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Abstract—Sensor data sharing has an immense potential to
enhance the perception capabilities of vehicles and to provide
better situational awareness. It is being standardized as collec-
tive perception by the European Telecommunication Standards
Institute (ETSI) as part of Cooperative Intelligent Transport
Systems (C-ITS). For the transmission of collective percep-
tion messages via sidelink in Cellular-V2X, sensing-based semi-
persistent scheduling (SB-SPS) in the unmanaged mode of 5G-
NR V2X provides low-latency communication among road traffic
participants that are located outside the cellular network cover-
age. The unpredictability of the collective perception messages
in periodicity and size poses certain challenges on the SB-SPS,
thereby creating poor utilization of radio resources and high risk
of resource collisions. Existing system level simulations study
the performance of collective perception from the application
perspective without addressing the radio resource allocation at
the access layer. This work investigates the challenges of the
sidelink resource allocation mechanisms in 5G-NR V2X and
assesses the impact of the mechanism on the performance of
collective perception by simulation in a realistic urban traffic
environment. A practical approach is adopted to formulate
mathematical models that can characterize the radio resource
utilization and resource collisions arising in such environments
and yield the appropriate 5G-NR V2X parameters.

Index Terms—Cellular V2X, radio resource allocation, schedul-
ing, collective perception

I. INTRODUCTION

Vehicle-to-X (V2X) communication is an integral compo-
nent in Cooperative Intelligent Transport Systems (C-ITS) that
focuses on the communication among different types of road
users, whether it is a vehicle communicating with another
vehicle, with the infrastructure, or with any other road traffic
participant. Ensuring fast and reliable communications for a
broad range of applications originating from different types of
road traffic participants (vehicles, pedestrians, etc.) has long
been a challenge. V2X is commonly regarded as a key enabler
for the 5th generation of mobile networks (5G) [1].

From the standardization perspective, Cellular V2X has
undergone changes since 3GPP Release 14 to facilitate direct
communication between vehicles through the sidelink interface
(PC-5). The sidelink can co-exist with the uplink and downlink
interfaces and support the direct exchange of information be-
tween users even in areas located outside the cellular network

coverage. The 3GPP releases 14 and 15 define that radio
resource allocation in sidelink can operate in two modes:
managed (a.k.a. mode 3) and unmanaged (a.k.a. mode 4). In
the managed mode, the process of radio resource allocation
is done by the base station (eNodeB) where it is completely
aware of the resources utilized by its connected user equip-
ments (UEs). In the unmanaged mode, the UE selects its
resources autonomously independent of the cellular network
infrastructure. Moving forward to Release 16, i.e., 5G-NR
V2X, these modes have been further enhanced; specifically
the need for prioritization mechanisms for aperiodic traffic has
been addressed.

For periodic and deterministic (fixed message sizes) data
traffic pattern, SB-SPS offers considerable benefits in terms
of lower signalling overhead and shorter end-to-end (E2E)
latency. However, the assumption of periodic and deterministic
communication pattern does not hold for V2X messages
such as the Cooperative Awareness Message (CAM) [2] and
Collective Perception Message (CPM) [3], [4]. Additionally,
3GPP have also specified enhanced V2X (eV2X) applications
for connected and automated vehicles including platooning,
extended sensor data exchange, advanced and remote driv-
ing that will need to support aperiodic traffic patterns. A
simulation-based study on the effectiveness of SB-SPS in the
presence of aperiodic traffic was carried out in [5] and [6].
Analytical studies to address the classical errors arising in SB-
SPS mechanism are discussed in [7]. NS-3 based simulation
studies carried out in [8] provide insights in the reliability
of decentralized V2X networks. Of particular interest is [5],
which models aperiodic traffic and assesses the performance
of SB-SPS mechanisms by simulation.

The key contributions of this work include: (i) development
of data traffic models for characterization of the traffic gen-
erated by the CPM containers, (ii) architectural enhancements
to the Artery-C [9] network simulator by inclusion of
the collective perception (CP) service at the facilities layer,
(iii) derivation of analytical expressions to calculate the ra-
dio resource utilization and probability of resource collision,
(iv) simulation-based assessment of the extent of environmen-
tal awareness provided by the CP service.

