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ABSTRACT 5G New Radio (NR) Vehicle-to-Everything (V2X) Mode 2 relies on Semi-Persistent
Scheduling (SPS) to manage sidelink resources, with persistence playing a key role in affecting
communication integrity and Age of Information (Aol) for connected and autonomous vehicles. However,
its impact remains underexplored, and whether to include SPS as is in future standards remains an
open issue, calling for a deeper understanding of its effects. In this paper, we introduce a simpler
method for implementing the persistence concept in 5G NR-V2X Mode 2, providing a broader range of
persistence degrees than standard SPS. Through ns-3 simulations, we show that higher persistence improves
communication stability, but it degrades the Aol by slowing sub-channel switching. Conversely, weaker
persistence strikes a better balance between collision occurrence rate and collision duration, minimizing Aol.
Crucially, our results reveal that Dynamic Scheduling (DS) can outperform SPS even for strictly periodic
traffic flows, challenging the longstanding assumption that SPS is optimal in such scenarios. In fact, it turns
out that persistent collisions boost message delivery burstiness, creating large gaps in the flow of delivered
update messages. Our findings offer clearer guidance on designing simpler, more effective sidelink multiple
access strategies to improve communication timeliness.

INDEX TERMS 5G, V2X, semi-persistent scheduling, sidelink communications, age of information,
autonomous resource selection, dynamic scheduling, persistence, vehicular networks.

I. INTRODUCTION applications such as connected and autonomous driving,
Cooperative awareness and collective perception are key virtual train coupling [1], and cooperative industrial vehi-
enablers for Intelligent Transportation Systems (ITS) cles [2]. 5G New Radio (NR) Vehicle-to-Everything (V2X)
[3] supports these applications through sidelink Mode 2,
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relying on base stations. Two access protocols are defined:
Dynamic Scheduling (DS) and Semi-Persistent Scheduling
(SPS) [4], [5], [6].

SPS is tailored to periodic traffic, e.g., Cooperative Aware-
ness Message (CAM) and Basic Safety Message (BSM).
Vehicles sense the channel to identify free time-frequency
slots and reserve them for multiple consecutive transmissions
(persistent scheduling) at a fixed Resource Reservation
Interval (RRI). While persistence reduces signaling and
interference, collisions still occur when vehicles select
the same resource. Such collisions may persist for many
transmissions, effectively modeling the channel as Gilbert—
Elliot [7], [8], but this effect has not been validated under
realistic conditions with hidden nodes and Sub-Channels
(SCs) reuse.

Current standards [4], [5], [6], [9], [10], [11] define limited
persistence settings through parameters such as Reselection
Counter (RC) and probability of persistence (P), without
clarifying their rationale or exploring broader configurations.
Moreover, existing evaluations [12], [13], [14], [15], [16],
(171, [181, [19], [201, [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31], [32], [33], [34], [35], [36] largely
emphasize reliability metrics such as Packet Reception Ratio
(PRR), Packet Inter-Reception Time (PIR) [10], Collision
Loss Ratio (CLR) and Propagation Loss Ratio (PLR),
whereas the Age of Information (Aol) [37], [38], [39], [40],
[41], which directly measures the timeliness of updates,
is more relevant for safety-critical cooperative maneuvers.
Despite its relevance, the impact of persistence on Aol has
been scarcely investigated.

This paper addresses these gaps and makes three main
contributions:

1) We introduce a new way for implementing persistence in
5G NR-V2X communications, called Geometric Semi-
Persistent Scheduling (G-SPS). This approach offers a
broader range of persistence configurations compared to
the existing SPS. It is easier to implement, requiring only
a single parameter, unlike SPS, which needs multiple
parameters. It also exhibits better tail properties, e.g.,
smaller probability of losing several messages in a row.

2) We show that optimal Aol performance, both in terms
of mean value and quantiles, can be achieved with
persistence settings that are only achievable with the
proposed G-SPS and are outside the current standard
SPS scope.

3) Our results indicate that Aol performance achieved with
DS is comparable to or even better than those achieved
by using persistent scheduling, suggesting that DS can
be a more effective option from an Aol perspective. The
significance of this insight stems from the fact that we
consistently consider scenarios with periodic message
traffic flows.

The rest of the paper is structured as follows. Section II
reviews related work on persistence in 5G NR-V2X.
Section III presents the proposed G-SPS and its advan-
tages over standardized SPS. Section IV introduces the
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TABLE 1. List of acronyms.

Acronym | Meaning

Aol Age of Information

BLER Block-Error Rate

CAM Cooperative Awareness Message
CLR Collision Loss Ratio

C-v2X Cellular V2X

DS Dynamic Scheduling

G-SPS Geometric Semi-Persistent Scheduling
MAC Medium Access Control

MCS Modulation and Coding Scheme
NR New Radio

P Probability of Persistence

PDF Probability Distribution Function
PIR Packet Inter-Reception Time

PLR Propagation Loss Ratio

PRR Packet Reception Ratio

RB Resource Block

RC Reselection Counter

RE Resource Element

RRI Resource Reservation Interval
RSSI Received Signal Strength Indicator
RSRP Reference Signal Receive Power
SC Sub-Channel

SCS Sub-Carrier Spacing

SNR Signal-to-Noise Ratio

SNIR Signal-to-Noise-plus-Interference Ratio
SPS Semi-Persistent Scheduling

TB Transport Block

V2xX Vehicle-to-Everything

WBS Wireless Blind Spot

performance metrics, while Section V details the simulation
environment. Section VI and Section VII report integrity and
timeliness results, respectively. Finally, Section VIII sum-
marizes the findings and outlines future research directions.
Table 1 lists the acronyms used throughout the paper.

Il. BACKGROUND AND RELATED WORK

This section examines related research efforts aimed at
enhancing resource allocation efficiency in 5G NR-V2X
communications. Specifically, it focuses on persistence man-
agement strategies, including the regulation of parameters
such as RC and P, to optimize performance of resource
allocation algorithms.

The study by Bazzi et al. [42] examines the issue of
Wireless Blind Spots (WBSs) in autonomous Cellular V2X
(C-V2X) communication, where vehicles may experience
prolonged packet loss due to factors such as hidden nodes,
half-duplex transceivers, and random resource selection. The
authors characterize the probability of WBS and propose an
enhanced resource allocation algorithm that limits incorrect
reservations, indirectly affecting SPS with different values
of P.

The influence of P on C-V2X performance is further
explored by Bazzi et al. [43], who identify a trade-off
between reliability and latency in 3GPP Mode 4. While
higher persistence values stabilize resource allocations and
improve PRR, they also increase update delays in congested
environments. The study highlights the need for adaptable
persistence settings to balance these conflicting metrics.
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In the context of 5G NR-V2X, Yoon et al. [44] address
the shortcomings of standard SPS for aperiodic traffic. They
propose Reservation for Aperiodic Packets (RAP) scheme,
a stochastic reservation method that enhances PRR and
extends the Tx-Rx range by up to 75 m, particularly at lower
P. This underscores the potential for refined algorithms to
mitigate uncertainties in dynamic traffic scenarios.

Several works, such as [21], [23] and [45], compare the
effectiveness of SPS and alternative schemes under various
traffic types and persistence settings. While in this works
SPS performs well for periodic traffic, adaptive scheduling
strategies prove beneficial in mixed traffic scenarios. These
studies, however, often fail to explore the full impact of
persistence parameters on key metrics such as Aol.

A notable effort by Cao et al. [46] investigates the
relationship between RRI, P, and PIR, showing that opti-
mal RRI settings significantly enhance performance across
different densities. Their work complements research into
persistence-driven enhancements but leaves room for further
exploration of dynamic configurations.

Building on the importance of dynamic resource alloca-
tion, Lusvarghi et al. [20] introduce a machine learning-based
approach for aperiodic CAMs in V2V communication. Their
method predicts message generation patterns and adjusts
RC dynamically, achieving efficient persistence management
within the standard P range. This innovation improves colli-
sion avoidance and enhances LTE-V2X Mode 4 performance
by aligning resource reservations with short-term traffic
patterns.

