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Abstract—This article introduces a millimeter-wave (mmWave)
communication system with a concomitant multifold orthogo-
nal beamforming (CMOB) antenna array to support vehicle-to-
vehicle (V2V) and vehicle-to-infrastructure (V2I) communications.
Through a single feed, the antenna triggers the TEq;; and TE;¢1
modes within the cavity, encompassing dual bands. Concurrently,
it integrates slotted elements on various surfaces of the cavity to
generate antenna beams distinguished by their orthogonal char-
acteristics. A full-metal cavity provides high power handling ca-
pabilities without the need for complex feeding networks. For a
1x4 antenna array, we have employed three different designs:
dual orthogonal beams, triple orthogonal beams, and quadruple
orthogonal beams. This process is carried out to assess the viability
of the designs and to fine-tune the shape of the quadruple orthog-
onal beams through optimization. Subsequently, a 1 x4 antenna
array featuring quadruple orthogonal beams is constructed and
subjected to measurement. The gains of the array’s orthogonal
beams are 9.828 dBi and 9.655 dBi, which demonstrates a close
correspondence with the simulated outcomes. This serves to affirm
the practicality of the design approach.

Index Terms—Concomitant multifold orthogonal beamforming
(CMOB), dual-band, full metal antenna array, millimeter-wave,
full-metal, vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I).

1. INTRODUCTION

ITH the rapid advancement of vehicle technology, high-
W speed communication in vehicles becomes paramount
[11, [2], [3], [4], [5]. This trend is driving the emergence
of various new application scenarios, including autonomous
driving [6], cooperative perception [7], sensor data sharing
[8], and multi-link communication [9]. Together, these innova-
tions are enhancing both the safety and intelligence of driving.
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Fig. 1.
and V2I.

Concomitant multifold orthogonal beamforming supporting both V2V

In order to achieve Gbps vehicle communication, millimeter
wave (mmWave) technology [10], [11], [12], [13], [14], [15]
is considered as a highly promising option. Millimeter-wave
technology possesses a wide spectrum availability, excellent
reliable low-latency communication capabilities, and the ability
to transmit large volumes of data. These features are expected
to significantly enhance the resolution and precision of vehicle
communication systems.

To ensure high-quality communication links supporting both
vehicle to vehicle (V2V), vehicle to infrastructure (V2I) con-
currently, as shown in Fig. 1, millimeter wave with high gain
characteristics and multi-beam antenna technology is typically
employed, enabling the switching of multiple beams while the
vehicle is in motion [16]. Consequently, various multi-beam
antenna technologies have been developed for this purpose,
which can be achieved through multi-antenna systems [17],
Butler matrix antennas [18], lenses [19], [20], transmit arrays
[21], [22], leaky-wave antennas [23], and phased-array antennas
[24]. All of these technologies are capable of generating multiple
high-quality directional beams. However, due to their complex
structures and large sizes, these technologies often face limita-
tions in achieving a 90° scan from end-fire to broadside, and
they cannot create concomitant orthogonal beams using simple
feeding structure, which poses new challenges in the design of
vehicle antennas.

Deploying multiple antennas in different directions is an
effective approach to achieve orthogonal beams. The possibility
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Fig. 2. Full metal cavity mode.

of using multi-directional beamforming antennas is realized by
deploying three horn antennas in the end-fire directions and one
horn antenna in the broadside direction [25]. Designing arrays
in different directions can achieve high gain and wide beam
coverage [26], [27], [28], but this occupies limited space. Using
a shared-aperture approach resolved this issue [29], but complex
feed networks and differing beam polarizations have limited the
antenna’s application in automobiles. The design and power
distribution methods for a joint beamformer in an RF-VLCP
[30] hybrid system have been proposed. In contrast to traditional
patch antennas, full-metal structure antennas possess enhanced
power handling capabilities. The simplicity of cavity resonance
eliminates the need for complex feeding networks. Simultane-
ously, when combined with the concept of multidimensional
radiation patterns, it facilitates multidirectional radiation within
the millimeter-wave frequency range.

