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Abstract—Vehicular communications are called upon to
become one of the services that will benefit the most from 5G
networks. The low latency and unprecedented high data rates
5G is expected to deliver are a key enabler for new vehicular
services. A booster for this to happen is network slicing, which
enables to tailor radio resources to satisfy the different services
demand. However, frequent traffic jams in urban scenarios can
lead to network overloading, compromising the required
Quality of Service by running out of available radio resources.
In this paper, we firstly conduct a microscopic analysis of
vehicles mobility using realistic vehicular traces to detect traffic
jams. Secondly, the network overload introduced by this
congestion is studied considering a network slicing environment.
Finally, a load balancing approach to mitigate the radio
resources demand is proposed. Results show a significant
mitigation of the overload situation.

Keywords— V2X communications, network overload, load
balancing.

I. INTRODUCTION

Traditionally, vertical industries have addressed their
connectivity and communication needs with dedicated or
industry specific solutions. Instead, 5G networks offer a more
cost efficient, open, interoperable and large eco-system
enabled solution platform for the various vertical industries.
5G has been designed to address the more stringent and
business critical requirements of the vertical industries, such
as real-time capabilities, latency, reliability or security
through guaranteed service level agreement (SLA)’s.

Network slicing is one of the key capabilities that will
enable flexibility, as it allows multiple logical networks to be
created on top of a common shared physical infrastructure.
The greater elasticity brought about by network slicing will
help to address the cost, efficiency, and flexibility
requirements imposed by the large variety of industrial
vertical services. Moreover, network slicing will help new
services and new requirements to be quickly addressed,
according to the needs of the industries, i.e., a faster Time to
Market [1].

One of the wide area services that public 5G networks are
called to manage is vehicular-to-everything (V2X)
communications. In this framework, telecommunication and
automotive industries have joined together forming the 5G
Automotive Association (SGAA) [2], an industry association
that aims to address connectivity needs arising from
cooperative connected and automated mobility (CCAM). To
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help mobile network operators (MNO) to provide V2X
services, the 3" Generation Partnership Project (3GPP) has
standardized a V2X slice in [3].

Due to the inherent mobility associated to V2X services,
managing vehicular networks is particularly challenging. In
this respect, the work done by Cai et al. in [4] ensures the
quality of service (QoS) of basic safety services in a scenario
where different vehicular traffic is considered. Zhang et al.
propose in [5] a deep reinforcement learning approach to
perform resource allocation in cellular V2X communications,
where high bandwidth demanding traffic is served using
vehicle-to-Infrastructure (V2I) while safety related messages
are sent through vehicle-to-vehicle (V2V) communications.

The difficulty to deal with V2X traffic increases in a
network slicing environment. In [6] a Q-learning algorithm
was implemented to efficiently split the radio resources
between different slices in a single cell scenario. Liang et al.
propose in [7] a cooperative resource sharing algorithm to
optimize the resource allocation in a single cell scenario with
enhanced mobile broadband (eMBB) and vehicular slices.
Kaytaz et al. in [8] implement a hierarchical reinforcement
learning to accommodate different vehicular application
categories such as autonomous driving services or
infotainment applications. Authors of [9] implement a
resource reservation to minimize packet loss in a multicell
environment with a vehicular slice and eMBB traffic.

One of the practical problems in vehicular scenarios is
that V2X traffic mobility can drain the radio access network
(RAN) resources. due to e.g., a traffic jam, putting the QoS at
risk. In this respect, Luoto et al. in [10] create vehicle clusters
in cell edges to prevent running out of radio resources when
vehicle density increases. Similarly, Khan et al. partition in
[11] a vehicular network in three different slices depending
on each vehicle SNR to ensure all of them seamless QoS for
video streaming. Wu et al. implement in [12] a dynamic
resource allocation to serve different vehicular services while
ensuring QoS for delay-sensitive users. To mitigate the
impact of cell overloading problems, also Wu et al
implemented in [13] a joint resource slicing and scheduling
algorithm using space networks. Both [12] and [13] tested the
algorithms using vehicular taxi traces.