Security considerations are addressed in [47], where a
persistence-aware SPS framework integrating attack detec-
tion mechanisms to adjust RC dynamically is proposed. This
approach demonstrates the utility of persistence management
for both congestion control and intrusion resilience. Simi-
larly, Rolich et al. [48] leverage persistence to optimize Aol
in decentralized congestion control algorithms, highlighting
its role in improving system performance under diverse
conditions.

The studies presented in [7], [8] were among the first
to analyze persistence as a critical parameter in SPS,
identifying optimal levels to minimize Aol and validating
findings through realistic simulations in highway scenarios.
Rolich et al. [49] study the effect of persistence on temporal
and spatial reuse in sidelink communication, showing that
while it improves spatial reuse, it can degrade temporal
freshness by increasing Aol. However, these works focused
on simpler setups where all nodes were within the same
awareness range, without addressing the more complex
hidden node scenarios involving spatial reuse of radio
resources and dynamic traffic conditions.

Our paper makes a significant contribution to the liter-
ature by systematically analyzing persistence as a unified
parameter combining the effects of RC and P for the
first time. Unlike previous studies that treated RC and P
independently, we investigate deeply their joint influence
as a single cohesive phenomenon. This novel perspective
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allows us to assess the comprehensive impact of persistence
on reliability, timeliness, and, critically, Aol in 5G NR-V2X
networks under hidden node scenarios with periodic update
message flows. By addressing this previously unexplored
aspect, our work bridges a crucial gap in understanding
how persistence governs sidelink performance in dynamic
and challenging environments. Furthermore, we propose an
innovative persistence management framework that extends
existing algorithms, providing optimized resource allocation
strategies to meet the stringent requirements of 5G NR-V2X
communications.

1IIl. DEFINING AND IMPLEMENTING PERSISTENCE

This section provides an overview of the standardized
multiple access algorithms SPS (Section III-A) and DS
(Section III-B). Then, it proposes G-SPS, a variant of
SPS characterized by a new way to implement persistence
(Section ITI-C). Finally, a systematic classification of persis-
tence, that justifies the new proposed G-SPS, is presented
in Section III-D. For a comprehensive description of SPS
mechanisms, we refer the reader to [3], [8].

A. SEMI-PERSISTENT SCHEDULING (SPS)
The key idea of SPS is to keep a selected SC for a number of
consecutive time periods, referred to as RRIs. This approach
matches periodic traffic patterns by avoiding a randomized
selection process that is prone to collisions when it can be
anticipated that new messages will be generated regularly,
with a given period, corresponding to the chosen RRI value.
The standard SPS mechanism relies on two parameters to
ensure resource persistence:

« RC, initialized to a non-negative integer value and

decremented in each subsequently used SC.

« The persistence probability P, set to a value in the range

[0; 0.8].

When a new SC is selected at time #y, the node initializes
the RC with a value r. At each subsequent transmission,
occurring at times 7y + k - RRI, the counter is decremented,
and the node records its value as r — k, fork = 0,1, ..., r.
When the SC is used for the (r + 1)-th time, the node decides
to persist using the same SC with probability P. If the node
persists using the same SC, a new initial value for the RC is
randomly drawn and the countdown is restarted.

The RC value depends on the selected RRI. It is an
integer value, drawn uniformly at random in the interval
{I5-C1,..., 15 - CJ}."' The quantity C is computed as

follows:
. RRI
C=max {1, mini5 —1t;, (1)
RRI

ﬂere RRIy, = 100 ms. Th_emean value of RC, denoted with
RC is therefore given by RC = 10 - C, with C > 1.

The notation [x] and [x] correspond to ceiling and floor functions of
X, i.e., to the smallest integer not smaller than x and to the largest integer not
larger than x, respectively.

164067



IEEE Access

A. Rolich et al.: Rethinking Persistent Scheduling in 5G NR V2X Sidelink Communications

In the case of standard SPS the mean number of times that
a same SC is consecutively kept with a given period RRI is
given by:

RC

= @

1SpPS =
where RC denotes the average of the RC, according to SPS
settings.

B. DYNAMIC SCHEDULING (DS)

The DS resource allocation mechanism in 5G NR-V2X is
defined in the standard [6]. With DS, a User Equipment
(UE) dynamically selects resources for each individual
transmission, without persistence. This means that after
each transmission, the UE reselects a new resource for
the next transmission, ensuring randomness. DS can be
implemented setting the two parameters RC and P to fixed
values as follows: RC = 1, P = 0. This setting guarantees
that a selected SC is only kept once and then a new SC is
reselected randomly over the set of all available SCs in the
selection window. Note that monitoring the sensing window,
to make the list of available resources, is only needed in a
mixed environment where DS is used along with SPS.

DS is highly adaptable to varying traffic patterns and
channel conditions, optimizing resource usage in scenarios
where transmissions are sporadic or event-triggered. It is
expected that DS offers inferior performance in case of
periodic message flows, with respect to persistent scheduling.
In fact, this has been assessed through extensive simulations
in [21]. We will see however that DS can outperform
persistent scheduling under the lenses of Aol-related metrics.

C. GEOMETRIC SEMI-PERSISTENT SCHEDULING (G-SPS)
G-SPS is not a novel resource allocation algorithm; rather,
it offers an alternative approach for implementing persis-
tence compared to the currently standardized SPS.

In G-SPS, persistence is realized by relying on a simple
memoryless mechanism, where a node decides: (i) to keep
the same SC it has been using with period RRI for one more
period with probability 1 — ¢; or (ii) to jump to another
SC to be reselected with probability g. Implementing this
type of persistence is extremely simple. It relies on a single
parameter, and the node does not need to store a counter or
maintain a state other than the identity of the currently used
SC and the period RRI. Exploiting standardized parameters,
G-SPS can be practically implemented just setting RC =
landP=1—¢2

The probability distribution of the number of consecutive
uses of the same SC with period RRI is Geometric.
The probability of using the same SC & times is (I —
Q" 'q, h = 1.

We also define the variable 1 as the mean number of times
the same SC is used consecutively. It is easy to verify that,

2In G-SPS we remove the constraint P € [0; 0.8] imposed by the
standard.
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FIGURE 1. Probability that continued collision time T¢c between two
nodes selecting the same SC lasts more than 6 for 9 = 1 secand P = 0.
Comparison between standard SPS (blue solid line) and G-SPS (red
dashed line).

in case of G-SPS, we have

1
NG-SPS = —. 3)
q

When comparing G-SPS with SPS, we set the parameter g

so that ng.sps = nsps = 1 for a given value of n.

The definition of G-SPS offers several advantages:

1) It extends the range of achievable persistence beyond
the limitations of the current standard SPS settings (see
Section III-D).

2) It improves tail properties of persistence, reducing
the impact of persistence on re-iterated collisions (see
Figure 1 below and comments thereof).

3) It simplifies the implementation of resource allocation
algorithm compared to standard SPS, as it requires
configuring only a single parameter.

4) Within the parameter ranges where both standard SPS
and G-SPS are defined, G-SPS delivers nearly same
performance as SPS, making it an effective replacement
of SPS persistence mechanisms.

5) G-SPS allows setting the persistence level so as to
minimize the Aol under periodic traffic conditions.
This optimal setting cannot be achieved by the current
standard SPS or DS.

As for the second point above, Figure 1 shows the
probability that two nodes choose the same SC and both
keep using it for at least a time 6. This is the probability of
continued collisions for a time T, > 6, conditional on two
nodes colliding in their resource selection. The continuing
collision stems from persistence. The effect is a prolonged
gap between updates from the two nodes involved in the SC
collision event.

Figure 1 plots P(T¢. > ) as a function of RRI, in case of
0 = 1sand P = 0. When comparing SPS and G-SPS, the
parameter g of G-SPS is set so that the values of 1 given by
Equations (2) and (3) be the same.

Itis evident that the tail of the probability distribution of the
number of times that a specific SC is persistently used makes
a difference. G-SPS and SPS are configured so as to have the
same value of the mean value of the number of times that the
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TABLE 2. Classification of persistence types.