This paper introduces a full-metal dual-band millimeter wave
antenna array with a single feed and no corporate feed net-
work, enabling concomitant multifold orthogonal beamforming
(CMOB) in dual bands to support V2V and V2I communi-
cations. Section II offers a concise explanation of the design
principles. Section I1I focuses on the designs of concomitant dual
orthogonal beamforming (CDOB) antenna array, concomitant
triple orthogonal beamforming (CTOB) antenna array, and con-
comitant quadruple orthogonal beamforming (CQOB) antenna
array, and optimizes the sidelobes and gain of the quadruple
beam antenna array. The proposed antenna features concomitant
multifold orthogonal beamforming, with advantages such as
a simple structure, high efficiency, and high power-handling
capability. In Section IV, the orthogonal 4-beam 1x4 antenna
array is fabricated and measured to validate the design concept.
Finally, Section V concludes this article.

II. CONCEPT OF DUAL-BAND DUAL-MODE RESONANCE

This section commences by delving into the theoretical un-
derpinnings of how a full-metal slot antenna achieves dual-band
dual-mode orthogonal radiation. Fig. 2 exhibits a full-metal
cavity model, where the cavity dimensions inside are specified
as a, b, c, with the resonance frequencies of the proposed cavity
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Fig. 3. EM field distributions of dual modes in a cavity resonator: (a) Mag-
netic field of TE g1, (b) electric field of TE1g1, (c) electric field of TEg:1,
and (d) magnetic field of TEp;1.

expressed as

= |y )+ ()] @

where w,,,,,; is the resonant frequency, and the modulus is m,
n, . v is the speed of light in a vacuum. p, and ¢, are the
permeability and dielectric constant, respectively. To enhance
signal transmission capabilities, antenna gains are increased in
both the x-axis and y-axis directions, with the cavity’s height ¢
set at 4x 1 to achieve an array of 4 antenna slots arrangement
of orthogonal beams. Simultaneously, the excitation is applied
to induce two orthogonal fundamental modes, TEy; and TE1; .
In addition, by adjusting the lengths of a and b differently, these
two modes are achieved at different frequencies. The resonant
frequencies of the dual-mode are expressed as

aeloe] e
w<2)11 = /;:; [(7;)2 + (72)2] 3)

The EM field distribution of the dual mode within a full metal
cavity resonator is depicted in Fig. 3. These two modes do
not resonate at the same frequency. Simultaneous dual-mode
operation can be achieved by configuring the feeding slot ap-
propriately.

Slots along the x-axis and y-axis within a full-metal resonant
cavity enable concomitant multifold orthogonal beamforming
through dual-mode orthogonal electric fields in a rectangular
cavity, as depicted in Fig. 4.

The combination of different rectangular cavity dimensions
e.g.,a, b, c,as expressed in (1)—(3), allows the cavity to resonate
simultaneously in the TE1p; and TEy;; modes. Multiple slots
on the metal wall of this rectangular cavity will enhance the
antenna’s gain in specific directions, thereby improving signal
transmission.
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Fig.4.  Schematic diagram of dual-mode resonance for concomitant multifold
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Fig. 5. Geometrical configuration of CDOB antenna array: (a) 3-D view,
(b) top view, (c) front view, and (d) right view. Design parameters: a = 5.6,
b=54,c=22,L; =45 W;=12,hy =2, ho =3,L1 =3.7, W1 =0.7, Lo
=3.3, W =0.7, k=5.5, r = 1.3 (unit: mm).

III. ANTENNA ARRAY CONCOMITANT MULTIFOLD
ORTHOGONAL BEAMFORMING ARRAY DESIGN

A. Concomitant Dual Orthogonal Beamforming Antenna

Fig. 5(a) illustrates the 3-D view of an antenna featuring
a concomitant dual orthogonal beamforming (CDOB) antenna
array, Fig. 5(b) provides a top view of the antenna, while Fig. 5(c)
and Fig. 5(d) show the front and right views, respectively. The
antenna is constructed as a rectangular full-metal structure and
achieves radiation through waveguide slots feed from the bottom
at a 45° rotation, which provides the x-axis and y-axis of electric
field excitation simultaneously. Four equidistant and equally
sized slots are positioned on both the front view and right view.