One of the main roadblocks for research in V2X
communications is the modelling of vehicles’ mobility. In
[6]- [9] vehicles are assumed to enter in the cell or network
following a Poisson process. In turn, in [10] and in [11] this



is tackled through highway synthetic models. Instead,
considering realistic datasets enables gaining deeper insight
into V2X scenarios and identifying practical situations that
may pose challenges on the way that the scarce radio
resources are managed. In this respect, the works [14] [15]
[16] provide public and realistic datasets of the cities of
Cologne, Luxembourg and Bologna respectively. Using the
Cologne dataset Uppoor and Fiore performed a macroscopic
and microscopic analysis of vehicular mobility in [17],
focusing on metrics such as the dwell time and traffic flow
across base stations over time. However, the implications the
traffic had in terms of radio resources were not discussed.
Several works focused on vehicular ad hoc networks
(VANETSs) have been done exploiting these datasets [18] [19]
[20]. Other works have exploited these datasets for evaluating
modifications in MAC protocol for LTE-V2X [21] or vehicle
rerouting for traffic congestion avoidance [22]. To the best of
our knowledge, none of the contributions studied the
overloading problems.

With all the above, this paper addresses the problem of
V2X traffic overload in a realistic 5G deployment scenario.
To this end, the mobility in Cologne’s scenario is analysed,
which enables identifying traffic jam situations. Then, the
impact in terms of cell overload is assessed, considering that
the radio resources are shared among different services
supported over different radio slices. Finally, a load
balancing strategy to alleviate the overload is proposed and
evaluated.

The remainder of the paper is as follows. Firstly, the
approach 3GPP has taken to accommodate V2X services will
be described in Section II. Then, Section III details the
considered system model and use case, including the
description of the radio slices. In turn, Section IV focus on
analysing the vehicular mobility, detecting unusual events
such as traffic jams. Subsequently, their traffic load
implications are analysed in Section V and a load balancing
technique to handle the network overload situation is
described and evaluated in Section VI. Finally, we will draw
the paper conclusions as well as point to future work to be
done in Section VII.

II. V2X SERVICES IN 5G NETWORKS

To effectively support V2X services over mobile
networks, 3GPP has taken a dual approach. First, it has
defined a set of network enablers that facilitate the
deployment of V2X services. Then, it has defined a set of
application enablers to ease the integration of V2X
application functions with the 5G network.

Regarding V2X network enablers, 3GPP TS 23.285 [23]
defines a set of architectural enhancements, including a PC5
interface for direct V2V communications, an Uu interface for
communication between vehicle and the network (V2N),
inter-PLMN (Public Land Mobile Network) integration
mechanisms to deliver V2X services spanning multiple
public networks, QoS enhancements for V2X, or multicast-
Broadcast messaging services (MBMS).

Regarding V2X application enablers, 3GPP TS 23.286
[24] defines a V2X application enabler (VAE) function that
abstracts all the previous complex network capabilities into
an API that is easy to consume by the V2X application
function (AF). The V2X AF is commonly implemented as a
V2X gateway component that includes an ETSI G5 facilities
layer [25], as well as the ETSI G5 V2X applications. Example

of ETSI G5 services are the Cooperative Awareness Message
(CAM), which is used to track the position of surrounding
vehicles in order for example to anticipate collisions. Another
example is the Decentralized Event Notification Message
(DENM) used by the vehicles or road infrastructure to notify
other vehicles about an unexpected event, such as work-roads
or a sudden break.

Following the 3GPP proposed architecture, Fig. 1 depicts
an exemplary V2X service architecture based on the Uu
interface, a VAE server and a centralized V2X AF that
processes all CAM/DENM messages from the vehicles in the
network. The V2X AF redistributes the received CAMs and
DENMSs received in the uplink across a specific geographical
area, which is considered a parameter of the V2X service. The
V2X AF uses the VAE server to resolve the IP address of the
UEs that are within the area of interest, which can be attached
to different base stations. In our analysis we consider that the
mobile network is not MBMS capable since this feature is not
widely supported in current public networks. Furthermore,
only V2X Uu interface is considered.