© 2023 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works.

IEEE Wireless Communications and Networking Conference (WCNC 2023)



The remainder of the paper is structured as follows: a
detailed description of the implementation of CP service in
Artery-C network simulator is provided in Sec. II. Data
traffic models to represent the message types generated by
the CP service are presented in Sec. III. Evaluation studies
carried out in Sec. IV provide deeper insights about the radio
resource utilization and resource collision effects observed in
SB-SPS of the unmanaged mode (a.k.a mode 2 in 5G-NR
V2X) and further compares it to the configured grant type II
(CG) scheduling in the managed mode (a.k.a mode 1 in 5G-
NR V2X). In the same section, we also quantify the extent of
environmental awareness contributed by the CP service when
deployed in a Cellular V2X network. Sec. V concludes the
paper with a summary.

II. COLLECTIVE PERCEPTION SERVICE

The idea behind the CP service [3], [4], [10] is that vehicles
exchange the perception of their environment by sharing the
objects they detect with their sensors. The objective is to
improve the vehicles’ awareness of their environment. The
corresponding dedicated message type CPM is composed of
distinct containers with different purposes. The containers
relevant for this paper are the Sensor Information Container
(SIC), Perceived Object Container (POC) and the Station &
Management container (SMC). The SIC contains information
about the sensing capabilities of a transmitting V2X station.
The sensing capabilities are described using a list of capability
descriptions of each of the sensors mounted on the vehicle,
e.g., by indicating the field of view (FOV) and the mounted
position of the sensor. Since this information is time invariant,
the SIC does not need to be repeated with a high frequency
and is included only once every second. The second and the
most relevant container is the POC, which contains all objects
that a vehicle perceives with its local sensors.

An object is selected for inclusion in the POC if it fulfills
at least one of the following conditions:

1) The object was never sent previously, i.e., it is consid-
ered new for the transmitting station.

2) The object’s position changed by more than 4 m (abso-
lute euclidian distance) since its last inclusion in a CPM
of the transmitting station.

3) The object’s speed changed by more than 0.5 m/s since
its last inclusion.

4) The object’s heading changed by more than 4 degrees
since its last inclusion.

5) The object was previously included in a CPM of the
transmitter more than one second ago.

The SMC contains information about the vehicle mobility such
as position and velocity. Following the message generation
rules in [3], [4], a CPM is generated whenever the SIC needs
to be transmitted, the POC contains at least one object for
transmission or both. However, the CPM generation interval
cannot be higher than 1 000 ms or lower than 100 ms. Follow-
ing these message generation rules, the size and the time a
CPM is generated can considerably vary within the interval.
This represents a challenge for the radio resource allocation

mechanism at the access layers where the SB-SPS parameters
should be carefully optimized in order to make it suitable for
the CP service application.

III. DATA TRAFFIC CHARACTERIZATION FOR COLLECTIVE
PERCEPTION SERVICE OVER CELLULAR V2X

Data traffic characterization plays an important role in
providing clarity about the nature of the messages generated
in terms of their periodicity, size of the transport block and
their corresponding quality of service (QoS) requirements.
Considering the varying nature of the data traffic generated
by CP service, this section further explains the basis for the
formulation of data traffic models to represent the traffic gen-
eration patterns of the CP service. For each data traffic model,
the challenges of the two resource scheduling mechanisms in
the Cellular V2X (5G-NR V2X [11]) are explained which are
further validated by analysis and simulation in Sec. IV.

Data traffic models

The CP service application in the facilities layer generates
CPMs with fixed and variable sizes depending on (i) periodic
sensor information sharing and (ii) event-triggered sharing
of perceived objects. Based on the CPM generation rules,
described in [3], [4] where the CPM generation time is
between [100, 1 000]ms, we have categorized three types of
data traffic models.
Type A – Periodic and deterministic: In this model, the
CPMs are generated at a fixed time interval irrespective of
the content updates in the SIC and POC. In case there are no
updates in the SIC and POC, only the contents of the SMC
are sent periodically within the interval of [100, 1 000]ms.
Although realistically any number of objects can be detected
at any instant of time, this traffic model is designed such
that a certain fixed size is allocated for the SIC and POC.
Therefore, only a limited number of detected objects can be

