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ABSTRACT Design procedure and experimental validation for a millimeter-wave (MMW) vehicular
antenna with simultaneous multi-beam, for 5G V2X application, is presented. The design overcomes
the constraint for requiring both wide angular coverage and high gain through a compact multi-array
design. Each array is designed to have a fixed beam direction and sufficient beamwidth so that the overall
pattern guarantees simultaneous coverage in the elevation plane. The multi-array idea is a cost-effective
technique compared to employing phase shifters and beam steering of a single array and avoids latency
associated with beam steering. The proposed design is composed of three compact dual polarized patch
arrays. Each array covers different elevation angles, and their beam maxima are chosen to be at 10◦,
−20◦ and −40◦ with respect to the normal of the windshield. The antenna covers the entire 28 GHz 5G
band which ranges from 26.5 GHz to 29.5 GHz. Each feeding network is designed to minimize beam
scanning with frequency. Dual-polarized antenna arrays are implemented to provide polarization diversity.
Antenna mounting behind the laminated windshield have been investigated and proven to have a negligible
effect on the antenna matching and a minor effect on the radiation pattern.

INDEX TERMS Antenna arrays, millimeter wave antenna, multi-beam antenna, vehicle-to-everything
communication, and 5G antenna.

I. INTRODUCTION

THENEED for high data rate communication for on-the-
move applications is rapidly increasing. Also, improving

road safety calls for high data rate vehicular communi-
cation which can facilitate autonomous driving. Dedicated
Short Range Communication (DSRC) was developed as
one of the first Vehicle-to-Vehicle (V2V) and Vehicle-to-
Infrastructure (V2I) communication standards. Although,
DSRC was proven to be viable and mature standard, it
suffered from large scale deployment and relatively high
latency due to the limited operating bandwidth around
5.9 GHz. Cellular Vehicle-to-Everything (C-V2X) communi-
cation showed a promising solution due to the advantages of
readily available infrastructure and high data rates especially
that of millimeter wave (MMW) bands. High data rate pro-
vided by MMW bands of 5G communication is a key enabler
in different applications such as Vehicle-to-Everything (V2X)
communication and autonomous driving [1].

High free-space path-loss in the MMW frequency
range mandates employing high gain antennas, such as
antenna arrays, but that results in a narrow antenna beam.
The inherent frequent change of path and direction of vehi-
cles in motion increases the rate of change of narrow beam
misalignment between the vehicle and different communi-
cation nodes. A number of beam alignment algorithms have
been investigated to minimize the latency associated with
beam alignments. These include the use of out of band
information [2] or machine learning algorithms [3].

Another solution for the beam misalignment problem
is using antennas with simultaneous multiple beams [4].
Various multi-beam techniques are reported in the litera-
ture, and they can be divided into lens antennas [5], [6],
[7] and planar antennas [8], [9], [10], [11], [12], [13],
[14], [15]. Lens antennas achieve multibeam functionality
through placement of an array of individual antennas in the
focal plane of a dielectric or metasurface lens. Despite the
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FIGURE 1. Windshield antenna beams and their different communication scenarios.

high gain that can be achieved from such antennas, their
angular coverage is rather limited and they are structurally
bulky which complicates their integration with vehicles.
Planar multibeam antennas can be realized with various
beamforming feeding structures such as: Rotman lens [8], [9]
and Butler matrices [10], [11], [12], [13], [14], [15]. Planar
Rotman lens structures are incorporated in beamforming due
to their wide scanning capability, but they are quite lossy
at millimeter-wave frequencies and occupy a very large sur-
face area. Alternatively, arrays with Butler matrix feeding
structure can be used as they are simple to design and have
a simple structure that depends only on hybrid couplers,
power dividers and crossovers [10]. Rescaling a conventional
4×4 Butler matrix [10] requires numerous modifications to
excite different number of elements such as 3 × 3 matrix
in [15] or 4 × 8 matrix in [11]. Major drawback of Rotman
lens and Butler matrix is that they can only feed one polar-
ization of the array. In other words, they are only appropriate
for single-polarized elements as demonstrated in [10], [12].
To achieve dual polarization, two separate Rotman lenses or
Butler matrices have to be employed for each polarization
either by adding one more substrate layer [13], [14] which
increases the fabrication complexity or by adding another
beamforming network on the same layer which doubles the
area [15]. Aside from the shortcoming of Butler matrices in
regard to the dual polarization requirement, Butler matrix
beamformers perform poorly for the application at hand due
to high loss and need for large area which is not suitable
for integration with vehicles.
Figure 1 shows different communication scenarios from