III. URBAN USE CASE AND SYSTEM MODEL

The considered scenario is a 12 sq. km urban area placed
in the city of Cologne (Germany). The considered NG-RAN
access network is composed by a set of C cell sites as depicted
in Fig. 2. The location of the cell sites is as defined in the
Telekom network available in [26]. We have considered the
realistic set of vehicles generated in the Cologne city lab
project, available in [14]. The area of study is the central part
of Fig. 2 [27], while cell sites at the edge (e.g., BS12, BS14,
BS15) are taken into consideration to limit the border effects.
In turn, the NG-RAN is assumed to operate 3 different slices
(eMBB, massive machine-type communications (mMTC)
and V2X).

This section firstly describes the NG-RAN deployment in
the considered scenario. Then, the slices and services are
described.

A.  NG-RAN deployment

We consider that each cell site operates a single cell
centred at 2.1GHz band, using frequency-division duplexing,
with 20MHz channel bandwidth for each uplink and
downlink. In terms of physical resources deployed, the
number of resource blocks (RB) for the different possible
subcarrier spacing (SCS) and channel bandwidth can be
found in [28]. For example, for SCS=15 KHz and 20 MHz
channel bandwidth, the transmission bandwidth is configured
with 106 RBs. Each RB consists of 12 consecutive
subcarriers in the frequency domain. For normal cyclic
prefix, 14 OFDM symbols can be transmitted per slot and per
subcarrier.

7780
‘/@'(')\)\I\J DL CAM ,\@! )/\)jj
\\é’//v\ CAM + target arca i

. ;

DL CAM “~

v
;

Fig. 1: Architecture of modelled service.
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Fig. 2: Considered scenario in Cologne.

The path loss model chosen is the urban area model as
defined by 3GPP in Section 4.5.2 of [29]. No slow fading
term has been considered. The transmitted power at each base
station (BS) has been adjusted to have a data rate around 800
kbps at the cell edge. The rest of the parameters have been
chosen from Annex C of [29] and are summarised in Table I

Each user connects to the base station with lowest path
loss. For a user experiencing a given signal to noise plus
interference ratio (SINR), we consider Shannon’s bound to
derive the achievable spectral efficiency in the radio link (i.e.,
log>(1+SINR) bits/s/Hz). Then, we consider that the
modulation order (Q) and code rate (R) used in the radio link
are properly selected for these radio conditions. To this end,
Section 5.1.3.1 in [30] is considered to map the achievable
spectral efficiency to a MCS index. As a result, the number
of bits that a given user is able to transmit on 1 RB during 1
slot is 12x14xQxR bits.

B.  Slices and services

The considered services attempt to replicate the
automotive stakeholders defined in Section 6 of [31]. With
this objective, three slices have been defined. eMBB serves
generic internet traffic. mMTC replicates traffic coming from
cameras belonging to a Road Traffic Authority while V2X
mimics a service that can be provided by a MNO to a vehicle
manufacturer.

Out of the whole vehicular dataset of Cologne, this work
takes the recording taken in a 3h 45min time frame (from
13:05 until 16:50). Within this time frame, road occupancy
experiments significant variations, presenting from fluid
traffic to high road occupancy. There are over 23.000
different vehicles driving in the interest area, with a
maximum of 450 simultaneously in the rush hour.

TABLE I: BS AND UE PARAMETERS.

BS parameter Value
Antenna height 30m
Noise figure 9dB
Antenna gain 15dB

UE parameters Value
Maximum transmitted power | 21dBm
Antenna gain 9dB
Noise figure 9dB

TABLE II: CONSIDERED TRAFFIC MODELS

V2Xslice Value
e T8
Inter-arrival time 500ms
Messages range 16hm?

mMTC slice Value
Number of users 150
Guaranteed data rate 3Mbps
eMBB slice Value
Number of users 2500
Uplink target data rate 1Mbps
Uplink sessions percentage 20%
Downlink target data rate 2.5Mbps
Downlink sessions percentage | 80%
Av session duration 15 seconds
Session generation rate 12sess/user/h

The considered V2X slice delivers ETSI Day 1 safety
services for connected cars defined based on [32]. These
services comprise the generation of CAM messages, which
provide periodic awareness such as the position and basic
status of the vehicle. It can be understood as a sort of
heartbeat messages that are sent by a connected car to its
immediate neighbourhood (single hop). The requirements of
this message are available in [33]. Even CAMs have a
variable periodicity between 100ms and 1s, for the purpose
of this paper it is assumed that the inter arrival packet time
for CAM is constant and set to 500ms. The message size
modelling is taken from [34] and summarized in Table II. The
range at which CAM messages will be forwarded, is a square
centred in the vehicle generating the CAM message and with
side 400m.