Index n Persistence Class | Standard Proposed
0 1 No persistence DS -
1 (1,10) | Weak - G-SPS
2 | [10,50) | Moderate SPS (C =1) | G-SPS
3 | [50,00) | Strong - G-SPS

same SC is used consecutively. However, G-SPS exhibits a
lighter tail, resulting in significantly smaller probabilities of
prolonged collision. For example, for RRI ranging between
20-100 ms, the probability that T, exceeds 6 = 1s is about
0.14 for G-SPS, compared with 0.5 in case of SPS.

D. PERSISTENCE CLASSIFICATION

We introduce a persistence classification based on the
variable 1, the mean number of times that the same SC is used
consecutively (see Equations (2)) and (3). The classification
of persistence types is shown in Table 2.

In particular, four categories of persistence are identified,
labeled with indexes between 0 and 3. Index O corresponds to
DS, where there is no persistence at all.

The current SPS mechanism parametrization, with RC e
{5,...,15} (incase C = 1) and P € [0; 0.8] falls inside the
Index 2 category, namely, moderate persistence.

The other two categories extend persistence to ranges not
achievable according to the standard. Index 1 corresponds
to weak persistence, ranging between DS and SPS. Index
3 category goes beyond the maximum persistence allowed by
SPS standard, namely strong persistence.

To establish the relationship between the proposed classifi-
cation of persistence and the values of 5 attainable according
to the current standard, Figure 2 shows the values of 7 as
a function of RRI. The middle colored area corresponds to
values obtainable according to standardized setting of SPS
parameters RC and P. The horizontal dashed lines mark the
borders between different regions of persistence, according
to the proposed classification, each region corresponding to a
horizonal band, from weak persistence in the lowest band,
up to strong persistence in the upmost band. The vertical
dashed line separates the range RRI > RRIy = 100ms,
where it is C = 1, on the right, from the range RRI <
RRIy = 100ms, where itis 1 < C < 5, on the left.

It is evident that SPS can only provide moderate persis-
tence as long as C = 1. Strong persistence is partially achiev-
able for values of RRI less than 100 ms. Weak persistence
is never attainable according to the standard. In Section VII,
we will see numerical results which show that the minimum
of Aol is attained in the weak persistence region, which is
forbidden for standard-compliant parametrization.

IV. KEY PERFORMANCE METRICS

This section focuses on the key metrics relevant to our
analysis. The 3GPP standard [11] introduces a set of
performance metrics to evaluate the reliability and timeliness
of NR-V2X communications. We review those metrics,
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the same SC is retained, n

Standard SPS
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FIGURE 2. Values of 5 as a function of the RRI. The colored area
corresponds to values of 5 that can be obtained with the standardized
SPS. The horizontal lines mark the borders of the three persistence
regions (horizontal bands) identified by indexes 1 to 3. The vertical
dashed line marks the RRI threshold RRly, = 100 ms. The RRI values to
the right of this line result in C = 1. The values to the left of this line
correspondto 1 < C < 5.

introduce more, and provide details on how they are estimated
from simulation traces. Additionally, in this section we
demonstrate the difference between the Aol metric and
the standardized metrics of PRR and PIR, and prove its
importance for 5G NR-V2X sidelink scenario analysis.

A. STANDARDIZED METRICS
1) PACKET RECEPTION RATIO (PRR)
For broadcast communications, PRR (referred to in the
standard [11] as PRR type 1) measures the success ratio of
packet transmissions.

PRR for each transmitted packet, say packet j, and for a
given distance range [a, b] is defined as:

O;
PRRj = F, )
j

where

O; is the number of nodes that decode the considered packet
j and lie at a distance between a and b from the
transmitting node.

H; is the overall number of nodes lying at a distance between
a and b from the transmitting node.

Over a simulation generating M packets, the average PRR is
computed as a weighted average of individual PRR values:

M M
H; " 0;
E[PRR] = > —»— -PRR; = #
j=1 2= Hi Zj:lHj

In the simulation experiment, the valuesa = i-50m, b =

(i+1)-50m are considered fori = 0, 1, ..., 20, thatis up to
1 km.

&)

2) PACKET INTER-RECEPTION (PIR)
The PIR [11]? quantifies the time between two consecutive
successful receptions of messages belonging to the same

3The term Peak Age of Information (PAol) is also commonly used in
the literature and is entirely equivalent to PIR.
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application flow. More in depth, let us consider the local
dynamic map of a node j, where data collected from
neighboring nodes is collected. Let f;;(k) be the delivery
time of an update at node j from node i, where k > 2 is
index of received packet. Let Aj;(¢) denote the age of the
information stored at j and coming from node i at time ¢.
Itis Ajj(t) =t — tjj(k — 1) for t € [t;;(k — 1), t;j(k)). Then,
by definition, the peak Aol is given by

Yi(k) = sup Ajj(t) = tjj(k) — tji(k — 1).  (6)

teltij(k—1),t;(k))
Let u;; the number of updates delivered to j by node i. The
average PIR is obtained as

ujj

Z Y;i(k). )

L

E[PIR;] =

Note that each peak is weighted the same in this average,
no matter how large it is.

The average PIR at node j, encompassing information
flows that node j receives from all its neighbors, is obtained
by means of a weighted average:

E[PIR;] = Z

——E[PIR;;], (8)
lEN Zke/\/ Ukj lj

where N is the set of all nodes from which at least X
messages have been successfully delivered to j. In the

evaluation of simulation experiments, we set X = 2.
Obviously, this average can be evaluated only for nodes for
which N # @.

Analogously, the overall PIR is obtained through a weights
average of the E[PIR;] for all j.

PIR focuses on the worst-case scenario, representing
the maximum staleness experienced between consecutive
updates.

B. NON-STANDARDIZED METRICS

1) CLR & PLR

To assess the reliability of communication over a given

distance range [a, b], two complementary metrics are used:

the CLR and PLR. These metrics quantify the specific impact

of collisions and poor propagation conditions, respectively

(see Section V for specifications on how the simulation model

identifies these two root causes of failed packet reception).
CLR reflects the proportion of packets lost due to

collisions:

NcL
CLR = , ©)
Npr + Ncr + Nsr
where Ncr, is the number of packets lost in collisions, Npr,
represents packets lost due to poor propagation conditions,
and NgR is the number of successfully received packets.
PLR measures the fraction of packets lost due to insuffi-
cient Signal-to-Noise Ratio (SNR):
NpL

PLR = . (10)
NpL + NcL + Nsr
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TABLE 3. Simulation parameters.

Parameter Values
Highway length, L 5000 m
Vehicle density, p 35, 70, 100, and 140 veh/km
Maximal vehicle density, pax 154 veh/km
Number of lanes 6
Vehicle speed 70 km/h
Channel bandwidth, BW 10 MHz
OFDM numerology, u 0
Sub-Carrier Spacing, By 15kHz
Time slot duration, T 1ms
Modulation and Coding Scheme (MCS) MCS13
Modulation 16 QAM
Code rate 0.4875

# of RBs per Sub-Channel 50, 25, 10

# of Sub-Channels per time slot, ngc 1,2,5
RRI 100 ms, 50 ms, 20 ms
Message generation time, Tgen = RRI
Transmission power 23dBm
RSRP threshold —120.07 dBm
Noise figure 9dB
Margin for idle/busy channel assessment 3dB

SC re-selection back-off factor 3dB

These metrics provide a detailed view of the distinct
challenges posed by physical layer conditions and network
contention.

2) AGE OF INFORMATION (AOI)

Aol is an application-level metric that can be applied across
a wide range of applications (e.g., cooperative awareness,
cooperative perception, maneuver coordination), regardless
of their specific nature or domain. Aol measures the freshness
of the most recent information received from a transmitting
source. The average value of Aol for messages sent by node
i and collected by node j is computed as follows:

Uujj
1 [T !