the vehicle point of view such as Vehicle-to-Network (V2N),
Vehicle-to-Infrastructure (V2I) and Vehicle-to-Vehicle (V2V)
which requires simultaneous communication ability at dif-
ferent angles. In this paper, a multi-beam dual-polarized
antenna array is presented to overcome the complications of
alignment, maintain communication link for a moving vehi-
cle, and guarantee simultaneous coverage for different angles

without adding latency. The antenna is composed of three
dual-polarized arrays which are designed with separate feed-
ing networks. Unlike conventional beamforming networks,
series power dividers minimize the losses and the area of
the antenna and hence, minimize the covered portion of the
windshield. The beams are designed to cover the 90◦ eleva-
tion angles in the front and/or rear of vehicles with a wide
azimuthal coverage for each beam. This paper presents the
detailed design procedure of the antenna system that was
briefly presented in [16]. Detailed analysis of the feeding
network and the antenna architecture are presented and fabri-
cation challenges of the antenna are discussed. Experimental
results of the antenna by itself and the antenna mounted
behind a laminated windshield are provided using far-field
measurements.
This paper is organized as follows: The design procedure

of the windshield antenna and the feeding network are dis-
cussed in Section II. Simulation results for individual arrays
are presented in Section III. Experimental verification using
far-field measurements are included in Section IV. Finally,
Section V provides the summary the paper.

II. ANTENNA PLACEMENT AND SELECTION
In order to improve the chances of establishing the line-
of-sight communication between a 5G MMW antenna on
vehicles and another communication node, the antenna must
be placed on or near the roof. Considering significant
MMW propagation loss through accumulated snow and
other weather-related effects, placement of 5G MMW
antenna on vehicle windshield seems most suitable.
Other advantages of mounting the antenna inside vehicles
include: 1) temperature-controlled environment for better
performance of electronics components, and 2) ease of
data transfer between the 5G transceiver and the central
radio unit. To avoid interfering with the driver’s view, the
antenna is recommended to be mounted at the top center of
the windshield behind the rear-view mirror.
Antennas with directional radiation pattern must be cho-

sen to minimize the back radiation inside the cabin and
avoid gain loss. Patch antenna elements are suitable for this
application as they can provide dual polarization operation
easily. Polarization diversity is needed to avoid polariza-
tion mismatch due to the inherent mobility of vehicles with
respect to other communication nodes such as a pedestrian or
an infrastructure and the possibility of needing to establish
connection through multi-path may cause polarization loss.
Also as mentioned earlier, a multiple-array configuration is
needed to provide both high gain and angular coverage.

A. ANTENNA DESIGN PROCEDURE
The design procedure starts with determining the antenna ele-
ment. First, a dual-polarized square patch antenna is chosen
as the array element due to its ease of fabrication, high
front-to-back radiation ratio, and dual-polarization operation.
Dual polarization can be achieved either through proximity
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FIGURE 2. Design procedure chart.

feeding [17] or probe feeding of each element. Probe feed-
ing is utilized to allow more flexible control over the beam
angle. The next step is determination of the beams’ max-
ima in accordance with windshield inclination angle. Most
of vehicles’ windshields have an inclination angle with hori-
zon of about 30◦ or more and that needs be accounted for
in the design of the antenna beam direction [18].
In order to cover the 90◦ elevation angles, and maintain

a maximum gain of about 10 dB, three simultaneous beams
are required. In this case the minimum beam width for each
beam should be around 30◦. To determine the number of
elements in each array, arrays with different number of patch
elements with λ0/2 spacing are simulated and it was found
that the minimum 30◦ beam width can be achieved using at
least three elements. Therefore, the required antenna should
be composed of three arrays, with each array having three
elements. Considering the windshield inclination angle, the
beams’ maxima for the arrays are to be at 10◦, −20◦ and
−40◦ with respect to the windshield normal as shown in
Fig. 1. The next step pertains to the design of the feeding
network for each sub-array. This is done using a three-way
series power divider which is simply composed of either
λ/2 or λ series sections between the outputs of the divider as
shown in the inset of Fig. 2. The choice between a λ/2 or a λ
series section is determined based on the space constraints
and the required bandwidth of the array. Phase delay lines
are then added to each output of the divider to provide
the required phase progression for each beam tilt angle. The
power divider lines, and the phase delay lines are then tuned
to minimize the frequency beam scanning. The design of the
feeding network is repeated for each beam and polarization.
Finally, all the arrays are then assembled together on the
same PCB and a final tuning to overcome the issues related

FIGURE 3. (a) Conventional three-way transmission line power divider
and (b) Series three-way power divider with L1=nλ/2 sections.

to mutual coupling between the arrays is considered. The
design procedure flowchart is depicted in Fig. 2.

