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Abstract— Over the recent past, vehicle-to-everything (V2X)
communication technology is experiencing a shift toward
millimeter-wave (mmWave) and sub-THz frequencies in pursuit
of more bandwidth to accommodate the requirements of fu-
ture V2X services. At mmWave/sub-THz, antenna arrays and
beamforming techniques must be used to overcome the higher
propagation attenuation. However, the beams must be collimated,
and beam management must ensure beam alignment in mobility
and address beam blockage. A relevant question often ignored,
which can impact communication performance, is where to place
the antenna on the vehicle. This paper addresses this important
issue by evaluating the impact of the antenna position (rooftop or
bumper) based on blockage probability and beamforming gain
loss due to road-induced vibrations affecting the beam alignment.
The numerical and analytical results suggest placing the antenna
on the rooftop of the vehicles, as it is more robust against both
vibrations and beam blockage.

Keywords — V2X communication, blockage, millimeter-waves,
antenna position

I. INTRODUCTION

The upcoming sixth-generation (6G) vehicle-to-everything
(V2X) communications have been envisioned as key enablers
for many emerging services with high-quality wireless con-
nectivity requirements [1]. Among the visionary speculations
about what 6G will be, the most common is to explore
high frequencies, shifting from the current sub-6GHz band to
millimeter-wave (mmWave) and sub-THz bands [2], where the
large bandwidth available can accommodate the requirements
of future V2X applications and services. The radio propagation
at these frequencies is subject to additional orders of mag-
nitude of path and penetration losses compared to currently
deployed systems, calling for collimated communication and
beamforming technology as a viable solution to increase the
communication range. Beam management methods are needed
to ensure beam alignment, also in mobility, e.g., through track-
ing. Recently, beam management attracted significant interest
in scientific and industrial communities [3], [4], focusing on
efficient solutions to limit overhead e delay introduced during
beam alignment. However, beam blockage, which in high-
mobility vehicular scenarios leads to frequent link failures
and severely affects beam management performances, is still
an open problem. Besides, as the frequency increases, e.g.,
sub-THz (>100GHz), with consequently narrower beamwidths,
frequent link drops occur even due to vibrations caused by
poor road conditions or road bumps [5]. Several studies were
performed to investigate (and possibly mitigate) the impact of
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blockage and beam-misalignment due to vibrations on V2X
communications. At 30 GHz, blockage from a vehicle causes
a power loss ranging from 10 to 20 dB [6], depending on the
transmitting vehicle (Tx) and receiving vehicle (Rx) position,
and it increases by 5.5 — 17 dB when multiple vehicles are
simultaneously blocking the LoS. Similar results were ob-
served experimentally in [7] by the third generation partnership
project (3GPP). In [8], the authors derived the analytical block-
age probability and the related SNR distribution in the case of
multiple vehicles simultaneously blocking the line-of-sight in
a highway vehicle-to-vehicle (V2V) scenario. The impact of
road-induced vibrations on beam-based communication is still
unexplored. The authors in [9] studied these effects on Doppler
spread and channel estimation. The study in [10] investigates
the impact of antenna vibration during the vehicle’s mobility
in a vehicle-to-infrastructure (V2I) scenario. The results show
that loss due to beam misalignment increases for narrower
beams, shorter Tx-Rx distance, or for a lower height of the base
station. Current literature tackles these issues from the signal
processing or network perspective. For example, the authors
in [11] propose to use inertial sensors onboard the vehicle to
estimate vibrations and adapt the beamwidth accordingly. In
[12], vehicles cooperate to augment the collective perception
of the environment, predicting possible blockers and appropri-
ately selecting relays to bypass possible blockage events.

On the contrary, this paper aims to address the problem
from a different perspective. Specifically, we investigate the
impact of blockage and road-induced vibration on the antenna,
considering two candidate mounting positions, i.e., bumper
and rooftop levels. The work proposed here is not intended
as an alternative to the aforementioned literature, but rather
as a complementary approach to increase beam management
robustness.

The remainder of this paper is organized as follows:
Section II details the derivation of the analytical blockage
probability. The road-induced vibration model is discussed in
Section III, while Section IV shows the numerical results.
Finally, closing remarks are discussed in Section V.

II. BLOCKAGE MODELING IN V2V

The considered scenario is a single-lane road segment
with a Tx and Rx vehicle and a possible blocker randomly
distributed with density p [veh/m], as depicted in Fig. 1. Tx and
Rx are equipped with a mmWave/sub-THz array of antennas

25-30 September 2022, Milan, Italy

Authorized licensed use limited to: Politecnico di Milano. Downloaded on March 30,2023 at 18:05:52 UTC from IEEE Xplore. Restrictions apply.



Road profile Z(p)

Possible blocker

w’U
Rooftop
Road profile z(p)
Bumper
Oq
Fig. 1. Scenario and system architecture.

mounted either on the rooftop or the frontal/rear bumper as
recommended by 3GPP [13]. Moreover, vehicles are assumed
to have a box-shaped occupation of size w, X I, X h,.

