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ABSTRACT A multi-beam and multi-polarized Multiple-Input Multiple-Output (MIMO) antenna system,
which operates at Sub-6 GHz and mm-wave frequency bands is realized for 5G Vehicle-to-Everything (5G-
V2X) application. Since the vehicle needs to communicate in different scenarioswith the others, e.g. vehicles,
passengers, control units, and mobile networks, in the surrounding area, an antenna with 360◦ coverage area
is required. In this paper, an eight-elementMIMOantenna is designed and implemented for this purpose. Four
elements are distributed evenly in a circular substrate placed in the azimuth plane. Meanwhile, the other four
elements are printed on two orthogonal substrates which are fixed perpendicularly to the circular substrate.
Each radiating component is a tapered slot antenna integrated with a dipole to operate at both microwave
and mm-wave bands. The simulated and measured results demonstrate capability of the proposed design in
covering the whole surrounding area (360◦ coverage in azimuth plane). The antenna achieves a realized gain
of more than 9 dBi at the mm-wave range and 4 dBi at the microwave range.

INDEX TERMS Dipole antenna, intelligent transportation, microwaves, mm-waves, tapered slot antenna,
vehicle-to-everything (V2X), 5G.

I. INTRODUCTION
Recently, the development of wireless communication tech-
nologies has led to parallel development in the concept of
intelligent transportation systems (ITS) to improve the safety
and security of drivers and pedestrians. Thus, the ITS has
been moved forward to include vehicle-to-everything (V2X),
which comprises vehicle-to-infrastructure (V2I), vehicle-to-
cloud (V2C), vehicle-to-vehicle (V2V), vehicle-to-pedestrian
(V2P), and vehicle-to-network (V2N) [1], [2], as illustrated
in Fig. 1. With this development direction, the Third
Generation Partnership Project (3GPP) community defined
the cellular network as the bone platform connection for V2X
technology, mentioned as cellular V2X (C-V2X) [2], [3].
Towards an intelligent transportation system, C-V2X plans
to reduce road accidents by 80% [3]. Thanks to the
massive device connectivity, high data rate, and low service
latency, along with the 5G’s capability, 5G-V2X will pro-
vide high-performance remote driving, map, video sharing
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FIGURE 1. The conceptual scenario of 5G-V2X communication services.

vehicle platooning, and collision avoidance system [4]. The
benefits of using 5G come from using millimeter-wave
(mm-wave) communication to meet the increased traffic
demands [3], [5], [6].
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Generally, V2X have the following communication scenar-
ios to be considered:

1) V2V: allowing the vehicles to communicate directly
in close contact. Such a type of connection is short
and medium-range communications that can work
at a higher frequency to achieve a high data rate.
Essentially, it is intended to improve road safety, such
as collision avoidance; as a result, high dependability
and low latency are required for such V2V connections.

2) V2P: providing the connection between the vehicle and
vulnerable road users via mobile network, including
medium and long-range communications.

3) V2I: sharing the delay-intensive information with
roadside units (RSU). Since the radio range of RSU is
short, the data should be shared at a high rate.

4) V2N: providing a connection between the vehicle and
remote servers for navigation information, real-life
traffic state, and weather conditions.

Since the services of V2X have different requirements in
terms of range and data rate, diverse frequency ranges of
5G are required to meet those needs. It is well known that
the upcoming 5G network support mm-wave band and sub-6
GHz bands, which serve all the scenarios mentioned above of
V2X. Small size, low cost, highly efficient, dual bands (lower
and mm-wave band), and 360◦ area coverage of the road are
the main antenna specifications that should be achieved.

While 5G applications are benefited from the wide
bandwidth at mm-wave, the propagation in this frequency
range faces high attenuation which restricts the link budget.
Thus, high gain is needed besides the required wide
coverage area for such type of V2X applications [7]–[10].
In recent literature, the antenna arrays, such as sub-arrays,
reconfigurable antennas [11], [12], phased arrays, and beam
switching antennas [8], [10], [13]–[16] are used as a solution
to increase coverage area at mm-wave range. The phased
antenna arrays have limitations in terms of bulky or lossy
phase shifters, size, high efficiency, and bandwidth. The
other solution of using an antenna array with beamforming
of feeding network is complicated and lossy, especially for
antenna arrays with a large scale. The antennas in [17], [18]
are based on the lens antenna to achieve high gain but
suffer from complicated multi-layered structures, narrow-
bandwidth, and high loss. Furthermore, the designs in
[19], [20] with Buttler matrix have high loss and low
efficiency resulting from the feeding network. It is noted that
the aforementioned solutions still do not provide the required
360o coverage. Besides, they only cover the upper band of
the 5G applications. A multi-polarized antenna based on the
combination of loop dipoles and monopole was reported
in [4] to serve the 5G-V2X. This antenna covers the 5G sub-
6 GHz only with a relatively complicated structure. A slot
cavity-backed antenna array, which uses a simple feeding
network without power diver to reduce losses and a full metal
box to increase gain, is presented in [21] as a candidate of
C-V2X around 3GHz. Despite achieving high gain, it has low
coverage efficiency and does not support the mm-wave band

