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Abstract—The rapid expansion of connected and autonomous
vehicles (CAVs) and the shift towards millimiter-wave (mmWave)
frequencies offer unprecedented opportunities to enhance road
safety and traffic efficiency. Sidelink communication, enabling
direct Vehicle-to-Vehicle (V2V) communications, play a pivotal
role in this transformation. As communication technologies transit
to higher frequencies, the associated increase in bandwidth comes
at the cost of a severe path and penetration loss. In response
to these challenges, we investigate a network configuration that
deploys beamforming-capable Unmanned Aerial Vehicles (UAVs)
as relay nodes. In this work, we present a comprehensive an-
alytical framework with a groundbreaking performance metric,
i.e. average access probability, that quantifies user satisfaction,
considering factors across different protocol stack layers. Addi-
tionally, we introduce two Radio Resources Assignment (RRA)
methods tailored for UAVs. These methods consider parameters
such as resource availability, vehicle distribution, and latency
requirements. Through our analytical approach, we optimize the
average access probability by controlling UAV altitude based
on traffic density. Our numerical findings validate the proposed
model and strategy, which ensures that Quality of Service (QoS)
standards are met in the domain of Vehicle-to-Anything (V2X)
sidelink communications.

Index Terms—Unmanned Aerial Vehicles, V2X, Radio Resource
Assignment, Beamforming, QoS.

I. INTRODUCTION

The widespread deployment of CAVs is currently under-
way, holding the potential to revolutionize global mobility
by significantly enhancing road safety and efficiency [1], [2].
Notably, V2X communications, with specific emphasis on
sidelink technology, facilitate direct V2V interaction via the
PC5 interface [3]. This technological advancement serves as
a pivotal enabler for a multitude of vehicular applications,
including, but not limited to, extended sensing, cooperative
awareness, and coordinated maneuvers [4]. These applications
exhibit a considerable demand for data rate, which enforces
a shift towards the mmWave spectrum (>24 GHz) to explore
the large available bandwidth [5]. However, communication at
mmWave frequencies entails using beamforming systems to
counteract the severe path and penetration loss associated with
the propagation of high-frequency signals. In contexts charac-
terized by high mobility, such as in V2X scenarios, line of
sight (LoS) blockages become increasingly prevalent as traffic
density rises, consequently posing a substantial challenge to
communication reliability [6]. An effective strategy to mitigate

this issue is to implement relay-assisted transmissions. Various
relay mechanisms have been investigated in the literature,
including opportunistic relays, Road Side Units (RSUs), and
Intelligent Reflective Surfaces (IRSs) [6]-[8].

Relay-aided communications, particularly leveraging UAVs,
have gained significant attention for enhancing various aspects
of communication systems [9]-[11]. In the field of Intelligent
Transport Systems (ITSs), UAVs can be vital during disasters
or network failures. The paper [12] proposes a method for
predicting information dissemination through sidelink commu-
nication to guide UAV flight trajectories, swiftly disseminat-
ing information to vehicles. In [13], the authors explore the
potential of utilizing UAVs in vehicular networks for task
offloading. Their objective is to maximize the number of
offloaded tasks by jointly optimizing the initial UAV launch
point and strategically associating CAVs to the UAV. In [14],
UAVs are also examined, investigating their utilization for
supporting edge caching in terrestrial vehicular networks while
maximizing the overall network throughput by formulating a
joint caching and trajectory optimization problem. In [15],
UAVs serve as relays to mitigate the rapid topology changes
impacting vehicular networks, leading to connectivity interrup-
tions and data delivery delays. The authors of [16] address
UAV-aided mmWave vehicular networks. Their objective is
to minimize time consumption while meeting traffic demands
through efficient resource allocation schemes.

These works, although relevant in the context of using UAV
as relays, have predominantly focused on providing analytical
frameworks limited to specific domains, encompassing connec-
tivity assessment [15], optimal UAV deployment [12], trajectory
optimization [12], [14], throughput maximization [14], or relay
selection [13].