From the electromagnetic perspective, the LoS is blocked
when one (or more) vehicle penetrates the first Fresnel ellip-
soid, as depicted in Fig. 2. Let us assume the vehicle’s height
as hy ~ N(y,02) [14] and a single-vehicle B at distance
dgp from Tx and dp,. from Rx. The effective height of the first
Fresnel ellipsoid at the position of the blocking vehicle is

dsy _
— + h; — 0.6
dtr + ! "

where h; and h, are the heights of the Tx and Rx array of
antennas, respectively and 7 is the radius of the first Fresnel
ellipsoid at relative distance dy, and dp,., that is

PN dipdpr
“du, + dyy

with )\, being the carrier wavelength. Assuming the indepen-
dence between the Tx and Rx heights, the Fresnel ellipsoid
height is

h = (h, — hy) (D

@

~ d dp - .
h=h =2+ h ="~ 0.67 ~N (i,62) (3)
dtr dtr
with mean i = u, — 0.67 and variance 6> = o2. Hence,

the blockage occurs when the blocking vehicle height f; ~
N (up, o) is larger than h, ie., herf = hy —h > 0. The
probability of blockage conditional to the presence of a vehicle
B between the Tx and Rx can be computed as:
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Fig. 2. Example of obstruction in the first Fresnel ellipsoid.

34

where pepr = py — i, 02;; = 03 + 6% and Q(z) is the
Gaussian Q-function.

To derive the unconditional blockage probability, we pro-
pose to divide the distance d,. between Tx and Rx into slots
of length [, = [, +ds, where [,, is the vehicle’s length, and d
accounts for safety distance between vehicles. Each slot can
be occupied by one single vehicle, and the blockage occurs
if one (or more) slots are occupied by a blocking vehicle.
The probability that an arbitrary slot is occupied depends on
the distribution of vehicles and on the length of the slot [;.
Assuming the vehicles are distributed according to a point
Poisson process (PPP) as in [15], the probability that an
arbitrary slot is occupied is

P(B) = plye . (5)

The probability that an arbitrary slot is occupied by a vehicle
and that vehicle is blocking the LoS can be computed using
Bayes equation

hefs — pess

P, = P (NLoSv|d,, B) P (B) = Q (
Oeff

)ms).
(6)
Finally, the unconstrained probability of blockage can be
written as
N,
P (NLoSv|dy,) = > P (NLoSv(k) |dt,) @
k=1

where N, dir/ds| is the total number of slots and
P (NLOSV(k) |di- ) is the probability of having k slots simulta-

neously occupied by blocking vehicles, which is given by the
Bernoulli probability

P (NLoSv(k)|dtr> - @) PE1— PNk (8)

III. ANTENNA ARRAY VIBRATION MODELING

Road roughness and irregularities generate high-frequency
vibrations on the vehicle chassis and, consequently, on the
antenna. The road profile defines how the vibrations are
transferred to the chassis through the suspensions. In par-
ticular, we focus on longitudinal road profile z(p), which
is described by the displacement along the z-axis for an
arbitrary position p = (z,y). The road profile is transferred
to the suspension through direct contact with the vehicle’s
four wheels, as shown in Fig. 1. Considering the left-right
wheel located in p, = (z,, y,) as reference, we can obtain the
road profile experienced by each wheel as z = {z(p,), (po +
(0,64)), 2(po + (62,0)), 2(Po + (65,9y))}, where §, and J,
are the displacement between right-left and back-front wheels,
respectively. According to the standard ISO 8608 [16], z(p)
can be modeled as a correlated Gaussian random process with
a standard deviation that depends on the roughness of the road
and the speed of the vehicle. The standard defines five road
classes, ranging from low (class A) to high (class E) roughness.
For example, highways are class A, while unpaved roads are
class E. The detailed road profile model is in [17].
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To obtain the vibration at the antenna, we first need to
model the suspension transfer function. In this regard, we
consider the quarter car model in [18], where the suspensions
are modeled as low pass filters with a cut-off frequency f. and
a damping ratio ¢, that are

fil 4s _Cq 4
oV M e72\/M3’

where M is vehicle mass, s is the suspension stiffness, and cq4
is damping coefficient.

Let us assume the vehicle’s chassis as a rigid body [18],
[19] with an instantaneous attitude defined by the ¢, pitch 1,
and yaw 6. The filtered road profiles z;(p) induce a variation
in roll §4 and pitch 6, angles, which is derived as

by = atan ((2f(Po) — 27 (Po +(0,4,))) /6,) . (10)
dy = atan ((z(Po) — 27 (Po + (02,0))) /) — (1)

Note that the yaw 6 is only affected by the driving behavior
(inputs from the steering wheel) and not by the road profile.
The variations in (10) cause beam misalignments and, conse-
quently, beamforming gain loss. Assuming both Tx and Rx are
equipped with the same antenna array, the total beamforming
gain can be expressed as

Grow = Gy X Gy = G2A(Dy, @) A(Dy, 21))

€))

12)

where G, is the maximum beamforming gain, A(J, @) < 1
s the array directivity function, and ¥ and ¢ are the azimuth
and elevation pointing directions, respectively. Notice that by
assuming perfect beam alignment and no attitude variations
lead to no gain-loss, i.e., A(@, @) =1, for all the other cases,
the system will experience a gain-loss A(J, @) < 1.