B. FEEDING NETWORK DESIGN
The feeding network is designed based on the conven-
tional transmission line impedance power divider shown in
Fig. 3(a). An equal three-way power division is achieved
through equal impedance ratios between each output trans-
mission line and the input transmission line. To minimize
the area of the feeding network, a conventional transmission
line power divider can be converted to a series power divider
through inserting transmission line sections with lengths L1
= nλ/2 between output ports as depicted in Fig. 3(b). In
order to simplify the analysis of the series power divider,
the characteristic impedance of the inserted section is set to
be equal to output port impedances (Z1 = 3Z0). Considering
very short output transmission lines (L2= L3= L4 ≈ 0), the
scattering parameters of the divider are evaluated to be as
follows:

S11 = jtanθ

2 + j3tanθ
(1)

S21 = 1√
3

2 + j4tanθ

2 + j3tanθ
(2)

S31 = e−jθ√
3

2 + j2tanθ

2 + j3tanθ
(3)

S41 = e−j2θ√
3

2 + j2tanθ

2 + j3tanθ
(4)

where θ is the inserted transmission line phase delay
(θ=β1L1).
Unlike the conventional power divider which provides

in-phase frequency-independent power division, the series
power divider scattering parameters shows a frequency-
dependent phase difference between its outputs and the phase
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FIGURE 4. In phase three-way equal power divider with (a) λ/2 sections and (b) λ

section.

difference value at the operating frequency depends on the
value of n. For even values of n (θ0= 2nπ ), the outputs are
in-phase, while for odd values of n (θ0= π ± 2nπ ), the
outputs are 180◦ out of phase.
Consequently, a three-way in-phase series power divider

with λ/2 sections (λ/2-divider) can be achieved by adding
a 360◦ delay line to port 2 (βoutL2= 2π ), and a 180◦ delay
line is added to port 3 (βoutL3= π ) as depicted in Fig. 4(a).
The analysis of the series divider can be used to com-

pare the two used topologies, λ/2-divider shown in Fig. 4(a)
and λ-divider in Fig. 4(b). The fractional bandwidth of the
magnitude of the s-parameters can be calculated from the
magnitude of the ratio (SX1(θ )/ SX1(θ0)). The magnitude
bandwidth is limited by transmission to port 3 or port 4 (as
they have the same magnitude expression) and expressed as
follows:

BWf = 2�θ

θ0

∣
∣
∣
∣
S31

= 2

θ0
tan−1

√
√
√
√

4
(

1 − |S31(θ)/S31(θ0)|2
)

(

9|S31(θ)/S31(θ0)|2 − 4
) (5)

where θ0 is the phase delay of the inserted transmission
lines at the operating frequency. This indicates that the mag-
nitude fractional bandwidth of the λ-divider is half of that
of the λ/2-divider for the same (S31(θ )/ S31(θ0)) ratio. It
is worth mentioning that both dividers satisfy the required
bandwidth (26.5 GHz to 29.5 GHz) for (S31(θ )/ S31(θ0))
ratio of 1.5 dB.
To examine the frequency beam scanning behavior of the

array, the rate of change of phase difference between the
output ports versus frequency must be examined. This can
be calculated by computing the slope of the phase difference
(ψ) with respect to frequency. However, to come up with
a dimensionless quantity we compute the derivative of ψ
with respect to the phase delay (θ= β1L1) with is linearly
proportional to frequency. The rate of change of phase differ-
ence with respect to delay (frequency) is calculated for both
dividers. The value of the rate of change of the λ/2-divider
calculated between ports 4 and 2 (ψ42 = ∠S41−∠S22) which

is given by:

∂ψ42

∂θ

∣
∣
∣
∣
λ/2−divider

= 1 + tan2 θ
(

2tan2 θ + 1
)2 + tan2 θ

≈ 1

1 + 4�θ

∣
∣
∣
∣ θ = θ0 +�θ

�θ � 1

(6)

This equation shows that rate of change of phase difference
with respect to delay is less than one and decreases with
increasing �θ . On the other hand, the rate of change of phase
difference with respect to delay for the λ-divider between
ports 4 and 2 is given by:

∂ψ42

∂θ

∣
∣
∣
∣
λ−divider

= −3
1 + 2tan2 θ

1 + 4tan2 θ
≈ −3|

θ = θ0 +�θ

�θ � 1

(7)