The eMBB slice carries generic Internet traffic. 2500
background users uniformly distributed within the area and
moving at a constant speed of 3 Km/h as in [35] are
considered. These users generate traffic in session basis as
defined in Table II.

Finally, the mMTC slice carries uplink traffic generated
from surveillance cameras. These cameras generate a
constant data flow and require a guaranteed data rate. Their
position has been spread uniformly in the targeted scenario
and they are assumed to generate High-Definition video
quality constantly.

IV. VEHICLES’ MOBILITY ANALYSIS

Considering the urban use case as described in the
previous section, this section is devoted to gain further insight
on the mobility associated to the vehicles in the scenario. In
this respect, after analysing traffic patterns across all BSs, we
observe that BS3 has the largest impact of the vehicular
mobility. This is due its position in the target area, supporting
traffic from two highways and being close to a junction,
which also exposes the traffic variations of vehicles exiting a
highway and merging to another.

Fig. 3 shows the flow of incoming vehicles to BS3 along
the time (averaged in 15-minutes period), depending on the
neighbouring origin base station. On the one hand, Fig. 3
allows to quantify the traffic fluctuations during the day in
BS3, showing that the busy hour happens at around 16:00 and
exhibits more than 100% traffic increase with respect to the



traffic observed earlier in the afternoon. On the other hand,
this allows to identify that traffic to BS3 mainly comes from
BS4, BSS and BS15. Looking at the scenario in Fig. 2, this
traffic increase is coming from either the cross highway (cars
entering from BS4 and BS15) or the cars entering from the
Cologne city centre (North).

The increase in the number of vehicles traversing BS3
during the busy hour impacts on the dwell time that vehicles
spend in BS3. This can be observed in Fig. 4 which shows the
cumulative density function (CDF) of the dwell time in BS3
during the busy hour and outside the busy hour. The CDF
during the busy hour reflects a shift towards higher values.
While in non-congested traffic conditions, only around 1% of
the users stay connected to BS3 for more than 150 seconds,
the figure shows that during the busy hour around 10% of the
vehicles stay in BS3 for over 400 seconds, which indicates
that a traffic jam is occurring.

Fig. 5 depicts the average dwell time in BS3 for the
incoming traffic from BS2 depending on the outgoing base
station. This allows identifying that the increase in dwell time
is mostly related to those vehicles heading to BS4. Recalling
Fig. 2, it appears that traffic flows from south to north — BS2
to BS3 — then divers at the exit to take the highway from west
to east, and a traffic jam is happening at the junction.
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Fig. 3: Fluctuation of vehicles’ flow coming to BS3 from different BSs
over the afternoon.
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V. TRAFFIC LOAD ANALYSIS

Regarding V2X traffic in BS3, Fig. 6 shows the big
impact that the traffic jam occurring in the afternoon has on
the generated traffic. The V2X traffic increases not only by
the fact that the number of vehicles in BS3 increases but also
because of the V2X applications’ characteristics. Given that
a CAM message originated by a certain vehicle is forwarded
in downlink to all vehicles within 16hm? range, the number
of downlink CAM messages significantly increases during
the traffic jam. It can be observed that BS3 transmits a peak
of around 40 Mbps associated to CAM messages.

In turn, Fig. 7 shows the total occupancy of downlink
physical resources (i.e. RBs) in BS3 along time as well as the
part associated to V2X slice. The plotted downlink RB
demand corresponds to the average RB requirement in a
period of 1 second. This demand is associated to downlink
eMBB traffic and downlink CAM messages. It is worth
noting that the amount of RBs required by each connection is
user-specific (i.e., the poorer the SINR observed by a certain
user, the higher the amount of required RBs).