of 5G. Finally, to support both lower and upper bands of 5G,
several studies were introduced in [22]–[28]; however, these
antennas have small coverage area due to the limited space
implemented in mobile handsets.

In this paper, a tapered slot antenna array with a simplified
structure is proposed to meet the requirement of 5G-V2X
application. This antenna can simultaneously operate at
sub-6 GHz to realize V2P and V2N communication and mm-
wave with 3600 coverage area in azimuth plane to realize
V2V and V2I communications. It achieves high gain for
the communication on high-way roads. The antenna array
consists of eight elements: four arranged on a horizontal
circular substrate, whereas the other four are placed on two
vertical cross-shaped substrates. This configuration of the
design is utilized to increase the coverage area where each
antenna covers a region of 45◦ in azimuth plane. Moreover,
the diversity between elements leads to the improvement in
the MIMO performance.

II. ANTENNA DESIGN CONCEPT, AND OPTIMIZATION OF
SINGLE ELEMENT
A. DESIGN CONCEPT
A conventional tapered slot antenna operates at a single band
and provides end-fire radiation patterns [29]. In our proposed
design, the tapered slot is used to feed a dipole structure
and operates as a wideband end-fire antenna. With the
combination of tapered slot and dipole structures, the overall
footprint of the single antenna is reduced while providing
multi-band characteristics. The combined antenna element
covers the sub-6 GHz and mm-wave bands, which is the key
feature of the proposed design. Then this antenna element
is replicated and arranged in one circular and two crossed-
shaped substrates to develop a compact shared-aperture
multi-beam and multi-band Multiple-Input Multiple-Output
(MIMO) antenna system as shown in Fig. 2. The antenna
elements are denoted as Ant. i for i = 1, 8. The whole
antenna array system design is simulated and optimized using
the ANSYS High-Frequency Structure Simulator (HFSS)
software. While, 2.92 mm-wave connectors (50 �) DC-40
GHz are embedded using soldering method for Ant. i for
i = 1, 8 at their feeding ports (see Fig. 2(c)) formeasurements
to validate the proposed design.

B. SINGLE ELEMENT ANTENNA GEOMETRY
The design evolution for each antenna element, e.g. Ant. 1,
is illustrated in Fig. 3. A Rogers 5880 substrate with dielectric
constant of 2.2 and loss tangent of 0.0009 at 10 GHz is used.
The design starts with a typical printed dipole antenna fed by
a quarter-wavelength slot (Step-1). The structure is designed
to operate at 2.6 GHz. The dipole and slot are printed on the
bottom side of the substrate. A 50-� transmission line, which
is printed on the top side of the substrate, is used to excite the
structure at 2.6 GHz. The length of dipole (dL) is adjusted
(using parametric analysis) to tune the operating frequency at
the desired band as shown in Fig. 4.
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FIGURE 2. The complete MIMO antenna design with critical design
parameters. (a) geometry (b) expanded version of the design,
(c) fabricated prototype, and (d) measurements inside Anechoic chamber.
The optimized dimensions of the parameters in millimetres (mm) are:
SL= 30, wo= 15, wf= 2.43, w1= 1, w2= 0.3, and l1= 5.5.

FIGURE 3. Design steps of each antenna element, e.g. Ant. 1 shown in
Fig. 2.

FIGURE 4. Effect of dL on the dipole resonance (Step 1 in Fig. 3).

A Vivaldi or tapered slot antenna (TSA) can be utilized
to generate a directional radiation beam. First, a TSA is

FIGURE 5. Performance of the TSA (Step 2) at 28 GHz.

FIGURE 6. Performance of the hybrid tapered slot - dipole at 3 GHz and
28 GHz.

designed at the same location as the feeding slot of the dipole
antenna as shown in Step 2 of Fig. 3. The TSA can be
designed based on the procedure presented in [30], [31] to
operate at 28 GHz. The optimized performance of the TSA is
shown in Fig. 5. It can be observed that the TSA covers the
28-GHz 5G band with a very wide −10-dB impedance
matching bandwidth. The 2D realized gain cuts at θ = 90◦

(dotted line) and φ = 0◦ (solid line) are also presented
in Fig. 5 showing directive radiation beams towards endfire
directions.