E[Aol;] = lim — [ A;(t)dr ~ M

N ST Jg Y Yk

where we recall that u;; is the number of successful updates
sent by node i and received by node j, and Y;i(k) = #;;(k) —
t;j(k — 1). There is a strict connection between the average
Aol and PIR. Specifically, it is
E[PIR?]
E[Aol] = ———. (12)
2 - E[PIR]

Aol for all information flows collected at node j and the
overall Aol of the system can be obtained with averaging
similar to those defined with PIR. We also consider extreme
values of Aol by evaluating quantiles. The quantile ¢ (e.g.,
g = 90) is evaluated as the threshold Aol such that P(Aol <
Aoly) = ¢g/100, i.e., it is that value which is not exceeded
with probability ¢/100 (e.g., probability 0.9 in case g = 90).
This metric provides critical insights into the timeliness of
data updates, which is essential for safety-critical vehicular
applications.

The PIR metric is an averaged estimate of Aol peaks,
which does not account for the duration of vehicles being in
a collision state. For instance, Figure 3 illustrates the plot of
a sample path of Aol for a sequence of update delivery, most
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FIGURE 3. PIR and Aol sample path example.

of which are delivered timely, with short time gaps between
consecutive updates, except of one, which corresponds to a
relatively long time, where no successful update is received.

The time-averaged Aol and the average PIR are shown as
a solid line and dashed lines, respectively. It is evident that
the time-averaged Aol (formally defined in Equations 11) is
greater than the average PIR. The reason is that the single
large peak of Aol has a unit weight as all other peaks in
the evaluation of average PIR. On the contrary, in the time
averaged Aol, the full time behavior of the age function is
considered, hence a large peak weights more just by virtue of
the corresponding large duration.

From the perspective of safety-critical applications, the
large time gap between two consecutive updates (e.g., due to
a row of collision events) could lead to dangerous situations
on the road, giving rise to a sort of “blind spot” that makes the
node sending updates invisible to its neighbor for the duration
of the time gap.

From a statistical perspective, Aol and PIR capture dif-
ferent characteristics of information freshness. Aol provides
a continuous measure, offering insight into the average
freshness of information over time. It is well-suited for
evaluating long-term performance and can be analyzed using
metrics like mean Aol, which reflects the overall timeliness of
updates. Aol can reveal additional critical information about
the system’s performance, while PIR remains essential for
understanding the worst-case scenarios. For these reasons,
we advocate for extending the standard to include Aol
alongside PIR.

V. SIMULATION SETUP
This section describes the simulation model used in the
performance evaluation. The model was implemented in ns-
3 using the open-source MoReV2X module developed for
the simulation of NR-V2X Mode 2 [50], [51]. The numerical
values of the main simulation parameters are listed in Table 3.
The considered scenario represents a 5000 m-long highway
with three lanes in each direction, where vehicles travel at
an average speed of 70 km/h. Assuming an average vehicle
length £ = 10m, a reaction time 7 = 0.5 s, and a maximum
deceleration of leader and follower vehicles equal to a; =
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g = 9.8m/s* and ar = g/2, respectively, the minimum
spacing between consecutive vehicles on the same lane is
A=4L+7TV+ v2(1/af — 1/a;)/2 =~ 37m. Hence, the
maximum vehicle density on the six lane road is 154 veh/km.
We consider a baseline vehicle density of 140 veh/km, which
represents approximately 90 % of the maximum achievable
density, indicating a high traffic load. To assess the impact of
traffic conditions, we conduct additional simulations under
varying vehicle densities. The evaluated densities are p =
140, 100, 70, and 35 veh/km.

Each vehicle generates a periodic stream of messages,
broadcast through the sidelink channel. Messages are gener-
ated with a period equal to the RRI.

As for the radio interface, NR-V2X radios operate in a
10 MHz channel within the 5.9 GHz ITS band. Each Resource
Block (RB) comprises 12 sub-carriers and 14 symbols. Part
of symbols are devoted to physical layer functions (e.g.,
pilot tones), the remaining ones are used to support SCs,
comprising Sidelink Control Information (SCI), organized
in so called two stages, and a Transport Block (TB). The
detailed symbol allocation is specified in the standard and
summarized, as concerns the considered simulation model,
in [52].

We consider three different configurations of the sidelink
channel by setting the number of SCs per slot ngc to 1, 2, and
5. Correspondingly, the number of RB assigned to a SC is 50,
25 and 10. Two of those SCs are used by the SCI stage 1. The
MCS 13 is selected, using 16-QAM modulation (modulation
order ¢ = 4) and coding rate r = 0.4875. By accounting for
the details of symbol allocation, the resulting data payload
size of the corresponding TBs are 1473 Byte for 1 SC per slot,
528 Byte for 2 SCs per slot, and 217 Byte for 5 SCs per slot.
These values were obtained using the link-level simulator
described in [52].

The selection window for the multiple access procedure
is identified with a time span equal to one RRI. Hence, the
available number of SCs for node selection is K = ngc L%J,
where T denotes the duration of a slot and ngc is the number
of SCs per slot. To maintain the same value of K for the
different sidelink channel configurations, the RRI is set to
100 ms/ngc. This scaling maintains the proportion between
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TABLE 4. Comparison between G-SPS and previously reported works.

Reference RC P n Persistence  Assumptions Metrics
Class Index
Rolich et al. [7] 1 or [5;15] [0;0.95] or [0;0.8] [2:50] 1-3 No hidden nodes, no SC reuse, PRR, PIR, Aol
no propagation losses, periodic
traffic
Rolich et al. [8] 1 or [5;15] [0;0.99] or [0;0.8] [1;1000] 0-3 No hidden nodes, no SC reuse, PRR, CLR, PLR,
highway propagation, periodic ~ PIR, Aol
traffic
Lusvarghi et al. [20] [1;10] 0 5 1 Hidden nodes, SC reuse, subur- PRR, CLR, PLR,
ban propagation, mixed traffic PIR
Lusvarghi et al. [21] 1 or [5;15] lorl0 lor10 0,2 Hidden nodes, SC reuse, high- PRR, CLR
way propagation, periodic, aperi-
odic and mixed traffic
Chourasia et al. [23]  [2;7], [5;15], 0,0.4,0.6,0.8 [7,5; 50] 1,2 Hidden nodes, SC reuse, high- PRR, PIR
[10;30] way propagation, periodic traffic
Bazzi et al. [42] [5;15] 0or0.8 10 or 50 2 Hidden nodes, SC reuse, high- PRR
way propagation, periodic traffic
Bazzi et al. [43] [5;15] [0,0.8] [10; 50] 2 Hidden nodes, SC reuse, urban  PRR
and highway propagation, peri-
odic traffic
Yoon et al. [44] [5;15] 0or0.8 10 or 50 2 Hidden nodes, SC reuse, high- PRR
way propagation, aperiodic traf-
fic
Cao et al. [45] [5;15] [0.1;0.7] [11.11;33.33] 2 Hidden nodes, SC reuse, high- CLR, PIR
way propagation, periodic traffic
Cao et al. [46] [5;15] 0.5 [500;1500] 3 Hidden nodes, SC reuse, high- PRR, CLR
way propagation, periodic traffic
Djaidja et al. [47] [1;15] [0,0.8] [8:;50] 0-2 Hidden nodes, SC reuse, high- PRR
way propagation, periodic traffic
Rolich et al. [48] 1 or [5;15] 0 or [0;0.8] 1 or [10;50] 0,2 No hidden nodes, no SC reuse, Aol
no propagation losses, periodic
traffic
Rolich et al. [49] 1 or[5;15] [0;0.995] or [0;0.8] [1;200] 0-3 Hidden nodes, SC reuse, no prop-  Probability of Aol vi-
agation loss, periodic traffic olation, reuse order
This paper 1 [0,0.999] [1;1000] 0-3 Hidden nodes, SC reuse, high- PRR, CLR, PLR,
way propagation, periodic traffic ~ PIR,  Aol, Aol
quantiles

the amount of messages generated by vehicle population per
unit time and the amount of available resources in a selection
window (which is anyway equal to one RRI).

