-beamwidth antennas, as sum-
marized in Table 2. Given the proposed antenna’s superior wide-angle
performance, the aperture efficiencies of the proposed array with
respect to the steered beams at 0° and 75° elevation angles show
excellent results. The proposed antenna demonstrates low variation in
aperture efficiency across a wide range of angles, whereas the other
antennas exhibit either low efficiency or significant degradation from
their peak aperture efficiency.

4. Conclusion

In this paper, a new DMC single and array antenna structure have
been proposed and compared with the conventional patch single and
array antennas. The proposed antenna in a single 1-D array configura-
tion has been verified at 5.9 GHz for wide beamwidth and scanning
beam coverage. The proposed antenna has exhibited an excellent wide-
angle beamforming performance with low gain variations at different
beam steering angles and stable EVM characteristics in any position with
a 256-QAM test signal. The measured 3-dB coverage scan angle of the
proposed phased array antenna has been 160° while the measured EVM
has been 6.6% at 75° incident signal angle. Accordingly, it is expected to
be a good candidate for V2X communications using phased array
architecture.
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