The antenna’s equivalent circuit diagram is depicted in Fig. 6,
with Cp,1 and C,2 denoting capacitive loads in different modes
resulting from the rotational slot feeding, and C,; and C,s
signifying capacitive loads in different modes arising from
slot radiation. (Lg1, Cg41) represents the resonator model for
the TE,p; mode, while (Lg42, C42) characterizes the resonator
model for the TE(p;; mode. Both modes coexist simultaneously
without mutual interference due to the electric field orthogonal
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Fig. 7. Simulated return loss of the CDOB antenna array.
Va1
Fig.8. Simultaneous CDOB antenna array radiation simulation on the vehicle.

property, and the resonant frequencies of the two resonators can
be determined using the following (4) and (5).

1
2
= 4
flOl 4’/T2L§“ (Cpl + Cdl + Cal) ( )
1
2
= 5
Jon 472L2, (Cpo + Cp + Cy2) ®)

It is important that the structure of the reactive power division
network reduces the complexity of the antenna, while the full-
metal cavity enables a dual-band antenna array design with a
small frequency ratio and orthogonal radiation properties. The
frequency ratio of CDOB is 1.047.

Simulated antenna return loss is illustrated in Fig. 7, where the
TEq0; resonance mode is achieved at 28.03 GHz, and the TE(1
resonance mode is attained at 29.34 GHz. The antenna radiates
in both the +x and +y directions at two frequencies. Fig. 8 dis-
plays the antenna placement on the vehicle, enabling high-gain
millimeter-wave radiation simultaneously in the end-fire and
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Fig. 9. Simulated contour plot of 3-D radiation patterns in different beam
scanning angles at (a) 28.03 GHz and (b) 29.34 GHz.
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Fig. 10.  Simulated radiation patterns of CDOB antenna array, (a) xy-plane,
(b) xz-plane, and (c) yz-plane.

broadside directions. It provides concomitant communication
links for both V2V and V2I.

The contour plot in Fig. 9 provides a visual representation of
the 3-D radiation pattern, highlighting a noticeable 90° phase
difference between the two radiation directions. The antenna
realized gains of 10.89 dBi at 28.03 GHz and 10.1 dBi at
29.34 GHz. Fig. 10 illustrates the radiation pattern of the Con-
comitant Dual Orthogonal Beamforming (CDOB) antenna array.
The black and red lines correspond to 28.03 GHz and 29.34
GHz, respectively. Fig. 10(a) shows the radiation pattern of two
modes on the xy-plane, Fig. 10(b) depicts the radiation pattern at
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Fig. 11.  Geometrical configuration of CTOB antenna array. Design parame-
ters:a=5.6,b=54,c=22,L;j =45 W;=12,h1 =2, hy =3,L1 =38,
W1 =0.7,Ly =34, Wy =0.7, k=55, r= 1.3 (unit: mm).
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Fig. 12.  Simulated return loss of the CTOB antenna array.

28.03 GHz on the xz-plane at phi = 0°, and Fig. 10(c) represents
the radiation pattern at 29.34 GHz on the yz-plane at phi = 90°.

B. Concomitant Triple Orthogonal Beamforming Antenna
Array

Fig. 11 illustrates the 3-D view of an antenna featuring a
concomitant triple orthogonal beamforming (CTOB) antenna
array, In the +x direction of the antenna, there are slots of
equal size and spacing to achieve radiation at 27.93 GHz. What
sets CDOB antenna array apart is that the CTOB antenna array
has slots of the same size and spacing in both the +y and
—y directions. The slot distribution is consistent on both faces,
enabling dual-beam radiation at 28.47 GHz. The frequency ratio
of CTOB is 1.019, the feeding slots are still rotated at 45 degrees
to simultaneously excite two different modes.