The transmission power level is set to 23 dBm. Background
noise power is Py = kpToNpB, where kp is Boltzmann’s
constant, Ty is the receiver temperature, Nr is the receiver
noise figure, and B is the bandwidth. Letting Tp = 300K,
Nr = 9dB, and B = ngp - 180kHz, we have Py =
10logignrg — 112.3dBm. In the three considered SC
configurations we have ngg = 50, 25, 10, so it is Py =
—95.3dBm, —98.3 dBm, and —102.3 dBm, respectively.

Path loss and shadowing effects are modeled using the
approach from [11], while fast fading is accounted for by
incorporating Block-Error Rate (BLER) curves from [52].
The WBS effect [42] is also considered.

In the simulation, information decoding in a SC is
structured as follows. For each transmission link between
transmitting node i and receiving node j, where i transmits on
a given SC s and j listens to that SC, the SNR and Signal-to-
Noise-plus-Interference Ratio (SNIR) are computed.4 Noise

4This implies that node j does not transmit on a SC in the same slot as
SC's.

164072

power is computed as detailed above. Channel gain is
computed based on the distance between nodes i and j and
according to the path loss model specified in [11]. The
interference is the sum received power of all transmissions
of nodes # i, using the same SC s. The obtained values of
SNR and SNIR are then used as input values to the BLER
curve (implemented as a table in the simulator). Let Psnr
and PsNir be the two obtained output values, respectively.
The TB carried in the considered SC s, transmitted by node
i, is considered to be lost to the receiving node j, because of
propagation effect, with probability Psnr. If that is not the
case, then the TB is considered to be lost to receiving node
J» because of collision effect, with probability Psnir. If that
is not the case either, then the TB is considered to have been
successfully received at node j.

As for sensing, the noise floor on a single sub-carrier is
given by Reference Signal Receive Power (RSRP). RSRP =
kpToNgBs., where kg is Boltzmann’s constant, 7 is the
receiver temperature, Nr is the receiver noise figure, and
By is the sub-carrier spacing, depending on the numerology.
A sub-carrier is deemed to be busy if the received power
level exceeds this noise floor level by a margin M. Letting
M = 3dB and Nr = 9dB, itis found that the RSRP threshold
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is —120.07 dBm. At time of SC (re)selection in the Medium
Access Control (MAC) sublayer, the initial threshold is set
to the obtained RSRP, and the back-off factor is fixed at
3dB. The target minimum fraction of SCs in a selection
window that must be declared idle is set to 20 %. If less than
that fraction of SCs in the re-selection window are declared
to be idle, the RSRP threshold is scaled by the back-off
factor (increased by that amount of dB) and SC assessment
is repeated.

The simulated DS and SPS algorithms are fully compliant
with the standard. Since we choose values of RRI < 100 ms,
it follows that C = 1 and RC is drawn uniformly at random
from the integer set between 5 and 15, while P ranges between
0 and 0.8. Consequently, the parameter n ranges between
10 and 50 for SPS. DS corresponds to persistence class
Index 0, with the parameter n = 1.

G-SPS has also been implemented in the simulator with a
configuration of RC = 1 and P € [0, 1), thereby enabling
coverage of the entire range of persistence values (Index 1,
2, and 3), as detailed in Section III and Table 2. In this
configuration, the parameter  can take any value > 1.

Table 4 compares our proposed approach of defining
persistence using G-SPS with previously reported works
in Section II, highlighting the values of the key persis-
tence parameters (RC, P, 1) adopted in the simulations,
the corresponding persistence class from our classification
(Section III-D), as well as the underlying assumptions and
performance metrics. The table shows that most prior studies
were restricted to a narrow persistence range — typically
the moderate, as it aligns with the standard SPS — whereas
the present work, through the proposed G-SPS approach,
investigates the full persistence range under periodic traffic,
realistic propagation models, hidden nodes, and scenarios
enabling spatial reuse of SCs. It supports the novelty of our
contribution.

VI. INTEGRITY PERFORMANCE
In the context of C-V2X, integrity refers to the reliable
delivery of messages from the source node to its neighbors.
The primary performance metric for evaluating integrity is
the PRR. In this section, we highlight the superior integrity
performance of the SPS mechanism compared to DS and
analyze the impact of different persistence classes on PRR.

Persistence is defined as the average number of consecu-
tive transmissions in which the same SC is retained for a given
RRI, n, as specified in Equations (2) and (3). In Figure 4,
DS corresponds to n = 1, while weak, moderate, and strong
persistence are represented by n = 2, n = 20, and n = 200,
respectively. These values were selected as representative
samples, with 7 increased by one order of magnitude across
classes (2, 20, 200), to highlight the differences in PRR
and CLR performance at varying persistence levels. The full
range of n values is illustrated in Figure 5.

Figure 4a illustrates the PRR as a function of the distance
between transmitter and receiver for each persistence class
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FIGURE 4. PRR (a) and CLR, PLR (b) as a function of distance between
transmitter and receiver. In this figure, DS corresponds to y = 1, with
weak persistence defined by y = 2, moderate persistence by y = 20, and
strong persistence by 5 = 200.

described in the Section III, while Figure 4b shows the CLR
and PLR.

As shown in Figure 4a, the best PRR performance
is demonstrated by the moderate (Index 2) and strong
persistence (Index 3) classes, while DS (Index 0) yields the
worst results. The main reason is that, when the system
exhibits higher persistence, the frequency of potential SC
changes is significantly reduced, resulting in fewer collisions.
At the same time, we observe that the PRR value decreases
monotonically due to collisions and signal attenuation and
propagation losses as the communication path distance
increases. It is important to note that high message reliability
(PRR above 90 %) is unattainable with DS, it is reached up
to a distance of 20m for weak persistence (Index 1), and
up to S0m for moderate and strong persistence. When the
distance falls within the 400 m range, the average probability
of successful message delivery drops to around 20 %. Beyond
that range it is essentially negligible, with the considered
parameter setting.

However, even at relatively short distances, packet losses
can still occur due to collisions. Figure 4b presents a break-
down of the packet loss probability, defined as 1 — PRR, into
two contributing factors: losses due to collisions, quantified
by the CLR, and losses resulting from insufficient received
signal strength, represented by the PLR. In the figure, CLR
is depicted using solid lines, while PLR is shown with
dashed lines. At very short distances (a few tens of meters),
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FIGURE 5. PRR versus mean times the same SC is kept () for a vehicle
density of 140 veh/km and 1 SC, with persistence classes highlighted:
weak (green area), moderate (yellow area), and strong (red area). Line
curves are obtained with G-SPS, while markers correspond to DS (black
square marker) and SPS (red markers).

the signal strength is sufficient to mitigate interference
effectively. However, a high vehicle density combined with
elevated transmitter power results in a substantial number
of collisions. This is primarily due to nodes selecting the
same SCs simultaneously and the increased interference
associated with spatial reuse of radio resources. A distinct
trend emerges: for inter-vehicle distances up to 400 meters,
DS (Index 0) and weak persistence (Index 2) lead to a
higher number of collisions, as expected. In contrast, at short
distances, signal attenuation has minimal impact, becoming
a significant factor only at distances exceeding 600 m.

In Figure 5, values of PRR averaged over several
different distance ranges are plotted as a function of 1. The
persistence classes are highlighted by background coloring.
The colored area on the left (green) corresponds to weak
persistence. The central colored stripe (yellow) corresponds
to moderate persistence. Strong persistence is highlighted by
the right-most colored area (red). Blue line plots are obtained
by using G-SPS. Markers refer to standard mechanisms: DS
is shown with a black square marker (n = 1), while SPS is
shown by red markers. The plot displays four line and marker
combinations, each representing a specific range of distances:
[0, 100] m, [100, 200] m, [200, 300] m, and [300, 400] m.

The monotonic increase in the probability of successful
message delivery is observed as persistence increases. At the
same time, we observe that the standard SPS outperforms DS
and G-SPS with weak persistence in all cases. Essentially no
further performance gain is obtained by pushing persistence
into the strong persistence region. It is worth emphasizing
that the proposed G-SPS (blue line) exhibits identical perfor-
mance to the standardized SPS (red markers), confirming the
consistency of the proposed approach.