This shows rate of change of phase difference with respect to
delay for the λ-divider is at least three times higher than that
for the λ/2-divider. For arrays with tilt angles 10◦ and 20◦,
the λ/2-divider is used and thus have a lower beam scanning
with frequency. For the array with tilt angle 40◦, λ-divider
has to be used because of space limitation.
The total loss values are comparable for both dividers,

however, the λ/2-divider loss are equal for each port, whereas
for the λ-divider case, the loss in port 4 path is higher than
that in port 2 path. Changing the delay lines lengths for
a different tilt angle other than zero increases the loss in the
λ-divider but tends to equalize the loss for each port. On
the other hand, changing the delay lines in the λ/2-divider
make their lengths shorter and thus the total loss is reduced
but it makes the port outputs unequal.
The desired beams maxima for the antenna system are

10◦, −20◦ and −40◦ and according to the simulations of
a uniform three-element array of patches with λ0/2 spacing,
the phase differences between the divider outputs should
be −37◦, 69◦ and 132◦, respectively. For the 10◦ and −20◦
beams, a λ/2-divider is incorporated. For the 40◦ beam angle,
the delay lines for the λ/2-divider become very short which
complicates the achievable output phases for the given array
spacing and divider dimensions. Therefore, as mentioned
before a λ-divider is used as its dimensions allow more
flexibility to control the phase for each output. The lengths
of the output delay lines are chosen to maximize the power
division uniformity among the elements. This provides for-
ward tilted beams for the 10◦ and 20◦ beams pointing away
from the input feed connector and a backward beam for the
40◦ beam pointing towards the input feed connector.

III. SIMULATION RESULTS
Each antenna array is designed separately, and the feed-
ing networks are adjusted to minimize beam scanning with
frequency. The arrays are designed using two substrates.
The lower layer is RT/duroid 5880 substrate, a 0.254 mm
thick substrate for the feeding network, and the top layer
is a 0.504 mm thick substrate for the antenna with 18 oz
copper thickness. Each array is designed for a dual-polarized
operation, the vertical polarization corresponds to y-direction
and horizontal polarization corresponds to the x-direction as
depicted in Fig. 5.
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FIGURE 5. 10◦ beam array design. (a) layout of the top and bottom layers.
(b) Scattering parameters of the V-pol and H-pol ports. (c) V-pol and (d) H-pol elevation
radiation patterns at 27, 28 and 29 GHz.

A. 10◦ BEAM ANTENNA ARRAY
Top and bottom layers of the 10◦ beam array are shown
in Fig. 5(a). The top layer shows square patch elements
with spacing set to λ0/2. Square patches are fed from two
points to feed two orthogonal polarizations. The bottom layer
shows two feeding networks, one for each polarization, using
λ/2-dividers. The matching bandwidth is improved through
a stepped impedance section at the input of each feeding
network. The simulated 10 dB reflection coefficients band-
width for the V-pol is 13.5% ranging from 25.9 GHz to
29.7 GHz. While the simulated H-pol bandwidth is 16%
ranging from 25 GHz to 29.5 GHz as depicted in Fig. 5(b).
Isolation between the two ports is better than 18 dB over
the operating bandwidth. Simulated patterns along the array
axis (yz-plane) for V-pol and H-pol are plotted in Fig. 5(c)
and 5(d), respectively, at three different frequencies 27 GHz,
28 GHz, and 29 GHz. The V-pol beams maxima direc-
tions at 27 GHz, 28 GHz and 29 GHz are 13◦, 10◦ and
8◦, respectively, away from the input feeding connector. The
simulated Gain/HPBW at these frequencies are 10.5 dBi/36◦,
11 dBi/32◦ and 10.96 dBi/31◦. Similarly, the H-pol beam
maxima directions at 27, 28 and 29 GHz are 13◦, 10◦ and
8◦ with Gain/HPBW of 10.7 dBi/36◦, 10.9 dBi/34◦ and
10.7 dBi/34◦.

B. 20◦ BEAM ANTENNA ARRAY
Top and bottom layers of the 20◦ beam array are shown
in Fig. 6(a). The delay lines in the feeding network are
shorter than the case of 10◦ beam as the required phase
difference between the elements is larger. The simulated
10 dB reflection coefficients bandwidth for the V-pol is
13.2% ranging from 26.3 GHz to 30 GHz. While the sim-
ulated H-pol bandwidth is 11.8% ranging from 26.3 GHz
to 29.6 GHz as depicted in Fig. 6(b). Isolation between

FIGURE 6. 20◦ beam array design. (a) Layout of the top and bottom layers.
(b) Scattering parameters of the V-pol and H-pol ports. (c) V-pol and (d) H-pol elevation
radiation patterns at 27, 28 and 29 GHz.