The simulated concomitant triple orthogonal beamforming
antenna array exhibits return loss as shown in Fig. 12. It achieves
radiation in the TE; mode at 27.93 GHz and in the TE;;; mode
at 28.47 GHz, with both modes exhibiting a return loss below
—20dB.

Fig. 13 displays the antenna placement on the vehicle, en-
abling high-gain millimeter-wave radiation simultaneously in
the +x direction and in the +y and —y directions.
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Fig. 14.  Simulated contour plot of 3-D radiation patterns in different beam
scanning angles at (a) 27.93 GHz and (b) 28.47 GHz.

The contour plot in Fig. 14 provides a visual representation of
the 3-D radiation pattern, achieving orthogonal radiation in the
+x and y directions. The antenna realized gains of 11.02 dBi at
27.93 GHz and 9.689 dBi at 28.47 GHz. Fig. 15(a) shows the
radiation pattern of two modes on the xy-plane, while Fig. 15(b)
shows the radiation pattern at 27.93 GHz on the xz- plane at phi
= 0°, and Fig. 15(c) shows the radiation pattern at 28.47 GHz
on the yz-plane at phi = 90°.

C. Concomitant Quadruple Orthogonal Beamforming
Antenna Array

Fig. 16(a) depicts a 3-D view of the co-located concomitant
quadruple orthogonal beamforming (CQOB) antenna array. It
features slots of the same size and spacing in both the front view
and back view, as well as in the left view and right view.

Fig. 16(b) depicts the final structure of the antenna, with the
design process to be provided later.

Fig. 17 illustrates the simulated return loss characteristics
of the CQOB antenna array. It operates in the TE;p; mode at

Simultaneous CTOB antenna array radiation simulation on the vehi-
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Fig. 15. Simulated radiation patterns of CTOB antenna array: (a) xy-plane,
(b) xz-plane, and (c) yz-plane.

(b)

Fig. 16.  Geometrical configuration of CQOB antenna array: (a) Initial con-
figuration, (b) final configuration. Design parameters: a = 5.6, b = 5.4, ¢ = 22,
Li=45 W;=12,h; =2,hy =3,L1 =3.68, W; =0.7, Ly = 3.56, W2 =
0.7,k =5.5,r=13, L3 = 8, W3 = 2 (unit: mm).

27.18 GHz and the TE(;; mode at 28.25 GHz, with both modes
showing return loss values below —20 dB. The frequency ratio
of CQOB is 1.039.

Fig. 18 displays the antenna placement on the vehicle, en-
abling high-gain millimeter-wave radiation simultaneously in
the x directions as well as in the y directions.

Fig. 19 introduces the simulated radiation patterns of the
CQOB antenna array. The antenna exhibits excellent beamform-
ing orthogonality but experiences higher side lobes due to the
absence of a ground plane. In the x direction, the main lobe gain
is 9.18 dBi, with side lobes only 2.8 dBi lower than the main
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Fig. 19. Simulated radiation patterns of CQOB antenna array: (a) xy-plane,
(b) xz-plane, and (c) yz-plane.

lobe. Similarly, in the y direction, the main lobe gain is 9.25 dBi,
with side lobes 3.1 dBi lower than the main lobe.

The higher side lobe of the antenna is not suitable for antenna
radiation. In order to address this issue, four branches are de-
signed to reduce sidelobes in Fig. 16(b). These four branches
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Fig. 20. Radiation parameter analysis of CQOB antenna array. (a) G/S ratio
at 27.18 GHz in the x-axis, and (b) G/S ratio at 28.25 GHz in the y-axis.

are directly positioned at the four corners of the antenna, with a
length of L3 and a width of Ws.