In this article, we introduce an enhanced approach to sidelink
communications by adopting beamforming-enabled UAVs as
relay nodes. This ensures the reliable exchange of data on the
sidelink data plane, even in scenarios where LoS communica-
tion is obstructed. Particularly, building upon [17], our intention
is to advance the current state of knowledge by introducing
a comprehensive analytical framework that features a novel
performance metric: the average access probability. The latter
numerically quantifies the average user satisfaction following
the RRA process when more CAVs are covered by an UAV
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Fig. 1: UAV-Enhanced vehicular sidelink communications scenario: CAVs, seeking to establish communication with other CAVs, but facing a blocked V2V
link, exploit UAV as relay.

and request resources to fulfill traffic demand.

In contrast with previous work, our mathematical framework
concurrently considers aspects that span across multiple layers
of the protocol stack. Specifically, the proposed framework
accounts for: i) on-board beamforming; ii) coverage analysis,
dealing with the statistics of the Signal-to-Noise Ratio (SNR);
iii) radio resource assignment strategies; iv) distribution of
underlying vehicles, UAV altitude, available bandwidth and
v) application-dependent V2X traffic demand from CAVs.
Notably, none of the aforementioned works concentrate on any
particular V2X use case while accounting for the high vehicular
traffic demand, which is a crucial aspect to manage.

Contributions The main contributions of this research can
be summarized as follows:

o An analytical characterization of the average access prob-
ability is proposed. This analysis emphasizes the impact
of critical system parameters, the RRA process, traffic
dynamics, and V2X QoS requirements.

« Two distinct RRA algorithms are also presented. These
algorithms consider factors such as vehicle distribution,
beamforming, and available bandwidth, resulting in vary-
ing performance outcomes depending on the selected
scenario.

Organization The remainder of the paper is organized
as follows. Section II defines the system model. The RRA
algorithms and their performances are characterized in Sec. III.
The simulation results are presented in Sec. I'V. Lastly, Sec. V
concludes the work.

II. SYSTEM MODEL

Let us examine the V2V communication scenario supported
by UAVs, as illustrated in Figure 1. In this setting, M CAVs
are in transit along a highway, while () UAVs are positioned
above the CAVs at an altitude hyay. The UAVs are evenly
distributed along the road at a fixed distance of dyay from one
another, and each UAV is responsible for covering a specific
road segment with a length of L. We assume that each UAV
has a hybrid digital Uniform Linear Array (ULA) with Nyay
antenna elements and Ny radio-frequency (RF) chains, while
each CAV equips an ULA with Ncay antenna elements and a
single RF chain. When the ith CAV detects a communication
disruption with the jth CAV, a request for relay assistance

is initiated and directed towards the gth UAV responsible for
covering the road segment corresponding to the ith CAV.

A. UAV Beamforming Design

The UAVs utilize a set of beams, denoted as B, which
serves as a codebook for both uplink and downlink operations.
Similarly to the 5SG NR Standard [18], we assume that each
communication instance occurs in a pre-defined time-frequency
resource. A scheduling strategy is implemented at the UAV to
ensure that CAVs served by the same beam are assigned dis-
tinct time-frequency resources to prevent interference, whereas
CAVs covered by different beams can share the same time-
frequency resources. The association between beams and CAV's
can be established during the initial access procedure as in [19].

Since the UAV employs a hybrid digital beamforming (HBF)
architecture with Ny chains, for each time-frequency resource,
the scheduler allocates Ngrp CAVs that are simultaneously
transmitting towards the UAV. The signal transmitted by the
ith CAV is x; = f;s;, where f; € CNcavXl denotes the
beamforming vector and s; denotes the transmitted symbol
such that E [s¥s;] = 1. After time synchronization, the discrete-
time signal received by the UAV, in a generic time-frequency
resource, can be expressed as

Nrr
y=> VpiHixi+n, 8]
=1

where H; € CNuavxNeav ig the channel impulse response

such that E [||H,||Z] = 1, n ~ CN(0,032) denotes the additive

Gaussian noise, and p; represents the average received power
from the ith CAV, defined as

_ Nuav Neav P

Pi ~ pPL L, )

where P; denotes the transmitted power and PL; is the path

loss. The signal from the ith CAV decoded at the UAV can be
expressed as

@)