FIGURE 7. 40◦ beam array design. (a) Layout of the top and bottom layers.
(b) Scattering parameters of the V-pol and H-pol ports. (c) V-pol and (d) H-pol elevation
radiation patterns at 27, 28 and 29 GHz.

the two ports is more than 20 dB over the entire operat-
ing bandwidth. Simulated elevation patterns in the zy-plane
for V-pol and H-pol arrays are plotted in Fig. 6(c) and
6(d), respectively. V-pol beam maxima directions at 27 GHz,
28 GHz and 29 GHz are at 22◦, 20◦, 20◦ from the normal
(away from the input feeding connector) with Gain/HPBW
of 10.3 dBi/34.8◦,10.66 dBi/36.4◦ and 9.85 dBi/ 33.4◦.
While H-pol beam maxima directions are at 18◦, 20◦ and
18◦ with Gain/HPBW 10.8 dBi/ 34.5◦, 10.7 dBi/37.7◦ and
10.4 dBi/38.4◦, respectively.

C. 40◦ BEAM ANTENNA ARRAY
This array is designed with a λ-divider. Fig. 7(a) depicts
the layout of the patch layer and the feeding network layer.
For optimum matching and minimal beam scanning with
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FIGURE 8. Layout of the three-beam array assembled on a single PCB. The top
layer (a) and the bottom layer (b) are shown. Another arrangement with a vertically
offset middle array (top layer (c) and bottom layer (d)).

frequency, the delay lines are added such that the beam points
towards the input feeding connector. The simulated 10 dB
reflection coefficients, shown in Fig. 7(b), have a bandwidth
of 17% (ranging from 25 GHz to 29.9 GHz. While the simu-
lated H-pol is 12.8% ranging from 25.9 GHz to 29.5 GHz)
for the V-pol. Fig. 7(c) and Fig. 7(d) show the simulated
V-pol and H-pol patterns, respectively. V-pol beam max-
ima directions at 27 GHz, 28 GHz and 29 GHz are at 42◦,
40◦, 42◦ with Gain/HPBW of 9.1 dBi/41◦, 9.6 dBi/44◦ and
9.3 dBi/36◦, respectively. H-pol beam maxima directions
are at 40◦, 38◦ and 42◦ with Gain/HPBW 10.8 dBi/34.5◦,
10.7 dBi/37.7◦ and 10.4 dBi/38.4◦ at the aforementioned
frequencies.
As the beam angle increases, the coupling between ele-

ments increases making it harder to get a wide bandwidth.
Bandwidth for the H-pol beam is narrower as the magnetic
fields corresponding to H-pol currents directly couple from
one element to another, unlike the V-pol magnetic fields.
The feeding network including the power divider and the
delay lines are tuned for each polarization to minimize beam
frequency scanning with frequency and provide the required
reflection coefficient bandwidth. The sidelobe level (SLL)
is higher than that for the 10◦ and 20◦ array, but the gain
is approximately 10 dBi for all frequency and that is more
important than the SLL in our application in order to satisfy
the required coverage range with acceptable gain values.

D. INTEGRATION OF ARRAYS
For compactness and ease of operation, the arrays should
be integrated on a common printed circuit board (PCB). To
obtain the required beam angles (10◦, −20◦ and −40◦), the
arrays are arranged as depicted in Fig. 8(b), such that the
feeding network of the −20◦ is in the opposite side of other
arrays.

The designed antenna system is suitable for integration
with the RF communication chip directly to the antenna PCB
which overcomes the high cable loss at millimeter wave
frequencies. The spacing between the arrays is set to 7 mm
to minimize the coupling between the array elements and
the feeding lines in order to maintain more than 20 dB of
isolation among all ports.
The effects of the ground plane size on the radiation

patterns are co-optimized by the feed network while mini-
mizing the ground size of the arrays to be 25 mm × 24 mm
which corresponds to 2.33λ × 2.24λ at 28 GHz. Magnetic
field coupling among the adjacent arrays for V-pol ports is
higher than that for H-pol ports. To minimize this magnetic
field coupling for the V-pol channels, the adjacent arrays
are offset in the vertical direction [19]. The middle array is
vertically offset to minimize the horizontal magnetic field
linking between elements of adjacent arrays as shown in
Fig. 8(c and d).
Even though the proposed multibeam antenna structure

requires separate array apertures for each beam, unlike its
counterpart that uses Butler matrix, the area of the series-fed
multibeam antenna is less than half the area of 3×3 but-
ler matrix [15]. Multibeam antennas that incorporate Butler
matrices exhibit high loss and low efficiency which is not
suitable for MMW applications. In contrast, the simulated
efficiency of the proposed series-fed multibeam antenna is
better than 93%. The total length of the series power divider
is comparable to the length of the total array which allows
feeding dual-polarized arrays without a huge requirement for
additional surface area or complex multi-layer substrate. The
proposed structure requires two substrate layers with only
thru-hole vias which can be fabricated with a low-cost PCB.