To analyze the impact of these two parameters on the an-
tenna’s gain-to-sidelobe (G/S) ratio and main gain, as shown in
Fig. 20(a) and (b), the addition of branches indeed reduces the
antenna’s G/S ratio. With the increase in W3, there is a significant
increase in the G/S ratio in both frequency bands. The peak gain
of the antenna in two frequency bands is shown in Fig. 21(a)
and (b). As W3 increases, the antenna’s peak gain will indeed
decrease relative to the increase in antenna cost. Considering
both the G/S ratio in two frequency bands and peak gain, the
final design choice is L3 = 8 and W3 = 2 mm. Ultimately, the
antenna simulation resulted in a radiation pattern with a peak
gain of 10.2 dBi and a G/S ratio of 2.37 at 27.18 GHz. Similarly,
at 28.25 GHz, it achieved a peak gain of 9.69 dBi and a G/S
ratio of 2.49. The additional branches significantly improve the
antenna radiation characteristics.

Without affecting the antenna impedance matching, the gain
of the antenna is increased by 1.02 and 0.44 dBi at 27.18 GHz
and 28.25 GHz, and the G/S ratio of the antenna is increased
by 0.93 and 0.99 at 27.18 GHz and 28.25 GHz, respectively.
Obviously, the external branch structure improves the radiation
characteristics of the antenna. Finally, the full metal cavity
structure provides support for the orthogonal beam requirement.

Fig. 22 presents a simulated contour plot of 3-D radia-
tion patterns at different beam scanning angles at 27.18 and
28.25 GHz, providing dual-link communication for both V2V
and V2I directions.
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Fig. 21. Radiation parameter analysis of CQOB antenna array. (a) Peak gain
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Fig. 22.  Simulated contour plot of 3-D radiation patterns in different beam
scanning angles at (a) 27.18 GHz and (b) 28.25 GHz.

IV. EXPERIMENTAL RESULTS

To validate the concept of CMOB, the proposed 1 x4 CQOB
antenna array is manufactured using computer numerical control
(CNC) machining and coated with gold-plated brass in Fig. 23.
The comparison between simulated and measured [S;;| and gain
is shown in Fig. 24, and there is a high degree of agreement, with
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Fig.23.  Photographs of the proposed CQOB antenna array: (a) Top view, and
(b) Side view.
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Fig. 24. Measured and simulated results of |[S11| and gain.

values below —20 dB at both 27.18 GHz and 28.25 GHz. The
simulated and measured peak gains are consistent. It is worth
mentioning that the directions corresponding to the two peak
gains are different. At 27.18 GHz, the peak gain direction is in
the +x and —x directions, while at 28.25 GHz, the peak gain
direction is in the +y and —y directions.

The simulated and measured radiation patterns of the CQOB
antenna array are shown in Fig. 25. At 27.18 GHz, the measured
peak gain is 9.828 dBi, with the maximum gain direction in
the +x and —x directions, and a G/S ratio of 2.52. Meanwhile,
at 28.25 GHz, the measured peak gain is 9.655 dBi, with the
maximum gain direction in the +y and —y directions, and a G/S
ratio of 2.34. The differences between measured and simulated
results are acceptable. The measured results verify the design of
the paper. In both frequency bands, the simulated cross polariza-
tion is below —30 dBi, while the measured cross polarization at
27.18 GHz is below —13 dBi, and at 28.25 GHz, it is below —14
dBi. The cross-polarization of antenna measurement is higher
than that of simulation because of the scattering of measurement
environment.

V. CONCLUSION

A millimeter-wave array featuring concomitant multifold or-
thogonal beamforming is proposed, with the antenna excited in
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Fig. 25.  Simulated and measured radiation patterns of CQOB antenna array,
(a) xy-plane, (b) xz-plane, and (c) yz-plane.

two frequency bands by the TE;o; and TE(;; modes. These two
modes excite beams with orthogonal properties. Following this
principle, we designed 1x4 CDOB antenna array, 1 x4 CTOB
antenna array, and 1x4 CQOB antenna array, and conducted
optimization on the radiation patterns of the 1 x4 CQOB array.
Measurements are conducted on the 1x4 CQOB array antenna
to validate the design concept. This antenna array features con-
comitant multifold orthogonal beamforming, single-feed design,
absence of power splitters, high gain, and high-power support.
Simultaneously, it enables dual-link communication for V2V
and V2I in orthogonality directions.
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