Aiming to achieve a shared-aperture antenna operating at
sub-6 GHz and mm-wave bands, the dipole and tapered slot
antenna are excited altogether in a hybrid structure as shown
in Step 3 of Fig. 3. In this structure, the rectangular slot in
the initial dipole structure (Step 1) is replaced by a tapered
slot. At this stage, two feeds are used to excite the combined
structure. The matching performance for Step 3 is shown
Fig. 6 (solid blue curve). It can be observed that the structure
with dual-feed provides dual-band performance at sub-6 GHz
and 5G mm-wave bands.

All results from Step 1 to Step 3 (Fig. 3) are further verified
with the simulated current distributions shown in Fig. 7.
In Step 1 (or Step 2), the currents are mostly concentrated
along the arms of the dipole (or along the TSA). For
Step 3, each radiating element is excited at the corresponding
operating frequency.

To make the design simple for verification as a proof of
concept, instead of using two feeding ports (Step 3), a single
feeding structure is constructed, as illustrated in the Final
step of Fig. 3. To match the feed with the dual frequency
with such a large frequency ratio, a quarter-wavelength stub
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FIGURE 7. Simulated current distributions for different design steps.

FIGURE 8. The conceptual diagram of radiation patterns for the eight
antennas at 3 GHz and 28 GHz bands showing a large spatial coverage.

is added with the feed designed in Step 3. This stub also
acts as a band-stop filter at 28 GHz band [32]. The design
in Final step is optimized with the single feeding and a stub
to achieve optimal performance in terms of bandwidth and
gain. The performance of the final structure (Ant. 1) is shown
in Fig. 6. It should also be noted that with the tapered slot
configuration, the sub-6 GHz band is much wider compared
to the initial structure with the rectangular slot. This is
because the dipole and tapered slot resonances combine
with each other and ultimately provides wider bandwidth.
It covers 2.6 GHz band from 2.4 GHz to 3.5 GHz with
−10-dB impedance matching bandwidth. At the same time,
it also provides a wideband−10-dB impedance bandwidth at
28-GHz 5G band. The final optimized parameters are listed
in the caption of Fig. 2.

III. MIMO CONFIGURATION, OPERATION,
AND DISCUSSIONS
This section aims to investigate and develop amulti-beam and
multi-bandMultiple-Input Multiple-Output (MIMO) antenna
system with compact and shared-aperture configuration. The
complete MIMO antenna system with fabrication prototype
and measurements environment is shown in Fig. 2.
Following the optimization of one antenna element, i.e.

Ant. 1, it is replicated and placed around a circular-shaped

FIGURE 9. The proposed MIMO antenna placed on the metallic surface.
(a) simulated structure, (b) 2-D radiation patterns at 28 GHz, and
(c) simulated and measured S11 at sub-6 GHz and mm-wave bands.

FIGURE 10. Simulated and measured S-parameters for the whole MIMO
antenna system.

substrate, which has a diameter of 120 mm and thickness of
0.79 mm, along the x-axis (Ant. 3) and y-axis (Ant. 2 and
Ant. 4). This configuration is constructed to produce
4 separate beams (see Fig. 8) with a reasonably high isolation
among antenna elements at both sub-6 GHz and mm-wave
bands.

To achieve a better coverage in the azimuth plane, two
crossed-shaped substrates (height of 30 mm and length of
120 mm) are utilized and placed at φ = 45o and φ =
135◦ in xy-plane. Then, four antenna elements are placed
on the four edges at φ = −45◦ (Ant. 5), φ = 135◦

(Ant. 6), φ = −135◦ (Ant. 7) and φ = 45◦ (Ant. 8),
of those crossed-shaped substrates as illustrated in Fig. 2.
This configuration can provide a full coverage (360◦) in
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FIGURE 11. Normalized 2D radiation patterns for Ant. 1 to Ant. 4 at 3 GHz.

xy-plane with relatively high gain, which is especially useful
for the 5G-V2X communication.

The performance of the proposed MIMO antenna
design is also considered with a circular metallic surface
(diameter = 200 mm), e.g. to mimic the roof of a
vehicle [33]. This metallic surface is placed underneath the
proposed design as shown in Fig. 9. Since the proposed
design is based on a tapered slot antenna which has
directional characteristics, there is no significant change in
the performance of the design (the performance of Ant. 1 is
shown in Fig. 9 for brevity). Therefore, a proposed MIMO
antenna system can be installed directly over the roof of a
vehicle.