Fig. 1: Cellular-V2X reference model in Artery-C



accommodated and sent periodically. This type of traffic model
(far from reality) is generated for the purpose of conceptual
evaluation in order to study the case under which both the
managed and unmanaged modes perform efficiently.
Type B – Mixed traffic with non-deterministic data sizes:
Similar to type A, the contents of the SMC is transmitted
periodically within the interval of [100, 1 000]ms. The contents
of the SIC are added only every 1 s. The contents of the POC
are added based on the perception of the objects and the size
of the object list is not deterministic anymore. This traffic
model generates certain periodic traffic within [100, 1 000]ms
interval and additionally generates event driven CPMs with
variable data sizes based on the updates in the POC.

The periodic nature of the traffic generated by the SMC
still allows for pre-allocation of radio resources as done by
CG type II and SB-SPS in the managed and unmanaged
modes respectively. When the size of the data transport block
fits within the previously allocated radio radio resources, the
CG type II scheme offers considerable advantage that only a
subset of the radio resources are activated by the gNB and the
remaining resources are free to be allocated to other connected
users. However when the size of the transport block increases
in the event when a large number of objects are perceived, then
re-allocation has to be performed under both the schemes.
Type C – Aperiodic and non-deterministic: unlike the type B
model, the contents of the SMC are not transmitted periodi-
cally within the interval of [100, 1 000]ms. They are restric-
tively sent along with the updates in the SIC only every 1 s.
So within the interval of [100, 1 000]ms, CPMs are generated
only when objects are perceived by the vehicles. This results
in large amounts of aperiodic and non-deterministic data sent
within the generation interval of [100, 1 000]ms. The aperiodic
nature of the data traffic makes it challenging to pre-allocate
radio resources in both the sidelink modes of operation.
When fewer CPMs are generated inside the time interval of
[100, 1 000]ms, e.g. due to lower perception or low driving
dynamics, the pre-allocated radio resources will be poorly
utilized. On the other hand, when frequent or larger-sized
CPMs are generated, the transmission results in grant breaks
and lead to re-allocation of resources.

IV. EVALUATION

Discrete event driven simulations are carried out at the link
level in order to study the challenges of the resource allocation
mechanisms in both sidelink modes. In the present work,
the OMNeT++ based Cellular-V2X simulation framework
Artery-C [9], [12] has been extended by 5G-NR features for
sidelink communication in managed and unmanaged modes.
In addition, the CP service has been added to the simulator
implementation of the facilities layer.1 As the Artery-C
facilities layer is based on the implementation developed for
Artery [12], the CP Service in Artery-C was realized
following a similar approach (refer to Fig. 1) as in [13] but
using the open source ASN.1 compiler asn1c2 to encode the

1https://github.com/anupama1990/Artery-C
2http://lionet.info/asn1c/compiler.html

CPM. Here, the SUMO based road traffic model for the city of
Ingolstadt (InTAS) has been considered for large scale simu-
lations. It provides a microscopic simulation model of vehicle
mobility pattern based on real traffic information obtained
from the city of Ingolstadt. Additionally, it is also integrated
with cellular network infrastructure model consisting of base
stations and hexagonal cell geometry. The CV2X related
simulation parameters are listed in Table I. The parameters,

TABLE I: Simulation parameters related to Cellular-V2X

Parameter Values

Protocol stack 5G-NR
Frequency band (GHz) 5.9
Subcarrier spacing (kHz) 15
Frame structure FDD
Modulation scheme QPSK
Traffic type CPM broadcast
Sidelink broadcast range (m) 500
Channel model WINNER II+B2
Number of subchannels 2
Subchannel size 25
Slot length (ms) 1
Packet size (bytes) 50 – 800
Adjacency SCI+Data yes

radio resource utilization (RRU) and probability of resource
collision (PRC), are obtained for varying vehicular traffic
densities for both the modes of operation in the simulation
and further quantified by means of analytical expressions. The
second aspect of evaluation aims to determine the extent of en-
vironmental awareness provided by the CP service application
measured at the facilities layer.