It can be observed that while in normal conditions the cell
can safely accommodate the generated traffic, during the
traffic jam BS3 gets significantly overloaded. Recalling that
106 RB are available in BS3 and that RBs are assigned every
millisecond, the available capacity measured in a time
window of 1 second is 106.000 RBs.

40

35

30

25

20
15

Data rate (Mbps)

10
5

0
13:07

14:46 15:20 15:53 16:25

Hour of the day

13:40 14:13

Fig. 6: Downlink traffic load generated on BS3 associated to CAM.
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Fig. 7: Generated traffic load at BS3 and its vehicular component.

VI. OVERLOAD CONTROL

In order to alleviate the overload in BS3, the traffic far
from BS3 can be diverted to neighbouring BSs. Typically,
this can be achieved by adjusting the handover offset and
might be automated by exploiting self-optimizing network
capabilities such as MLB (Mobility Load Balancing) [36].
MLB aims to optimize cell handover parameters to cope with
the unequal traffic load.

In order to illustrate the strategy, we focus on introducing
a shift in BS3 to favour early handover to its neighbours in
order to mitigate the overload. Let’s denote this shift by A.
Given that no shadowing is considered in this paper, for
simplicity we take A as distance difference, though in practice
A would be associated to a path loss or radio signal strength
difference. Thus, let us define the distance at a given
timestamp between a reference user and BS3 and BS4 as dgg3
and dgg, respectively. Then, this user will connect to BS3 if
dpss + A < dgsa.

Fig. 8 shows the RB demand in BS3 when the A strategy
is applied for two values: 100m and 400m. While the first has
a limited impact on BS3 load, the latter allows a significant
load reduction, to the point that the overload is avoided. It can
be observed that, thanks to anticipated handovers for
outgoing BS3 traffic, the RB demand in BS3 keeps below the
available capacity.

While the key objective of managing BS3 overload is
accomplished with this A shift, a side effect is worth to be
highlighted. Specifically, Fig. 9 illustrates how BS4’s RBs
demand increases during the traffic jam, though still keeping
the total load below the cell’s maximum capacity. On the one
hand, part of this increase is due to the increase of incoming
vehicles from BS15 shown in Fig. 3 which also tightens the
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Fig. 8: Mitigated load at BS3
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highway merging for users coming from BS2 and BS4 and
makes BS4 to handle a part of the traffic jam. On the other
hand, anticipating the handovers from BS3 to BS4 cause that
the radio links with BS4 exhibit lower spectral efficiency than
with BS3. Thus, the RB occupancy requirement in BS4 is
increased at some extent compared to the one required in
BS3. Specifically, it is found that the decrease of spectral
efficiency has a limited impact of 6% if a A value of 100m is
considered. However, for a A of 400m, the number of RB
needed in BS4 increases by a 25.6% compared to BS3.

VII. CONCLUSIONS AND FUTURE WORK

This paper has analysed the impact of traffic jams in
vehicular networks, considering an urban scenario using
realistic vehicular traces. Together with V2X services, eMBB
and mMTC slices have been considered.

The analysis of vehicles’ mobility has enabled to identify
a traffic jam occurring within the coverage footprint of a
specific BS. Beyond the observation that the dwell time in
this BS increases, a closer look into more detailed statistics
has revealed the traffic flows among various BSs that are
most affected by the traffic jam. Moreover, it has been
quantified at what extent the increase of vehicular resources
demand has drained the available resources at the BS of
interest, leading to significant cell overload. To mitigate this
effect, a load balancing approach has been proposed and
assessed. Results have shown a significant mitigation of the
data traffic overload, diverting part of its load to the
neighbouring BSs at which most of the vehicles were heading
to.

Based on this work, our future research envisages the
formulation of machine learning-based algorithms to exploit
the information extracted from the wvehicles’ mobility.
Through these algorithms, the advanced knowledge of the
scenario will be exploited, enabling an efficient network
operation.