IV. EXPERIMENTAL RESULTS
Although the antenna system is designed to simplify
the integration with 5G chips, experimental testing of
the antenna solely, requires soldering connectors to the
antenna ports. Adding connectors to the array is challenging
since the operating wavelength is comparable to the dimen-
sions of the connecters. These connectors affect the radiation
characteristics of the arrays. RF connectors for testing also
affect the coupling level among the arrays. To minimize
such effects, different array and connector arrangements are
simulated and optimized. The fabricated antenna structure
is shown in Fig. 9. The arrays are ordered such that 10◦
array in between the −20◦ array and −40◦ array to min-
imize the coupling between −20◦ and −40◦ arrays. The
antenna is fabricated using two Rogers RT/duroid 5880 lay-
ers, the patch layer thickness is 0.508 mm and the feeding
layer is 0.254 mm thick with a copper layer in between
as the ground plane. Both layers are held together using
a prepreg with a 0.0845 mm thickness. A coplanar waveg-
uide (CPW) to microstrip transition is added to each port
where the ground of the CPW is connected to the middle
ground layer through vias as demonstrated in the inset of
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FIGURE 9. Photos of the fabricated antenna. (a) Top layer. (b) Bottom Layer.

Fig. 9(b) to allow soldering the ground plane to the connec-
tors. 2.92 mm connectors are soldered to each port to allow
characterization up to 30 GHz. The area of the antenna PCB
increases to 31 mm × 33.7 mm due to the extra feeding
length and transitions added to include the connectors.
Matching and isolation are characterized through mea-

suring the scattering parameters. Radiation characteristics
are evaluated through far-field antenna pattern measure-
ments. The measured scattering parameters of 10◦ beam
ports are shown in Fig. 10(a). Reflection coefficients of
the V-pol and H-pol ports are matched over 26.5 GHz to
29.5 GHz. Coupling between V-pol and H-pol is better than
30 dB over the same band. Fig. 10(b) depicts the measured
20◦ beam parameters. The H-pol reflection coefficient is
matched over the entire frequency range and 20◦ V-pol is
matched from 25.82 GHz to 29.81 GHz. Coupling between
H-pol and V-pol ports is better than 25 dB over the oper-
ating frequency range. The measured 40◦ beam scattering
parameters are plotted in Fig. 10(c). The H-pol reflection
coefficients’ 10 dB bandwidth is 4 GHz from 25.6 GHz
to 29.6 GHz. The V-pol port is matched over the operat-
ing frequency range. Coupling between H-pol and V-pol
ports is better than 22 dB over the operating frequency
range. Measurements and EM simulations are in an excellent
agreement.
The far-field radiation patterns are characterized in an ane-

choic chamber with the antenna under test connected to the
transmit end and a Ku-band horn connected to the receive
end. The antenna under test is mounted on a foam sheet
that is fixed to a turntable and a Ku-band horn antenna is
connected to a spectrum analyzer on the other end as shown
in Fig. 11. The setup allows far-field radiation patterns
measurements for angles that ranges from −150◦ to 150◦.
Measurements were performed at 28 GHz. The far-field gain
of the Ku-band horn was first characterized through trans-
mission measurements between two identical horns and then
one of them is replaced with the antenna under test. The gain
of the horn antenna was calculated to be 21 dBi all over the
operating frequency range of the antenna under test.
The measured far-field radiation patterns are compared

to EM simulations at 28 GHz in Fig. 12. The radiation

FIGURE 10. (a) S parameters for the 10◦ beam. (b) 20◦ beam. And (c) 40◦ beam.
Reflection coefficients for H-pol ports are in red, V-pol ports in blue and isolation
between V-pol and H-pol are in grey.