Figure 6 presents an analysis of the PRR as a function
of persistence under G-SPS, considering varying vehicle
densities ranging from 35 veh/km to 140 veh/km and 1
SC with 50 RBs. The evaluation is conducted across two
distinct distance intervals: [0, 250] m and [250, 500] m.
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FIGURE 6. PRR obtained with G-SPS as a function of the mean time the
same SC is kept (y) for four different vehicle densities, with persistence
classes highlighted: weak (green area), moderate (yellow area), and
strong (red area). The two subplots correspond to different distance
ranges: (a) [0,250] m and (b) [250,500] m.
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As expected, an increase in vehicle density negatively
impacts PRR performance due to a higher probability of
packet collisions. However, a quantitative analysis reveals
that for short distances (up to 250m), the PRR variation
remains limited to approximately 10%. For distances up
to 500 m, the variation increases to around 20 %. Notably,
reaching moderate persistence, the PRR stabilizes at higher
values across all density levels diminishing the impact
of collisions. Furthermore, the results confirm that PRR
improves monotonically with persistence, suggesting that
higher persistence benefits PRR. However, the observed
improvements are relatively modest, indicating that beyond
a certain threshold, additional persistence yields diminishing
returns in mitigating packet loss.

Figure 7 presents an alternative perspective, where the
vehicle density is fixed at 140 veh/km, while varying
the number of allocated SCs (1, 2, and 5). This analysis
aims to demonstrate that, under the given simulation con-
figuration, different channel configurations exhibit nearly
identical performance due to the extreme similarity in BLER
curves. However, it is important to note that for alternative

VOLUME 13, 2025



A. Rolich et al.: Rethinking Persistent Scheduling in 5G NR V2X Sidelink Communications

IEEE Access

1.0
0.8
k)
3
0.6
=)
—
£0.4
[
&
0.2
0'0100 10! 102
Mean number of times that the same SC is kept, n
—— G-SPS, #SC =1 o DS #SC=1
—— G-SPS, #SC =2 ¢ DS, #SC =2
— G-SPS, #SC =5 A DS #SC=5
(@
1.0
£0.8
o
S
n
= 0.6
n
)
—
8 0.4
&
0.2
0.
0100 10! 10?2

Mean number of times that the same SC is kept, n
—— G-SPS, #SC =1 O DS #SC=1
—— G-SPS, #SC =2 ¢ DS, #SC =2
—— G-SPS, #SC =5 A DS, #SC=5

(b)

FIGURE 7. PRR obtained with G-SPS as a function of the mean time the
same SC is kept (i) for three different SC configurations, with persistence
classes highlighted: weak (green area), moderate (yellow area), and
strong (red area). The two subplots represent different distance ranges:
(a) [0,250] m and (b) [250,500] m.

numerology and MCS configurations, the results may deviate
more significantly, as these factors can exert a stronger
influence on BLER curves, leading to substantial perfor-
mance differences across channel configurations. Similar to
the analysis with varying vehicle densities, we examine two
distance intervals: [0, 250] m and [250, 500] m. For short
distances, we observe minor differences in PRR performance
depending on the number of SCs; however, these differences
remain negligible and follow the same behavioral trend as
previously noted. At longer distances, the PRR values for
all channel configurations converge, indicating no significant
variation in performance.

The evaluation of different traffic flow densities and
channel configurations reinforces the generality of our
findings. The results suggest that our conclusions are not
limited to a specific scenario but can be extended to other
configurations, highlighting the robustness and scalability of
the proposed approach.

VII. TIMELINESS PERFORMANCE
This section explores the timeliness of data delivery for
periodic update message flows, comparing SPS, DS and
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FIGURE 8. Mean PIR(a) and Aol(b) as a function of the distance between
transmitter and receiver. In this plot DS corresponds to 5 = 1, with weak
persistence defined as 5 = 2, moderate persistence as 5 = 20, and strong
persistence as 7 = 200.

G-SPS approaches. Since freshness of information is the
focus, the considered key performance indicators are PIR and
Aol, defined in Section IV.

A. DISTANCE-DEPENDENT ANALYSIS
In this section, we evaluate PIR and Aol as a function of
distance between transmitter and receiver.

Figures 8a and 8b show the average PIR and Aol as a
function of distance for the persistence classes defined in
Section III. In these plots, DS corresponds to n = 1, while
weak, moderate, and strong persistence are represented by
n = 2,n = 20, and n = 200, respectively. These
representative values, chosen by increasing n one order of
magnitude across classes, highlight the contrasting effects of
persistence on system performance. Results for the full range
of n values are reported in Figure 9.

In our analysis of PIR and Aol for a vehicle density of
p = 140 veh/km, we limit the scope up to 500 m, as vehicles
are generally unable to communicate effectively beyond this
distance, and timely communication with nearby neighbors is
more critical in practice.

Figure 8a illustrates the PIR, which quantifies the average
time interval between two consecutive successfully received
messages between a pair of vehicles. As expected, the average
PIR increases with the distance between the transmitting and
receiving vehicles, as the probability of successful reception
decreases due to fading and collisions. However, it is crucial
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to highlight that the overall trend closely mirrors that of PRR:
at short distances, moderate and strong persistence yield the
best performance. In the range of 250-350 meters, the lines
intersect, suggesting that as the distance increases, higher
persistence becomes slightly less effective compared to more
randomized weak persistence and DS. The increase in PIR
with strong persistence is attributed to prolonged collision
states—when a collision occurs, the involved nodes persist
in the collision scenario for an extended duration, leading to
delays in successful message reception.

This phenomenon becomes even more pronounced when
analyzing the Aol, as shown in the Figure 8b. Unlike
PIR, the Aol metric is more sensitive to the balance
between the frequency and duration of collisions. Results in
Figure 8b show that the worst performance is found for strong
persistence, with a significant deterioration as compared to
PIR. At the same time, also moderate persistence no longer
delivers the best performance at any distance region, also
showing a notable worsening relative to PIR. The best average
Aol performance is achieved by DS and weak persistence.

We have previously observed this phenomenon in simpler
scenarios [7], [8], explained by the need to maintain a balance
between the frequency and duration of collisions. Persistence
reduces the number of collisions, but significantly increases
their duration, resulting in colliding vehicles remaining out
of sight for longer periods of time. Stronger persistence
appears to turn the communication channel among vehicles
more and more into an on-off channel. As a result, even if
persistence improves PRR, it turns out to affect Aol adversely.
In fact, a larger number of message losses, but occurring
randomly, seems to affect the timeliness of information less
than sporadic, prolonged message losses in a row.

The findings of this section highlight the need for a
deeper understanding of the potential to optimize persistence
classes based on specific application requirements, balancing
reliability and timeliness to support safety-critical vehicular
communications.

B. PERSISTENCE-DEPENDENT ANALYSIS

In this section, we analyze the impact of different persistence
classes on PIR, and Aol measured obtained by averaging
over distance ranges. Persistence is expressed as 7, i.e., the
mean number of times the same SC is retained with a given
RRI (see Equations (2) and (3)). The achievable persistence
values for each persistence class are highlighted with colored
zones: weak persistence is shown in the green zone, moderate
persistence in the yellow zone, and strong persistence in the
red zone.

In Figure 9, the mean values of PIR, and Aol are
presented as a function of 1. Red markers represent the
performance of the standard SPS, which implements only
the moderate persistence class. Blue lines correspond to G-
SPS (described in Section III), covering weak, moderate,
and strong persistence classes. Black markers indicate the
performance of the standard DS. Four different combinations
of lines and markers are used, corresponding to specific

164076

1.0

o
©

E[PIR], [s]
N
=)

100 10t 102
Mean number of times that the same SC is kept, n
m DS[0,100lm —— G-SPS[0,100Im ®m  SPS[0,100lm
¢ DS[100,200lm  —-- G-SPS[100,200]m 4 SPS[100,200]m
Ao DS [200,300lm --- G-SPS [200,300]m A SPS[200,300Im
e DS[300,400lm  ------ G-SPS [300,400]m ® SPS[300,400]m
(a)
10!
e L
— o e .-~
@ 10 eoe®® -
=
i
23]
1072
100 10! 102
Mean number of times that the same SC is kept, n
m DS[0,100lm —— G-SPS[0,100Im ®m  SPS[0,100lm
4 DS[100,200lm  —-- G-SPS[100,200]m ¢ SPS[100,200]m
A DS [200,300lm --- G-SPS [200,300]m A SPS[200,300]m
e DS[300,400lm  ------ G-SPS [300,400]m ® SPS[300,400Im

(W)
FIGURE 9. Mean PIR (a) and Aol (b) as a function of 7.

distance ranges: [0, 100] m, [100, 200] m, [200, 300] m, and
[300, 400] m.