$i=piwp Hyx; + wiln, 3)

where wy, € CNuavxl i the beamforming vector applied at
UAV, that is drawn from the codebook w; € B. Throughout
the paper, we consider a Discrete Fourier Transform (DFT)
codebook as in [20], which ensures full coverage with the
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B. Channel Model

The strategic placement of the UAV ensures a reliable
ground-to-aerial communication link without obstructions. The
path loss in dB experienced by the link from the ith CAV can
be expressed as in [21]:

PL; = A+ a10log,o(d:) + 1, ®)

where d; denotes the distance between the UAV and the ith
CAV, A and « denote the excess path loss offset and the path
loss exponent, respectively, while 7 ~ N(0,02) is the log-
normal shadowing component, with variance o2. The multipath
channel impulse response matrix is modeled as

P
H =3 fatay(p)aay (@), (6)
p=1
where 3, ~ CN(0,07) denotes the complex amplitude of the
pth path, such that Zp 05 =1, P is the number of multipath,
¢p and 0, denote the angle of departure and angle of arrival,
respectively, and a(#) is the normalized array function [22].

III. PERFORMANCE ASSESSMENT OF UAV-ASSISTED RADIO
RESOURCE ASSIGNMENT

This section highlights the RRA procedures and how they
impact the average access probability.

A. Radio Resources Assignment Algorithms

Two RRA algorithms are investigated accounting for the
specific beamforming technique, the available radio resources
at the UAVs, and the End-to-End (E2E) application latency
requirement, which we denote by 7Tgog.

Let us consider a grid of time-frequency resources with
Necn X Ngjot, where N, denotes the number of frequency sub-
channels and N is the number of temporal slots. A similar
architecture is used by the 5G NR Standard [18], where N, de-
pends on the allocated bandwidth and Nyjot < (Tr2g /Tslot) 0.5
is defined according to the E2E latency requirement, with 7§t
being the slot duration. Note that the product with 0.5 accounts
for the resources to forward the data from the UAV to the
receiving CAVs.

1) Fair RRA: The first approach, denoted as Fair RRA,
ensures an even resource allocation between the set of beams
and can be considered as a baseline. The number of time-
frequency resources for the /th beam is

Né(Fair) _ \‘NslolNchNRFJ ,

@)
Nbeam

where Npeam = |B| is the cardinality of the UAV beamforming
codebook.
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Fig. 2: Angles involved in the UAV beam footprint calculation.

2) Beam-based RRA: The second RRA approach consid-
ered, denoted as beam-based (BB) RRA, entails the distribution
of resources among the various beams, taking into account the
size of each specific beam footprint. Indeed, the larger the
beam footprint, the higher the number of CAVs that will be
covered and should be served. Accordingly, the number of time-
frequency resources allocated for the /th beam is

L
NP = {MlmNchNRFLfJ : ®)

where L, denotes the fth beam footprint such that Ly =

Nbeam
Zz:1 L€~

As depicted in Figure 2, the (th beam footprint can be
computed geometrically as

Ly, = hyav ’tan (195,”) — tan (1927'))‘ , )

where 19?) and 19?) denote the left and right angle confining
the /th beam, defined as

Apy

19(1) _ .

14 2 ;%9 (10)
9 = oo+ 7227

where ¢y is the pointing direction of the /th beam, and Ay,
is the /th beamwidth, defined as

2

App = —————.
o Nuyav cos(pr)
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B. Average Access Probability Analysis

Herein, the objective is to analytically derive the average
access probability, introduced in Sec. I, for a CAV seeking
to establish communication with another CAV but facing a
blocked V2V link, thereby exploiting relay through UAV.

Let us consider a highway road segment of length L¢ with
K lanes. The length of the road segment depends on the height
of the UAV hyav and its covered field of view Wyay, and it

can be computed as
Yyav
5 .