ACKNOWLEDGEMENT

This research was supported by the Spanish Centre for the
Development of Industrial Technology (CDTI) and the
Ministry of Economy, Industry and Competitiveness under
grant/project CER-20191015/ Open, Virtualized Technology
Demonstrators for Smart Networks (Open-VERSO).

REFERENCES

[1] Global mobile suppliers association, “5SG Network slicing for
vertical industries,” 2017.



[2] “5G  Automotive Association,” [Online]. Available:
https://5gaa.org/. [Accessed 31 October 2021].

[3] 3GPP TS23.501, “5G, System architecture for the 5G System
(5GS). (Release 16) v.16.6.0,” Oct. 2020.

[4] Y. Cai, Q. Zhang and Z. Feng, “QoS-guaranteed radio resource
scheduling in 5G V2X heterogeneous systems,” in 2019 IEEE
Globecom Workshops, Waikoloa, HI, USA, 2019.

[5] X. Zhang, M. Peng, S. Yan and Y. Sun, “Deep-reinforcement-
learning-based mode selection and resource allocation for cellular
V2X communications,” IEEE Internet of Things Journal, vol. 7, no.
7, pp. 6380-6391, 2020.

[6] H. Daami R. Albonda and J. Pérez-Romero, “Analysis of RAN
slicing for Cellular V2X and mobile broadband services based on
reinforcement learning,” EAI Endorsed Transactions on Wireless
Spectrum, vol. 4, 2020.

[7] Y. Liang, X. Chen, C. Shuang and C. Ying, “Cooperative resource
sharing strategy with eMBB cellular and C-V2X slices,” in /EEE
26th International Conference on Parallel and Distributed Systems
(ICPADS), Hong Kong, 2020.

[8] U. Kaytaz, F. Sivrikaya and S. Albayrak, “Hierarchical deep
reinforcement learning based dynamic RAN slicing for 5G V2X,”
in 2021 IEEE Global Communications Conference (GLOBECOM),
Madrid, 2021.

[9] N.Naddeh, S. Ben Jemaa, S. E. Elayoubi and T. Chahed, “Proactive
RAN resource reservation for URLLC vehicular slice,” in /EEE
93rd  Vehicular Technology Conference (VTC2021-Spring),
Helsinki, 2021.

[10] P. Luoto, M. Bennis, P. Pirinen, S. Samarakoon, K. Horneman and
M. Lavta-aho, “Vehicle clustering for improving enhanced LTE-
V2X network performance,” in European Conference on Networks
and Communications (EuCNC), Oulu, 2017.

[11] H. Khan, S. Smarakoon and M. Bennis, “Enhancing video
streaming in vehicular networks via resource slicing,” [EEE
Transactions on Vehicular Technology, vol. 69, no. 4, pp. 3513-
3522, 2020.

[12] W. Wu, N. Chan, Z. Conghao, M. Li, X. Shen, W. Zhuang and X.
Li, “Dynamic RAN slicing for service-oriented vehicular networks
via constrained learning,” [EEE Journal on Selected Areas in
Communications, vol. 39, no. 7, pp. 2079-2089, 2021.

[13] H. Wu, J. Chen, C. Zhou, J. Li and S. Xuemin, “Learning-Based
joint resource slicing and scheduling in space-terrestrial integrated
vehicular networks,” Journal of Communications and Information
Networks, vol. 6, no. 3, pp. 208-223, 2021.

[14] S. Uppoor and M. Fiore, Large-scale urban vehicular mobility for
networking research, Amsterdam: VNC, 2011.

[15] L. Codeca, R. Frank, S. Faye and T. Engel, “Luxembourg SUMO
Traffic (LuST) scenario: traffic demand evaluation,” [EEE
Intelligent Transportation Systems Magazine, vol. 9, no. 2, pp. 52-
63,2017.

[16] L. Bedogni, M. Gramaglia, A. Vesco, M. Fiore, H. Jérome and F.
Ferrero, “The Bologna ringway dataset: improving road network
conversion in SUMO and validating urban mobility via navigation
services,” IEEE Transactions on Vehicular Technology, vol. 64,
no. 12, pp. 5464 - 5476, 2015.