A. Radio resource utilization (RRU)
Radio resource utilization is defined as the ratio of the

number of resources utilized to the total number of resources
configured in a single sidelink (SL) grant. An SL grant is
characterized by the number of slots and subchannels allocated
for a certain number (governed by cResel) of periodic future
transmissions whose periodicity is decided by the Resource
Reservation Interval (RRI) value. In order to understand the
RRU parameter for the CP service in Cellular V2X, we
formally characterize the two observations, grant break (GB)
and grant wastage (GW).
Grant break: a grant is said to be broken when we have to
perform a re-allocation of radio resources. In both the sidelink
resource allocation modes, we perform a re-allocation when
the transport block does not fit into the allocation present
in the grant or when the value of the re-selection counter
becomes zero. In case of aperiodic traffic generated by CPMs
at high vehicular density areas, the size of the generated CPM
contributed by the POC results in frequent grant breaks due
to larger data sizes.
Grant wastage: when SB-SPS is employed, we pre-
allocate resources for a certain number of future transmis-
sions/receptions. For the data traffic models of type B and
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Fig. 2: Radio resource utilization (RRU) for three different data traffic models

C described in Sec. III, it is observed that CPMs are not
generated when objects are not detected, or when a vehicle
is stationary. However the grant that is allocated for the future
expected transmission goes waste in both cases. This problem
particularly persists in low traffic density areas where fewer
objects are perceived.

B. Probability of resource collision (PRC)

When more than one UE selects the same set of subchan-
nels l and the slot for its transmission, we refer to it as
radio resource collision. Three sources of resource collision
can be identified: (i) greater extent of overlapping in selection
windows of different vehicles, (ii) insufficient or no sensing,
and (iii) Grant breaks & resource blocking by aperiodic traffic.
1) Extent of selection window overlap.

When the CP service message inter-arrival time (IAT) for
different vehicles are less than 1 RRI apart, it leads to greater
extent of overlapping in their corresponding selection windows
whose effect is significantly observed under high vehicular
density scenarios. This type of collision is prevalent in all
the three types of CPM data traffic models. One intuitive
way to reduce this type of collision is that based on the
application requirements and chosen data traffic model for CP
service, vehicles intelligently choose their RRI and cResel
such that the extent of overlap can be relatively reduced if not
completely avoidable.

The extent of overlap of selection window for a vehicle i
with other n vehicles Si,n in the system can be formulated as:

Si,n =




0 S1 ∩ Sj · · · S1 ∩ Sn

...
...

. . .
...

Si ∩ S1 Si ∩ Sj · · · Si ∩ Sn

...
...

. . .
...

Sn ∩ S1 Sn ∩ Sj · · · 0




The collision probability that any two vehicles i and j
choose the same resource i.e. l subchannels present in eij
overlapping slots (out of L available subchannels in selection
window length of TSel) is calculated as,

Zij = Zji =

leij∑

m=1

leij
(LTSel)2

(1)

Utilizing (1), the average probability that vehicle i and n
other vehicles have overlapping selection windows can be
calculated as:

Z̄i =
n∑

j=1

Sij

n(LTSel)2
(2)

Equation 2 shows that the average probability of resource
collision among n vehicles directly depends on the extent of
overlap in their selection windows.



2) Insufficient sensing.
There are two situations when proper sensing fails, (i) when

vehicles enter the simulation, their sensing window does not
contain sufficient information about the resource utilization of
other neighbouring vehicles. During this period, the chances
of resource collisions are quite high and unavoidable. (ii) The
half-duplex constraint of the radio does not allow a vehicle to
transmit and receive simultaneously in the same slot. When
the number of receptions per vehicle is high, it creates more
blocking of resources in the corresponding selection window
and poor sensing in those slots that are blocked for reception.
3) Grant breaks & resource blocking by aperiodic traffic.

In both SB-SPS and CG type II schemes, resources are
always pre-allocated for a certain number of future trans-
missions. When the nature of traffic is aperiodic and non-
deterministic, the pre-allocated resources in the grant cannot
be utilized and hence resource re-allocations have to be made.
When re-allocations happen frequently, it creates unpredictable
blocking of resources for neighbouring vehicles leading to
misinformed resource selection decisions.

