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Abstract—Cooperative awareness and its evolution to
collective perception is one of the key building blocks of the
Intelligent Transportation Systems (ITS). Cooperative awareness
is achieved by continuously exchanging update messages
between neighboring nodes (vehicles, pedestrians, infrastructure)
interacting on the road. A promising technology designed to
support cooperative awareness is 5G NR-V2X, which enables
sidelink communications through its Mode 2 operation mode. In
Mode 2, vehicles can use Semi-Persistent Scheduling (SPS) to
autonomously select and reserve resources to transmit successive
messages. While the general performance of SPS has been studied
recently, the impact of the persistence on the freshness of update
messages has not been investigated. In this paper, we aim to
answer the following question: is persistence beneficial in terms
of the average Age of Information (Aol) metric? To this end, we
define a simplified model of the SPS that lends itself to analytical
evaluation and optimization. Comparison with simulations shows
that the model is quite accurate and robust. Using this model,
we obtain evidence for the existence of an optimal persistence
level, which is not apparent when looking at other performance
metrics, such as throughput or simply Peak Aol (PAol). The
optimal persistence probability emerges when looking at the
system through the lens of average Aol.

Index Terms—5G NR-V2X, Sidelink Communications, Age of
Information, Semi-Persistent Scheduling, V2X Communications,
Autonomous Resource Selection.

I. INTRODUCTION

Vehicle-to-Everything (V2X) communication, which allows
road users to exchange information with each other, the road
infrastructure, the edge, and the cloud, is intended to help
connected and automated (and in the future, autonomous)
vehicles be aware of their driving environment [1]. From
this perspective, V2X radio can be seen as a sensor that
complements other on-board sensors, such as video cameras
and radars, in cases where the latter are of limited use due to
the lack of optical visibility between objects.

Recent progress in V2X standardization has shifted the
attention of the community from cooperative awareness,
where participants share their status information such as
current position and speed [2], to collective perception,
where sensor information about visible objects is shared
with nearby users [3], and paved the way for cooperative
maneuvering, where vehicles can announce and agree on their
driving intentions [4]. In all three cases, the fundamental
communication enabler is a continuous one-hop broadcast of
periodic messages that provide real-time updates of a variety
of time-sensitive information.

Two technologies have been considered for V2X — wireless
local area network solutions, widely referred to as IEEE
802.11p (or ITS-GS), and cellular-based approaches, which
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originated from LTE and have evolved to the current state-
of-the-art 5G New Radio (NR) [5]-[7]. While the former
is a more-or-less well-understood, relatively lightweight Wi-
Fi-based protocol, the latter is a more elaborate one — it is
embedded in a complex architecture of a new generation
broadband wireless access network, and is the subject of
numerous ongoing research efforts.

Direct inter-vehicle communication without the need for
base station coverage (Mode 2 sidelink) together with a
Semi-Persistent Scheduling (SPS) mechanism is a promising
approach to support periodic broadcasting in 5G NR, which
is central to cooperative automated driving applications. In
this paper, we conduct the performance evaluation of this
approach with a focus on the persistence aspect. Briefly, each
user can randomly select a transmission opportunity from
a pool of available resources each time there is an update
message to transmit, or it can keep the selected channel
resource for a certain time window before randomly switching
to another one. In the latter case, the persistence probability is
introduced to characterize the frequency of such a switch. In
both cases, some of the users may unluckily choose the same
resource, resulting in a mutual interference and the inability
of others to receive the updates. The key research question
addressed in this work, the answer to which is not intuitively
clear in this context, is whether or not this persistence is
beneficial for performance. From classical multiple access
theory, persistence can be seen as a form of reservation in a
random access scheme [8].

In recent years, the performance evaluation of status broad-
cast updates in V2X is characterized not only by traditional
communication network metrics such as throughput or mean
delay. Instead, similar to other machine-to-machine communi-
cation systems, where the freshness of the update information
is crucial, Age of Information (Aol) is proposed [9]. In the
context of cooperative awareness and collective perception,
Aol is the key performance metric that characterizes a vehicle’s
environmental sensing gains due to V2X communications [10].
For cooperative maneuvering, the Aol can be used in the
formal safety evaluation of automated driving [11].