[17] S. Uppoor and M. Fiore, “Characterizing pervasive vehicular
access to the cellular RAN infrastructure: an urban case study,”
IEEE Transactions on Vehicular Technology, vol. 64, no. 6, pp.
2603-2613, 2015.

[18] H. Noori, “Modeling the impact of VANET-enabled traffic lights
control on the response time of emergency vehicles in realistic

large-scale urban area,” in 2013 IEEE International Conference on
Communications Workshops (ICC), Budapest, 2013.

[19] H. Noori and V. Mikko, “Impact of VANET-based V2X
communication using IEEE 802.11p on reducing vehicles traveling
time in realistic large scale urban area,” in 2013 International
Conference on Connected Vehicles and Expo (ICCVE), Las Vegas,
2013.

[20] A. Al-Fugaha, 1. Mohammed, S. J. Hussini and S. Sorour,
“Severity-based prioritized processing of packets with application
in VANETSs",” IEEE Transactions on Mobile Computing, vol. 19,
no. 2, pp. 484-496, 2020.

[21] P. Wendland, S. Guenter and R. S. Thomi, “LTE-V2X mode 4:
increasing robustness and DCC compatibility with reservation
splitting,” in 2019 IEEE International Conference on Connected
Vehicles and Expo (ICCVE), Graz, 2019.

[22] C. A. R. L. Brennand, A. M. de Souza, G. Maia, A. Boukerche, H.
Ramos, A. A. Loureiro and L. A. Villas, “An intelligent
transportation system for detection and control of congested roads
in urban centers,” in 2015 IEEE Symposium on Computers and
Communication (ISCC), Larnaca, 2015.

[23] 3GPP TS 23.285, “Architecture enhancements for V2X services.
(Release 16) v.16.3.0,” Jul. 2020.

[24] 3GPP TS 23.286, “Application layer support for Vehicle-to-
Everything (V2X) services; Functional architecture and
information flows. (Release 16). v.16.6.0,” Jul. 2021.

[25] ETSI TS102 894-1, Intelligent Transport Systems (ITS) Users and
applications requirements. Part 1: facility layer structure,
functional requirements and specifications., Aug. 2013.

[26] CellMapper, “Signal tiles and towers,” CellMapper, [Online].
Available: https://www.cellmapper.net/. [Accessed 4th September
2021].

[27] OpenStreetMap contributors, Planet dump retrieved from
https://planet.osm.org, https://www.openstreetmap.org, 2017.

[28] 3GPP TS 38.104, “5G; NR; Base Station (BS) radio transmission
and reception,” Jul. 2018.

[29] 3GPP TR 36.942, “LTE; Evolved Universal Terrestrial Radio
Access (E-UTRA); Radio Frequency (RF) system scenarios.
(Release 16) v16.0.0.0,” Jul. 2020.

[30] 3GPP TS 38.214, “5G; NR; Physical layer procedures for data.
(Release 15) v.15.3.0,” Oct. 2018.

[31] 5GAA, “5GAA TR A-200094 Working Group System
Architecture and Solution Development V2X Application Layer
Reference Architecture,” Miinchen, 2020.

[32] ETSI TS 102 637 - 2, “Intelligent Transport Systems (ITS);
Vehicular Communications; Basic Set of Applications.,” Mar.
2011.

[33] 3GPP TS 22.185, “LTE: Service requirements for V2X services.
(Release 14) v14.3.0.,” Mar. 2017.

[34] L. M. W. Lopez, C. F. U. Mendoza, J. Casademont Serra and D.
Camps Mur, “Understanding the impact of the PC5 resource grid
design on the capacity and efficiency of LTE-V2X in vehicular
networks,” Wireless communications and mobile computing, vol.
2020, pp. 1-13, 2020.

[35] 3GPP TR 38.913, “Study on scenarios and requirements for next
generation. (Release 14). v.14.2.0,” May, 2017.

[36] 3GPP TR 36.902, “Evolved Universal Terrestrial Radio Access
Network (E-UTRAN); Self-configuring and self-optimizing
network (SON) use cases and solutions. (Release 9) v.9.3.1,” May,
2011.