The mean PIR values presented in Figure 9a exhibit
stable behavior for distances below 300 m, reinforcing the
conclusion that moderate persistence is the most effective
strategy compared to other persistence types. This finding
aligns with the results obtained in Section VII-A. However,
for distances exceeding 300 m, we observe a shift in PIR
behavior following the intersection of the curves in the
figure. Beyond this point, weak persistence emerges as the
most favorable choice for minimizing PIR. Notably, at these
distances, fewer than 30 % of all packets are successfully
delivered due to frequent collisions. This observation cor-
roborates our results, demonstrating that lower persistence
leads to improved performance by introducing a degree of
randomization in packet losses, thereby reducing their overall
duration.

Unlike PRR and PIR, the mean Aol is a non-monotonic
function for all considered distances between transmitter
and receiver, exhibiting a distinct persistence optimum. For
distances greater than 100 m, the optimal persistence class is
weak persistence, providing the best mean Aol performance.
For shorter distances, the minimum mean Aol can be
achieved with either weak or moderate persistence.
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The presence of a minimum in all cases clarify our
findings from Section VII-A, showing that weak persistence
outperforms DS by effectively balancing the frequency and
duration of collisions. Notably, as the distance increases,
the minimum mean Aol shifts closer to the performance of
DS. This indicates that reducing persistence is necessary to
achieve optimal Aol as the distance grows.

When comparing the standardized algorithms (DS and
SPS, we observe that for the short distance range (less
than 100m) DS matches SPS, but for larger distances
DS outperforms SPS. This finding calls into question
the opportunity for implementing the more complex SPS
algorithm, given the simplicity and comparable performance
of DS. The superiority of DS over SPS has previously been
demonstrated for aperiodic traffic in [21]. Our analysis shows
that, even in the case of periodic traffic (for which SPS is
designed), the standard SPS can still underperform compared
to DS.

The findings stemming from the analysis of the average
Aol are further confirmed by the results shown in Figure 10,
which shows the 90th quantile of Aol as a function of 7.

First, it is important to highlight the presence of
well-defined minima across all distance ranges, consistently
located within the weak persistence zone. Second — and
most critically — the choice of persistence class and its
implementation should be directly aligned with the require-
ments of the specific application. For instance, if it is
necessary to ensure that 90 % of vehicles data maintain an
Aol below 1 s at distances up to 300 m, various options can
be employed: moderate persistence (only partially), weak
persistence, or DS. What is the best option to pursue can
be identified by considering further specification. Simplicity
of implementation and ease of parameter configuration is
an important aspect, making DS preferable, provided that
information freshness requirements are met. On the other
hand, if the goal is to guarantee an Aol close to the
standardized requirements [53] for 90 % of vehicles, only
weak persistence with its optimal values can be relied upon.
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To dig further into Aol performance, we consider the mean
Aol of messages sent by node i and collected at another
node j, denoted with E[A;;]. To visualize the values of
E[A; ;] collected in a simulation for all pairs of vehicles we
resort to a dispersion plot (also know as scatter plot). Each
value E[A;_,;] is reported as a dot, whose abscissa along the
horizontal axis corresponds to E[A;_, ;]. To make the dot cloud
visible, each dot is displaced by a random amount along the
vertical axis. This is just a visualization trick, with no special
meaning otherwise.

Figure 11 shows dispersion plots of Aol for three different
persistence settings and three different distance ranges (nine
panels overall). The X-position of each point corresponds to
the Aol value of one vehicle pair, and a random value along
the Y-axis is used for better visualization. Note that only
vehicle pairs (7, j) such that j receives at least two messages
from i are considered. For each distance range, compared
persistence settings correspond to: DS (blue points), SPS with
P = 0 (red points); SPS with P = 0.8 (green points). The
last two arrangements mark the boundaries between weak
to moderate persistence, and moderate to strong persistence,
respectively. The dashed black vertical lines mark the overall
average Aol value for the cloud of points.

For each distance range, the ratio ¢ of the number of
vehicle pairs that have at least two successful messages to
the total number of vehicle pairs within the given distance
range was calculated. The measured value of ¢ for each
persistence setting and each distance range is reported within
the plots. It turns out that it is the same for the three considered
persistence distance in each distance range, while it decreases
substantially as distance grows. For each given distance
range, having the same ¢ for all persistence settings proves
that their merit can be directly assessed by looking at offered
Aol performance, given that effective connectivity is the same
for all settings.

It should be noted that ¢ does not correlate with the
PRR, as it only considers the presence of at least two
successful transmissions, without accounting for the number
of unsuccessful transmissions. This fact allows a deeper
analysis of the impact of persistence on Aol.

As persistence increases, we observe an increase in the
variability of Aol across different pairs, due to many message
reception failures in a row because of persistent collision
events. In case of DS, such a situation does not occur, since
messages from node i to node j get lost randomly. Albeit
the fraction of lost messages is higher with DS than with
persistent algorithms (as proved by comparing PRR values
of DS and SPS), message losses are scattered randomly over
time. On the contrary, with SPS, fewer messages get lost,
but this occurs through a several losses in a row, leading
ultimately to worse Aol values.

We observe that for DS, the average Aol between all
pairs increases only slightly as the distance between vehicles
grows, with all values clustering around the overall average.
In contrast, for SPS the situation is different: the average Aol
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FIGURE 11. Scatter plots of mean Aol values for each vehicle pair for three persistence settings. Three different distance ranges are
considered: (a) [0;100] m; (b) [100;200] m; (c) [200;300] m;.
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increases rapidly, along with the spread of values around the

average. ranges, not only is the overall average Aol better, but values of
The analysis of the values of E[A;_, ;] marks another point Aol experienced by different vehicle pairs are less spread out,
in favor of the adoption of DS. It appears that, for all distance in a sense offering more reliable and ““fairer” performance.
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Analogous to the analysis in Figure 6, we investigate the
behavior of PIR and Aol under varying vehicle densities,
considering a single SC with 50 RBs. Figure 12 and Figure 13
depict the performance of PIR and Aol, respectively, as a
function of n for four different vehicle densities, ranging from
140 veh/km down to 35 veh/km. The analysis considers two
distance intervals: [0,250] m and [250,500] m.

It is evident that PIR performance degrades as vehicle den-
sity increases. Moreover, as the inter-vehicle distance grows,
the gap between PIR values for different densities becomes
increasingly pronounced. Notably, at short distances, this gap
remains minimal for densities ranging from 35 to 100 veh/km
but increases sharply at 140 veh/km. This can be attributed to
the fact that a density of 140 veh/km closely approximates
the worst-case traffic scenario in terms of vehicular conges-
tion. For short distances, PIR exhibits consistent behavior
across all densities once moderate persistence is reached,
reaffirming the optimality of high persistence in minimizing
PIR at close range. However, as the distance between
vehicles increases, we observe that densities between 35 and
100 veh/km continue to demonstrate similar trends, while
the highest density (140 veh/km) exhibits non-monotonic
behavior, as previously observed in Figure 9a. Overall, it is
apparent that in most cases, persistence has a limited impact
on PIR across different traffic densities. Additionally, PIR
performance remains generally sufficient to meet application
requirements, reinforcing the robustness of the system under
varying traffic conditions.