IV. NUMERICAL SIMULATIONS

This section presents the numerical results of the proposed
analytical framework. In particular, we analyze the blockage
probability and the beamforming gain-loss induced by vibra-
tions considering the antenna array mounted at the bumper
and rooftop levels, as depicted in Fig. 1. The beamforming
gain-loss is computed, based on (12), in dB scale as

GLoss = A('@tv Sbt) + A(Qgrv 9277")

where the pointing angles (19, ) are only affected by the roll
dy and pitch d,,; variations in (10). Both Tx and Rx are
equipped with a squared uniform planar array (UPA) with
N, x N, elements. Unless otherwise specified, the simulation
parameters in Table 1 are used. These parameters are selected
based on the 3GPP recommendation in [13] and ISO [16].
The analytical blockage probability model here derived is
validated through extensive Monte Carlo simulations, as can be
observed in Fig. 3 (a) and (b). More specifically, Fig. 3 (a) de-
picts the blockage probability varying the vehicle density p and
considering two reference Tx-Rx distances, namely d = 50
and d¢ = 150 m. The blue curve shows the blockage proba-
bility when the antenna is mounted on the vehicle’s rooftop,
while in the red curve, the antenna is mounted on the vehicle’s

(13)

Table 1. Simulation Parameters
Parameter | Symbol | Value
Vehicle length, width [lv, wo] [5,1.8] m
Vehicle wheels displacement [0y, 0] [3.5,1.5] m
Vehicle height mean and std. dev. | pp,v,0h,, | [1.5,0.08] m
Vehicle Mass M 1300 Kg
Vehicle Speed \%4 50 Km/h
Suspension cut-off frequency fe 1 Hz
Suspension damping rate € 0.2
Inter-vehicle safety distance ds 2.5 m

bumper. Both curves increase with the vehicle density p, and
for the shortest distance, we observe the highest gap between
rooftop and bumper mounting positions. For large distances,
the gap between the two curves reduces considerably, as the
first Fresnel ellipsoid radius becomes larger and the probability
of obstruction increases. The blockage probability varying the
Tx-Rx distance dy, is depicted in Fig. 3 (b), considering two
reference vehicle densities, namely p = 10 and p = 50
[veh/km]. Likewise, in this case, both curves increase with the
Tx-Rx distance dy,-. The gap for rooftop and bumper mounting
positions, in both cases, is approximately constant at around
10%. The increase of blockage probability with the distance is
due to the larger first Fresnel ellipsoid radius. The impact of the
road-induced vibrations on the beam pointing can be observed
in Fig. 4, considering two UPA configuration: N, = 16 and
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Fig. 3. Analytical and simulated blockage probability: (a) varying the vehicle

density p, considering two reference distances 50 and 150 m, and (b) varying

the Tx-Rx distance, considering two reference vehicle densities, 10 and 50
[veh/km].
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Fig. 4. Empirical cumulative distribution function of the beamforming gain-
loss.

N, = 8 elements with a beamwidth of 6 deg and 12 deg,
respectively.The road profile considered in this simulation is
based on the class E pavement parameters in [16]. The road-
induced vibration causes a significant beamforming gain-loss
when beamwidth decreases, and the impact is more evident
when the array of antennas is mounted on the bumper. This
behavior is due to the stronger vibrations transmitted to the
bumper compared to the rooftop position, as it is located
more distant from the vehicle’s center of gravity. The analysis
presented in this paper suggests that the array of antennas for
mmWave/sub-THz communication should be mounted on the
rooftop of vehicles, as it reduces the probability of blockage
and reduces the effect of road vibrations on the beam pointing
accuracy. Besides the blockage and vibration issues, the array
of antennas located on the bumper is more prone to damage
than the rooftop due to more likely rear-end collisions with
other vehicles. These results can be valuable in designing
solutions that increase the reliability and robustness of future
V2X networks.

V. CONCLUSION

The usage of narrow beams to compensate for the increased
path and penetration loss at mmWave/sub-THz frequency
bands make the beam and blockage management the main
challenges for seamless and robust V2X communications.
More specifically, frequent link outages occur caused by ran-
dom blockage from non-connected vehicles and, to a minor ex-
tent, beam misalignment due to road-induced vibrations. In this
setting, this paper addresses the issue of determining the opti-
mal mounting position for the mmWave/sub-THz antenna array
on-board a vehicle, namely rooftop and bumper, analyzing the
blockage probability and the road-induced beamforming gain
loss in a realistic vehicular scenario. The simulation results
indicate the rooftop as the best antenna placement, whereas
bumper mounting suffers from higher blockage probability and
gain loss.
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