Lf = 2hUAV COs (

To determine the distribution of CAVs as a function of traffic
density, we partition the highway road segment into spatial
slots, each of size L., with the capacity to accommodate a
single CAV. Consequently, L, takes into consideration the

12)



physical size of the CAV and allows for a minimum safety
distance, assuming the scenario of maximum traffic congestion
[23]. The maximum number of CAVs in the segment covered
by the UAV is defined as M ™) = |KL;/L,|, while the
maximum number of CAVs within the coverage area of the /th
beam is expressed as M.™™) = |KL;/L,|. The probability
that a spatial slot is occupied by a CAV can be obtained
assuming a Point Poisson distribution over a single slot length,
as

P, = A\Lye v, (13)

where \ is the vehicle density. It is evident that if M, (max)

Ny, V¢, the UAV is capable of granting access to all incoming
requests for relay services. Conversely, the average access
probability is computed as

Nbeam P(ACC)
4

D

=1

= Prob (Mg < Ng)

P(ACC) _
Nbeam ’

(14)

where M, denotes the number of valid relaying requests for the
fth beam and [V, is the maximum number of resources available
for the /th beam, according to the RRA strategy in (7) and (8).
Herein, we define a relaying request from the ith CAV as a
valid request if SNR; > 7. The probability of having a valid
request can be computed as

VR) _ Prob (SNRZ > ’Yth) )

P (15)
where SNRy is the average SNR within the /th footprint, and
7¢n 1S a threshold depending on the QoS requirements. By the
central limit theorem, the distribution of the average SNR in
dB can be approximated as SNR; ~ N(ug,07), where the
mean value p, is computed using the path loss model in (5)
considering the barycenter of the ¢th footprint, and the variance
is 07 = 02 + 02 [6], [24]. Hence, the probability of a valid
request is given by

PZ(VR) ) (%h — Mé) :

gy

(16)

where Q(-) is the Q-function.

Through the discretization of space within each footprint,
we can compute the probability of access employing a com-
binatorial methodology. The rationale behind this approach is
straightforward: with a total of M;"®* spatial slots available,
the likelihood of the mth slot being occupied is determined
by the computed probability P, in Equation (13), while the
probability of a CAV in the mth slot issuing a valid request
is represented by P(VR) as indicated in Equation (16). Hence,
the probability of access can be derived utilizing Equation (17).

IV. NUMERICAL RESULTS

This section presents the numerical results on the average
access probability of a user as a function of both the UAV al-
titude and the vehicle density and the performance comparison
between the two RRA techniques proposed. This comparison
covers various scenarios, including different SNR thresholds
and varying traffic conditions. In this context, we evaluate
and compare the number of vehicles with an SNR above the

TABLE I: Input Parameters

Parameter Notation Value

CAV’s antenna elements Nug 4

UAV’s antenna elements Nyav 8

RF chains NRrr 4

CAV’s transmitting power P 23 [dBm]

Noise power O'EL -101 [dBm]
Excess path loss offset A 84.64 [dB]

Path loss exponent « 1.55
Log-normal shadowing variance o? 4

Number of lanes K 5

UAV’s Field of View Yyav 120°

Vehicle’s average length Ly 5 [m]

Vehicle density A 40, 80 [cars/km]
SNR threshold Yth 5, 10 [dB]
Carrier frequency fo 28 GHz
Number of frequency subchannels | N, 2

Slot duration Tslot 125 [us]

E2E max Delay TE2E- 10 [ms] - as in [4]

threshold (connected vehicles) to the actual number of covered
vehicles that have resources assigned (served vehicles) when
both the RRA methods are used. The mathematical model
results are validated via comparison with simulation results.
The simulations were conducted in the MATLAB environment
using parameters summarized in Table I. The simulated sce-
nario faithfully replicates the description in Section II, with
the sole distinction being the consideration of the actual SNR
between the drone and CAV, as per Equation (4). In contrast,
in the mathematical model, we assume vehicles under the same
beam are characterized by the same SNR, as outlined in Section
II-B.