The most interesting aspect in terms of performance anal-
ysis across various vehicle densities stems from mean Aol
curves presented in Figure 13. In all considered parameter
settings for vehicle density, persistence and distance range,
mean Aol exhibits a minimum that occurs in the weak
persistence region, further confirming the need for standard
expansion. Even at low vehicle densities, collisions can occur,
and the duration of these collisions becomes a decisive factor
affecting Aol performance. When analyzing the persistence
classes corresponding to DS and SPS, we observe that for
short distances (up to 250 m), SPS slightly outperforms DS.
As the distance increases, we see that for any vehicle density,
DS yields better mean Aol with respect to SPS, in spite of
message flow generation for each vehicle being periodic,
hence fit to SPS logic.

In addition to analyzing PRR, we extend our investigation
to assess the impact of different channel configurations —
specifically, 1, 2, and 5 SCs on PIR and Aol. A thorough
understanding of the underlying simulation setup is essential
for an accurate interpretation of the results. To ensure a
consistent comparison, we maintain a fixed vehicle density
(140 veh/km) across all configurations. However, increasing
the number of SC effectively provides more available radio
resources within a single RRI. To preserve an equivalent
network load across different configurations, we proportion-
ally adjust both the RRI duration and the packet generation
interval according to the number of SCs. This approach
ensures that the total number of transmitted messages remains
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FIGURE 14. E[PIR] as a function of 5 for different persistence classes and
for different number of SCs with density of 140 veh/km: (a) [0,250]m;
(b) [250,500]m.

constant across all simulations, where the total simulation
time is normalized to 1000 RRIs. The specific RRI values for
each configuration are as follows: 1 SC: RRI = 100 ms, 2 SC:
RRI =50 ms, 5 SC: RRI = 20 ms. This adjustment is crucial
when analyzing the simulation results, as it ensures a fair
evaluation of the system’s behavior under different channel
allocations.

Figures 14 and 15 present the performance analysis of
PIR and Aol across different channel configurations as
a function of persistence. The results indicate that PIR
behavior remains remarkably consistent across all channel
configurations and distances, showing minimal variation with
persistence. The observed differences in absolute values
are primarily attributed to the varying RRI values across
simulations. Notably, when PIR is normalized to RRI, the
quantitative metrics become identical across all channel
configurations, further reinforcing the stability of PIR under
different allocation schemes.

A similar trend is observed for Aol. Regardless of the
specific channel configuration, Aol exhibits a consistent
behavioral pattern, characterized by a distinct minimum
within the weak persistence region. Additionally, when
averaged over the distance intervals [0,250] m and [250,500]
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m, the DS scheme demonstrates higher Aol values compared
to SPS, further confirming the trends identified in previous
analyses.

These findings highlight the robustness of the proposed
framework, demonstrating that the choice of channel config-
uration has a negligible impact on PIR and Aol dynamics
under the given simulation conditions. Nevertheless, it is
crucial to acknowledge that the channel configuration
directly affects the available TB size for data transmission.
In particular, a single SC with 50 RB allows for a TB size
of 1473 Byte, whereas dividing the channel into two SCs
with 25 RB per SC reduces the TB size to 528 Byte. When
further subdividing into five SCs, each with 10 RB, the
available TB size decreases to 217 Byte. These variations
must be taken into account when analyzing performance
results, as they directly influence the maximum amount of
data that can be successfully transmitted within a single
transmission opportunity, potentially impacting higher-layer
protocol efficiency and overall system throughput.

C. WRAP-UP DISCUSSION
The results of this section lead to the following key remarks:
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1) Simplification of the standard SPS: As shown in
Figures 5 and 9, the performance of G-SPS (RC = 1)
is equivalent to that of the standard SPS. This suggests
that the RC parameter can be removed from the standard,
simplifying the resource allocation algorithm.

2) Extension of persistence performance range: G-
SPS enables a seamless range of persistence levels,
spanning from DS to strong persistence, effectively
eliminating the gaps present in the current standard.
These gaps have led many researchers to identify the
lowest possible persistence probability value P = 0 as
the optimal choice for standard SPS. However, this
value represents only a local minimum, constrained
by the limited flexibility of the standard SPS. The
broader range provided by G-SPS allows for more
precise system tuning, enabling the selection of the most
suitable persistence class to meet specific application
requirements.

3) DS outperforms SPS in terms of Aol for periodic
update traffic in highway scenarios with hidden
nodes: In the specific yet critical case of periodic
update message flows, SPS offers minimal advantage
and may even result in worse performance (as measured
by Aol, the most relevant metric for this type of traffic)
compared to DS. While persistence may occasionally
provide some benefit, it is typically marginal. This is
illustrated by the dispersion plots: in DS, message losses
between relationships i — j are more frequent but
random, whereas in SPS, losses are correlated and tend
to occur in consecutive bursts, which further disrupts
communication.

4) Achieving minimal mean Aol values: The minimum
Aol values can be achieved for any vehicle density
and channel configuration. Previously, these values
could not be attained due to the absence of weak
persistence in the standard. These results were first
obtained for a realistic highway scenario with hidden
nodes and the possibility of SCs reuse. This highlights
the importance of using G-SPS in 5G NR-V2X sidelink.
Since Aol reflects the freshness of information received
by vehicles from their neighbors, minimizing it is
critically important for road safety.

VIIl. CONCLUSION
This paper provides an in-depth and impactful analysis
of medium access control mechanisms in 5G New Radio
(NR)-Vehicle-to-Everything (V2X) sidelink communica-
tions, specifically focusing on periodic update message
flows in highway scenarios with hidden nodes. Through
large-scale simulations conducted in the ns-3 environ-
ment, we investigate key aspects of persistence manage-
ment and resource allocation, offering valuable insights
to improve the design and optimization of 5G NR-V2X
systems.

We introduce a novel framework for defining and clas-
sifying persistence in resource allocation algorithms for
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5G NR-V2X communications. Our proposed Geometric
Semi-Persistent Scheduling (G-SPS) model simplifies and
enhances persistence management by offering a more flexible
definition, capable of accommodating a broader range of
configurations compared to the traditional Semi-Persistent
Scheduling (SPS). Unlike SPS, which requires multiple
parameters, G-SPS can be implemented with just one
parameter, improving both efficiency and ease of application.
By removing the Reselection Counter (RC) parameter, G-SPS
streamlines the SPS mechanism without sacrificing effective-
ness. We demonstrate that G-SPS consistently delivers opti-
mal Age of Information (Aol) performance, outperforming
SPS in terms of both mean values and quantiles. Furthermore,
G-SPS improves the tail properties of persistence by reducing
the likelihood of re-iterated collisions, enhancing robustness
in highly congested scenarios. Ultimately, G-SPS simplifies
persistence implementation in SG NR-V2X communications
while maintaining high performance. These results highlight
the potential of G-SPS as a viable alternative in certain traffic
scenarios, laying the groundwork for future research aimed at
refining persistence models and optimizing communication
protocols for vehicular networks.

Our analysis also uncovers the trade-offs involved in
persistence management. Strong persistence improves Packet
Reception Ratio (PRR) and communication stability but leads
to increased Aol due to slower resource switching. On the
other hand, weak persistence minimizes Aol while maintain-
ing acceptable PRR values by effectively balancing collision
rates and durations. This nuanced understanding emphasizes
the need for context-specific persistence strategies tailored
to the demands of Intelligent Transportation Systems (ITS)
applications.

A critical finding of our study is that Dynamic Scheduling
(DS) outperforms SPS in scenarios involving periodic update
message flows and hidden nodes. While SPS exhibits bursty
loss patterns that disrupt consecutive updates, DS introduces
randomized loss dynamics, significantly improving Aol and
enhancing communication robustness. This insight positions
DS as a more resilient and effective solution for minimizing
Aol in periodic update scenarios, surpassing the standard SPS
mechanism.

In conclusion, this study provides a robust analytical
and experimental foundation for advancing the design
of 5G NR-V2X sidelink communications. By addressing
challenges such as hidden nodes, vehicular density, and
persistence management, we offer actionable recommenda-
tions for optimizing network performance. These findings are
expected to drive future developments in resource allocation
strategies, ultimately enhancing the reliability and efficiency
of intelligent transport systems.
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