FIGURE 11. Far field measurement setup.

pattern of the 10◦ H-pol array in Fig. 12(a) has the peak
angle/HPBW around 11◦ /31◦ compared to simulated peak
angle/HPBW of 10◦ /36◦ and the peak angle varies within
±3◦ across the operating frequency range. The measured
gain in Fig. 13(a) is 12.2 dBi compared to simulated gain
of 12 dBi at 28 GHz and the gain maximum variation is
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FIGURE 12. Measured far-field radiation patterns at 28 GHz. (a) 10◦ H-pol, (b) 10◦
V-pol, (c) 20◦ H-pol, (d) 20◦ V-pol, (e) 40◦ H-pol, (f) 40◦ V-pol.

TABLE 1. Measured radiation pattern parameters.

1.32 dB within the operating frequency range. Fig. 12 (b)
shows the radiation pattern of the 10◦ V-pol array. The
radiation peak angle/HPBW is measured to be 10◦/32◦ com-
pared to 10◦/29◦ simulated values. The measured gain is
11.3 dBi compared to 11 dBi simulated value and it varies
within 1.47 dB over the desired frequency range as shown
in Fig. 13(b).
Fig. 12 (c) and Fig. 12 (d) depict the radiation patterns

for the 20◦ H-pol array and 20◦ V-pol array, respectively.
The angle of maximum radiation/ HPBW of the 20◦ H-
pol is 16◦ /37◦ while the gain at the center frequency is
10.7 dBi compared to the simulated 10.5 dBi and it varies
2.6 dB within the operating range. Similarly, the angle of

FIGURE 13. Far field gain for (a) H-pol ports and (b) V-pol ports.

maximum radiation/ HPBW of the 20◦ V-pol is 18◦ /38◦
with the gain at the center frequency is 10.7 dBi compared
to the simulated 10.5 dBi and it varies 0.9 dB within the
operating range.
The radiation patterns for the 40◦ H-pol array and 40◦

V-pol array are presented in Fig. 12(d) and Fig 12(e), respec-
tively. The angle of maximum radiation/ HPBW of the 40◦
H-pol is 40◦ /41◦ while the gain at the center frequency
is 9.4 dBi and it varies within 2.7 dB within the operating
range. On the other hand, the angle of maximum radiation/
HPBW of the 40◦ V-pol is 44◦ /40◦ with the gain at the
center frequency is 8.3 dBi and it varies 0.8 dB within the
operating range. The measured radiation pattern and gain
are in a very good agreement with the simulated ones. The
discrepancy between measurements and simulations can be
attributed to uncertainties in the parameters of the prepreg
used as the adhesion layer between RT/duroid 5880 layers
and other fabrication tolerances and the imperfections in the
measurement’s setup. The measured cross-polarized radia-
tion of all the beams is 24 dB lower than the co-polarized
radiation along the array direction of maximum radiation.
The measured 40◦ beam patterns show more discrep-

ancy than other beams compared to simulations due to
higher connector coupling for the most tilted beam. This
issue is demonstrated by performing a near-field measure-
ments only above the patches to exclude the connectors
and cables effects. The near-field data of the antennas are
collected using a non-intrusive electro-optical field mea-
surement system (NeoScan) [20]. Since, the system utilizes
a very small non-metallic probe the interaction between the
probe and the radiating elements is minimized. This also
simplifies transformation of the measured near-field data to
far-field patterns. A 3D-printed jig is fabricated to hold the
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FIGURE 14. Effect of the connector on the radiation pattern. (a) Near measurements
setup. (b) Normalized radiation patterns for 40◦ V-pol port.

antenna flat and provide mechanical support for the connects
as shown in Fig. 14(a). The probe is set at a 2 mm height
above the surface of the antenna for maximum field sensitiv-
ity and the scanned area is set to 20 mm × 20 mm within
the borders of the 3D-printed jig with 0.2 mm step size.
Each port is connected to a 28 GHz source with 20 dBm
output power. The near-fields corresponding to a similar
area is extracted from the EM simulations and then the far
field patterns are calculated from the near-field data and
plotted in Fig. 14(b). EM simulations and measurements of
the calculated far-fields from near fields within the connec-
tors’ boundary are in an excellent agreement. However, the
simulated far-fields including the connector shows a slightly
different radiation pattern with a wider main lobe which
indicates that the discrepancy between measured far-fields
and simulated far-fields are due to connector coupling. This
will not be an issue when RF chips are integrated with the
antenna system.