Consider that there are N vehicles in a road traffic scenario
and each vehicle generates CPMs at a certain rate (which
can be different for each vehicle) independently of the other
vehicles. For the sake of simplicity, it is assumed that all
vehicles have an RRI value equal to 100ms, the average
value of cResel (c̄) is 10. There is a total number of L
available subchannels in a selection window length (TSel) for
all vehicles. We note that in reality each vehicle is free to
choose its own value of the above mentioned parameters.

The CPM arrivals from neighbouring vehicles and the
corresponding radio resource occupancy for each CPM satisfy
the memoryless property wherein the past arrivals have no
influence on the future CPM arrivals or the number of radio
resources they will occupy. Hence, they are modeled as two
Poisson processes, where the message arrival rates from N−1
neighbouring vehicles are given by [λ1, λ2 · · ·λN−1]. The
corresponding radio resource occupancy rates for each of the
arrivals are represented as [µ1, µ2, · · ·µN−1].

The number of CPMs received from N − 1 neighbouring
vehicles [Y1, Y2 · · ·YN−1] has a Poisson distribution with a
probability mass function (PMF):

g(yk) =
e−λkλyk

k

λ!
(3)

where k = 0, 1, · · ·N − 1.
The number of radio resources occupied by N vehicles

[R1, R2 · · ·RN−1] during each arrival is modeled by another
Poisson distribution whose PMF is:

g(rk) =
e−µkµrk

k

λ!
(4)

The total radio resource occupancy resulting from aperiodic
message arrivals in the sensing window is calculated as:

R = g(r1, y1) + g(r2, y2) + · · · g(rN−1, yN−1)

where
g(r1, y1) = g(y1|r1).g(r1)
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Fig. 3: PRC: type C data traffic model

The portion of the radio resources occupied in the sensing
window is expressed in terms of CBR (B),

B =

∑N−1
k=0

e−µkyk (µkrk)
rk

rk!

RSW
(5)

where RSW is the total number of available resources in the
sensing window.

The total number of resources Ntotal in the selection
window length of (TSel) is equal to Ntotal = LTSel. Here
L refers to the number of available subchannels in each slot.
When no resources are blocked (or not sensed), the probability
of choosing a certain resource(s) is calculated as

p =
1

LTSel
(6)

In case of sufficient sensing, ps from (6) modifies to

ps =
1

(1−B)LTSel
. (7)

Pcol, n = 1− (P (X = 0))

= 1− (1− ps)
n

Pcol, n is the probability that there is at least one vehicle
(P (X ≥ 1)) among n vehicles that chooses the same resources
in time and frequency in the slot n as the ego vehicle for its
transmission:

Combining the observations resulting from grant breaks and
grant wastage events, the RRU per grant for an individual
vehicle is calculated as the ratio of the sum of number of
resources utilized in each grant to the total number of resources
configured in the entire length of the grant.

From Fig. 2a, we can observe that when the nature of
traffic is periodic and deterministic, the RRU in both modes
amounts approximately 80% at higher traffic densities. The
only reason for resource wastage is due to the occurrence
of half-duplex errors when a vehicle cannot transmit and
receive simultaneously. When the size of the messages is
fixed and also their transmission times are periodic, SB-SPS is
performing to the best capabilities for all three vehicular data
traffic densities.

In Fig. 2b, the nature of the traffic is periodic in a certain
sense when only SMC is transmitted. This still makes it



(a) EAR in Cellular-V2X managed mode (b) EAR in Cellular-V2X unmanaged mode

Fig. 4: Environmental Awareness Ratio (EAR)

possible to pre-allocate radio resources in both sidelink oper-
ation modes. The challenge arises when the size of the CPM
increases in the event of updates in the POC. When the size of
the transport block does not fit into the previous allocations,
re-allocations have to be performed in both sidelink modes.
Under low traffic densities and fewer updates in the POC,
a better performance can be observed in the managed mode
because the CG type II scheme activates only a certain portion
of the radio resources and the non-utilized resources are
allocated to other users. This way, blocking of resources for
other vehicles is prevented. In the unmanaged mode, when
fewer objects are perceived at lower vehicular densities, the
allocated radio resources are not utilized by the vehicle. This
creates additional blocking of resources for the neighbouring
vehicles.