A. S-PARAMETERS
Due to symmetry of the design, only simulated and measured
reflection coefficients for Ant. 1, Ant. 2, Ant. 5, and Ant. 6 are
presented in Fig. 10 for brevity. In general, the measured
reflection coefficient curves are in line with the full-wave
simulations. The discrepancy in the measured and simulated
results is attributed to the fabrication and measurement

FIGURE 12. Normalized 2D radiation patterns for Ant. 1 to Ant. 4 at
28 GHz.

tolerances. It is noted that since the length of the dipole arm
in Ants. 5, 6, 7 and 8 is not maintained to be exactly the
same as Ant. 1, a slight change in the reflection coefficient
is observed in Fig. 10. Nevertheless, all antennas still have
wide bandwidths at both sub-6 GHz and mm-wave bands
with return loss better than 6 dB. The results show that
the proposed MIMO design can operate at 2.45, 2.6 and
3.4 GHz (WLAN, LTE, 5G) sub-6 GHz bands with −6-dB
impedance bandwidth from 2.30 to 3.5 GHz. It also can be
seen that Ant. 1 to Ant. 8 operate at 28 GHz (5G) with
−10-dB impedance matching bandwidth from 26 to 29 GHz.
The simulated and measured isolation (Sij) among antenna
elements is more than 15 dB at both sub-6 GHz andmm-wave
bands.

B. RADIATION PATTERNS AND GAIN
The radiation patterns of the proposedMIMO antenna system
are measured in an anechoic chamber as shown in Fig. 2.
Different simulated and measured 2D cuts are selected to
show the direction of the main beams. Figs.11 and 12 depict
the simulated and measured normalized radiation patterns
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FIGURE 13. Normalized 2D radiation patterns for Ant. 5 to Ant. 8 at 3 GHz.

TABLE 1. Peak realized gain (dBi) at sub-6 GHz and mm-wave bands.

for Ant. 1, 2, 3 and 4 at 3 GHz and 28 GHz, respectively.
Meanwhile, Figs. 13 and 14 plot the simulated and measured
normalized radiation patterns for Ant. 5, 6, 7 and 8 at 3 GHz
and 28 GHz, respectively. One immediate observation is
that all radiated beams point towards different directions in
both bands which is desirable for MIMO communication to
reduce channel correlation. Moreover, all antenna elements
provide large beamwidth at 3 GHz and small beamwidth at
28 GHz which verify that realized gain at sub-6 GHz bands is
less than mm-wave bands. A high gain values are desirable
at mm-wave bands to compensate the high path loss at
mm-wave bands. The simulated and measured realized gain
values are listed in Table 1. A maximum measured realized
gain of 4.5 dBi and 9.8 dBi is observed at 3.4 GHz and
28 GHz, respectively. A good agreement between simulated

FIGURE 14. Normalized 2D radiation patterns for Ant. 5 to Ant. 8 at
28 GHz.

FIGURE 15. Total scan pattern in azimuth plane, i.e. maximum realized
gain across all antennas at θ = 90◦ at 28 GHz.

and measured results is obtained for both radiation patterns
and gain values.

Finally, the radiation patterns in xy-plane (θ = 90◦) verify
that the whole antenna system provides spatial coverage
of 360◦. This can also be observed from Fig. 15, showing
the total scan pattern at θ = 90◦ for f = 28 GHz.
The total scan pattern is obtained as the maximum of the
realized gain from all antenna elements. The results in Fig. 15
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demonstrate capability of the MIMO antenna system in
achieving 360◦ beam coverage in the azimuth plane. The sim-
ulated and measured gain variation in the total scan pattern
is about 3.3 dB.

IV. CONCLUSION
A compact shared-aperture multi-beam and multi-band
MIMO antenna system has been presented for 5G Vehicle-
to-Everything (5G-V2X) application. The fundamental radi-
ating component of the proposed MIMO antenna system is
the hybrid tapered slot - dipole antenna which can operate
at both microwave and mm-wave bands. Specifically, the
design covers 2.45 GHz, 2.6 GHz, and 3.4 GHz (WLAN,
LTE, 5G) sub-6 GHz bands and 28 GHz (5G)mm-wave band.
Moreover, the antenna achieves a gain of more than 9 dBi at
the mm-wave range and 4 dBi at the microwave range. The
proposed MIMO antenna has demonstrated the capability to
provide full coverage in azimuth plane which is especially
useful for 5G-V2X communication.
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