V. WINSHIELD EFFECT ON THE ANTENNA
The commonly used windshield is made of laminated glass,
which is composed of a thin PVB (0.76 mm) layer sand-
wiched between two glass layers with similar thickness of
2.1 mm as shown in Fig. 15(a). The laminated structure is
essential to prevent shattering of the windshield upon an
accident. The glass dielectric constant is found to be 6.48
and the loss tangent of 0.024 at 30 GHz as shown in [21].
While, the PVB has a dielectric constant of 2.5 as reported in
the literature [22]. The reflection coefficients of an incident
plane wave on different glass stacks are shown in Fig. 16 as

FIGURE 15. (a) Laminated windshield stack. (b) AUT attached to the windshield
via a foam spacer. (c) Polycarbonate used as a matching layer to the windshield.

FIGURE 16. Unit cell simulation of different glass stacks at 28 GHz.

a function of the incident angle. The plane wave simula-
tions were performed using periodic boundary conditions of
a 3 mm × 3 mm unit cell. Although, the plane wave reflec-
tion coefficient does not accurately represent the effect of
the windshield, it provides an intuition about the interaction
of the waves emitted from the arrays with the windshield.
A single glass layer has a thickness that corresponds to
λ/2 at 28 GHz and this guarantees an optimum transmission
through the glass for a normal incident plane wave as shown
in Fig. 16. A laminated glass, however, has a higher reflec-
tion coefficient at the normal incidence, but the reflection
decreases at higher incidence angles. Note that the maxi-
mum reflection coefficient value is below −10 dB for all
incidence angles. In an attempt to improve the matching at
normal incidence, an additional layer of transparent polycar-
bonate with a thickness of 2.5 mm and dielectric constant
of 2.54 is added to the stack. This stack shows an improved
matching at normal incidence, but it exhibits a degraded
performance for angles higher that 30◦.

The effect on the windshield is tested by attaching the
antenna directly to a 12” × 12” windshield sample as shown
on Fig. 15(b) and by attaching the antenna to a match-
ing layer which is fixed to the windshield as depicted in
Fig. 15(c). A 5 mm thick foam spacer is incorporated to hold
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FIGURE 17. Effect of the windshield on the antenna reflection coefficient.

the antenna away from the windshield surface, as shown in
Fig. 15(b) and 15(c), to cope with the connector dimensions.
Figure 17 depicts the matching of the 10◦ V-pol port with

and without polycarbonate matching layer which shows that
the windshield has a minor effect on the reflection coeffi-
cient. All other ports exhibit similar behavior with all ports
being matched while the antenna is attached to the wind-
shield. The spacing between the antenna and the windshield
does not have a significant effect on the matching and the
connectors dimensions restrict the minimum spacing value.
The radiation patterns of the antenna with the windshield

are included in Fig. 12. The normalized radiation patterns for
10◦ beams are very close to that of the antenna without the
windshield in terms of the beamwidth and beam maximum
angle. While the 20◦ H-pol beam shows a higher side lobe
level if a matching layer is used (as expected from Fig. 16).
In the case of 40◦ beams, the main lobe is close to the case
without the windshield with some fluctuations in the pattern,
while the side lobes are higher especially for the case with
the matching layer case.
The changes in the radiation pattern can be attributed to

the coupling of the antenna with the connectors. The losses
in the glass and the PVB cause some reduction in the gain
values. The peak gain of the 10◦ H-pol and 10◦ V-pol are
reduced by 0.67 dB and 0.5 dB, respectively. While, the peak
gain of 20◦ H-pol and 20◦ V-pol are decreased by 1.1 dB
and 0.85 dB. Finally, the peak gain of 40◦ H-pol and 40◦
V-pol are lowered by 1.2 dB and 1.4 dB, respectively.

VI. CONCLUSION
A multi-beam dual-polarized vehicular 5G antenna array
system is proposed for V2X communication. The antenna is
designed for windshield mounting and it has a small size
that minimizes the blockage of the driver’s field of view.
The simultaneous multi-beam antenna provides a relatively
high gain and angular coverage in the elevation plane. This
MMW 5G antenna is composed of three separate dual polar-
ized arrays each providing a beam to cover at least a 30◦
beamwidth angle in the elevation plane and a wide beam cov-
erage in the azimuth plane. The three beams’ maxima are
designed to be at 10◦, −20◦ and −40◦ with respect to the
normal direction of the windshield. A connectorized ver-
sion of the antenna is fabricated for validation. All the
antenna ports are matched over the 5G 28 GHz band that

covers 26.5 GHz to 29.5 GHz. The radiation characteristics
are evaluated using far-field measurements and they are in
a very good agreement with the EM simulations. The effects
of the windshield have been characterized and the windshield
introduces a minor effect on the radiation characteristics
without the need for a matching layer.
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