For the aperiodic and non-deterministic traffic model con-
sidered in Fig. 2c, the extent of grant break is nearly 90% such
that hardly 5% of the allocated resources are utilized under
high vehicular traffic densities. Additionally, we also observe
less than 50% of resource utilization under lower vehicular
traffic densities. The CG type II scheme used in the managed
mode performs better than the SB-SPS in terms of resource
utilization in low vehicular density areas by achieving an RRU
of 48.1%. However, when the data traffic load is high and a
large number of objects are perceived frequently, re-allocation
has to be performed even in the managed mode. Consequently,
both sidelink modes cannot perform efficiently for the type C
data traffic model.

To study the PRC as explained in Sec. IV-B under varying
vehicular traffic densities and changing CBR conditions, the
type C data traffic model has been considered. The solid
lines in Fig. 3 depict the results obtained from analytical
calculation given by (5) and 7. The dotted lines depict the
values of PRC as obtained from simulations. In lower traffic
densities, even under high CBR conditions, the probability
of resource collision is less than 50% because the extent
of overlapping in selection windows is quite minimal. Under
high traffic densities, even a medium CBR of 0.5 poses a

TABLE II: Simulation parameters related to vehicles

Parameter Road type

Vehicle speed [km/h] 30-50
Vehicle density [Veh/m] 0.28 (high), 0.14 (med), 0.7 (low)
Vehicle penetration rate (VPR) 25, 50,100
Backward facing radar (range, FOV) 80m and 325°
Forward facing radar (range, FOV) 160m and 35°
Types of vehicles allowed Cars, trucks

likelihood of 50% resource collision. When more resources
get blocked in the selection window due to unpredictable
traffic arrivals, fewer options for selection in the sensing
window are available, thereby increasing the probability of
resource collisions. Based on the data traffic load, vehicles can
adjust their RRI and cResel values so that they do not reserve
resources for longer periods and create unnecessary blocking.
However, this cannot completely solve the problem because
vehicles are only partially aware of the resources utilized by
other vehicles.

Environmental awareness ratio (EAR)

The environmental awareness ratio (EAR) is defined as the
ratio of the objects perceived by the vehicle to the total number
of objects present within the area of relevance (AoR) of its
sensors (i.e. sidelink broadcast range in Table I).

In the simulations, vehicles equipped with sensors have
two radars: forward and backward facing (refer to Table II).
The sensor perception model is considered to be idealistic as
modeled in [13] and [14], i.e., all the information about an
object (dimensions, velocity and position) is available without
any inaccuracies in their measurements. For the perception,
buildings and other vehicles are considered as obstacles. In
the simulation, the number of vehicles equipped with CV2X
capabilities (see CV2X simulation parameters listed in Table I)
is referred to as vehicle penetration rate (VPR). Different
values of VPR have been considered in order to determine the



extent of environmental awareness. A higher value of VPR
guarantees better extent of environmental perception, which is
clearly highlighted in the results presented in Fig. 4a and 4b.

For the type A traffic model, both the sidelink modes
perform efficiently under all the three types of VPRs. The
latency and reliability requirements are fully satisfied which
results in the EAR values shown in Fig. 4a and 4b. Frequent
re-allocations resulting from resource collisions creates poor
EAR performance in the unmanaged mode for type B and
type C data traffic models. At 100% VPR, the 500ms variant
of the type B traffic model performs relatively better than the
type C model with an EAR of 0.612.

V. CONCLUSION

This paper quantitatively examines the challenges of radio
resource allocation mechanisms for sidelink communication
in Cellular V2X and adopts collective perception as a use
case. We consider three types of data traffic models based
on the periodicity and determinism involved in the nature of
vehicular data traffic generated in a realistic road network.
Analytical expressions to calculate radio resource utilization
and probability of resource collisions in the unmanaged mode
have been obtained and compared with the same in the
managed mode. From the application performance perspective,
we have further considered the evaluation of the extent of
environmental awareness offered by the CP service in Cellu-
lar V2X.
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