In Figure 3a, we report the average access probability as
a function of the UAV altitude. The curves were generated
by maintaining a traffic density A constant at 40 cars/km and
varying the SNR threshold, ;1. In all the cases, the model’s
validity is confirmed by the near-perfect overlap of all four
simulation curves with their respective theoretical counterparts
(dashed curves). Looking at the two couples of curves in Figure
3a, it is clear how the gap between the performance of the two
RRA algorithms varies depending on ;1. Specifically, when the
SNR threshold is equal to 10 dB, both RRAs exhibit identical
values of the average access probability. This suggests that, with
such a high threshold, a significant portion of users is unable to
access the network due to coverage limitations. Consequently,
the number of users demanding resources becomes limited. As
a result, both the beam-based RRA and the fair RRA effec-
tively manage this reduced user population. When we increase
the SNR threshold to 5 dB, we can observe a significant
improvement in performance when adopting the beam-based
approach. In this case, more users will have coverage, and
this is especially true as the drone’s altitude increases because
the beams footprints of the various beams will be larger and
can accommodate more users. Hence, the beam-based RRA
stands out as the ideal algorithm to manage this heightened
demand effectively. Concerning the overall decreasing trend
observed, it is evident that as the drone’s altitude increases, the
radio link quality progressively deteriorates. Consequently, the
average access probability, which represents the likelihood that
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vehicles are adequately covered and receive sufficient resources,
decreases sharply due to adverse radio conditions. For an
SNR threshold of 10 dB, in order to meet the requirement of
achieving a 99% average access probability, the drone should
fly at an altitude of 150 meters. If we reduce the SNR threshold
to 5 dB, then with the fair RRA, the UAV should operate at an
altitude of 240 meters, whereas with the beam-based RRA, it
should be at 350 meters. From this information, if our goal is
to provide V2X service for a specific highway road segment,
taking into account that the footprints of adjacent drones do
not overlap, we can then derive the number of drones needed
to effectively cover that particular stretch.

The superiority of the beam-based RRA becomes even more
apparent when we plot the average access probability against
varying vehicle density, as shown in Figure 3b. The two pairs
of curves correspond to the two previously mentioned SNR
scenarios, 5 dB and 10 dB. Here, we set the drone’s altitude
at 250 meters. Consequently, with a 10 dB SNR threshold, the
average access probability never exceeds 91%. However, with
a 5 dB threshold, we achieve good performance, at least until
the vehicle density surpasses 70 cars/km.

Figure 4a illustrates the comparison between the number of

connected users (grey barplot) and the users effectively served
controlling the UAV altitude. The blue curve represents the fair
RRA, while the orange curve represents the beam-based RRA.
In this scenario, we maintain a constant SNR of 10 dB and a
A value of 40. This figure highlights a peak in connected users
with increasing altitude. As the drone’s altitude rises, its beams
cover a larger area, accommodating more users. However,
beyond a certain maximum altitude, the number of connected
users declines due to deteriorating link quality, especially in the
outermost beams. In this scenario, neither RRA outperforms the
other, for the reasons discussed earlier.

To better appreciate the distinction between the two RRA
curves, we have doubled the value of lambda from 40 to 80
cars’km, thus moving to a higher CAVs density scenario, as
in Figure 4b. Here, we can observe two phenomena: firstly,
the beam-based approach outperforms the fair RRA. However,
beyond a certain UAV’s height, the situation reverses. At very
high altitudes, the side beams, although populated by a large
number of users, may struggle to establish connections. As a
result, most users requiring resources are concentrated in the
central beams. Since the fair RRA allocates the same number
of resources to all beams (with more resources assigned to



central beams than the beam-based approach), it shows better
performance in this specific context.

V. CONCLUSIONS

In this paper, by leveraging on beamforming-enabled UAVs
as relay nodes, we have proposed a robust solution to ensure
dependable data exchange, even in scenarios where direct V2V
communication faces hindrances. The introduction of the novel
performance metric, the average access probability, has pro-
vided a nuanced understanding of the satisfaction level among
vehicles covered by a drone’s beam during resource requests
for uplink traffic demands. This metric serves as a crucial
indicator for evaluating the efficacy of the proposed system.
Our contribution extends to the introduction of optimized
RRA algorithms tailored for UAVs. These algorithms consider
several factors, including beamforming, resource availability,
user distribution, and application latency requirements. The
numerical results validate the proposed model, emphasizing
the pivotal role of access probability in optimizing system
parameters such as UAV altitude and the number of drones. This
work, therefore, not only addresses the challenges inherent in
V2V communication but also presents a concrete framework for
enhancing QoS in V2X sidelink communications. The findings
of this study pave the way for further advancements in the
integration of UAVs as relay nodes, contributing significantly
to the realization of safer and more efficient connected vehicular
networks.
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