In this paper, we present a mathematical model to charac-
terize the performance of the SPS in 5G NR-V2X from the
perspective of Aol. Our goal is to understand whether there
are optimal persistence choices or whether the performance
is monotonic with respect to the persistence probability. The
main contributions of this paper are:

« to understand the impact of persistence on the perfor-

mance of one-hop update message broadcasts, specifically
on Aol, with application to the evaluation of the SPS
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Table 1
LIST OF ACRONYMS

Acronym  Meaning

Aol Age of Information

BSM Basic Safety Message

CAM Cooperative Awareness Message
CBR Channel Busy Ratio

DS Dynamic Scheduling

DTMC Discrete Time Markov Chain

ITS Intelligent Transportation Systems
NR New Radio

PAol Peak Aol

PCR Packet Collision Ratio

PDF Probability Density Function
PDR Packet Delivery Ratio

PIR Packet Inter-Reception Delay
PRR Packet Reception Ratio

RB Resource Block

RC Reselection Counter
RRI Resource Reservation Interval
RSRP Reference Signal Receive Power

SC Sub-Channel

SCI Sidelink Control Information
Semi-Persistent Scheduling
TB Transport Block

User Equipment
Vehicle-to-Everything

mechanism in 5G NR V2X, and
o to define an accurate analytical model to optimize the
persistence probability.

The paper is organized as follows. Section II provides an
overview of NR-V2X sidelink communications and analyzes
the related works on the performance evaluation of SPS and
Aol metric. Section III describes the proposed analytical and
simulation models and the implementation details. Section IV
validates the analytical model against simulations and dis-
cusses the obtained results. Section V concludes the paper.
Table I lists the acronyms used in this paper.

II. BACKGROUND AND RELATED WORKS

5G NR-V2X sidelink technology has recently been intro-
duced to enable advanced use cases that rely on cooperative
perception and maneuvering [12]. Comprehensive overviews
of 5G NR-V2X, describing its physical layer design and
resource allocation mechanisms, as well as its two operation
modes (Mode 1 and Mode 2), are provided in [13] and [14].
While Mode 1 relies on a centralized resource allocation
mechanism, Mode 2 introduces two distributed allocation
strategies — SPS and Dynamic Scheduling (DS) — that allow
vehicles to select their transmission resources autonomously.

In this section, we first provide an overview of the resource
allocation mechanism in NR-V2X Mode 2. We then analyze
the related works that investigate the performance of the SPS
mechanism in terms of the most common metrics. We finally
describe the existing literature that analyzes the Aol metric
in the context of 5G NR-V2X.

A. Overview of NR-V2X Mode 2

In NR-V2X, messages are transmitted in Transport Blocks
(TBs). The communication resources allocated to TBs are
called Sub-Channels (SCs). An SC consists of several Re-
source Blocks (RBs) belonging to the same time slot and
occupying adjacent frequencies. An SC carries a control field
called Sidelink Control Information (SCI) and a TB or part
of a TB, if the latter is fragmented across multiple SCs.

There are two possible approaches to allocate resources
for TB transmission in Mode 2 - DS and SPS [15]. In DS
mode, resources are selected each time a new TB is generated.
SPS, instead, selects resources for a number of consecutive
Reselection Counter (RC) TBs.

The time period between consecutive TB transmissions
is determined by the Resource Reservation Interval (RRI).
Possible RRI values are {0, [1: 99], 100, 200, 300, 400, 500,
600, 700, 800, 900, 1000} ms. The RRI is selected for every
new TB from a list of maximum 16 pre-configured values in
the resource pool [16].

The RC value depends on the selected RRI and is randomly
chosen every time a new resource must be selected. In particu-
lar, RC is randomly chosen within [5, 15] when RRI > 100 ms.
If RRI < 100 ms, then RC is randomly set within [5-C, 15-C],
where 100

~ max(20,RRI)’

RC is decremented by 1 with every TB transmission. When
RC = 0, a new resource is selected with probability (1 — P),
where P € [0,0.8]. Otherwise, the same resources with the
same RRI will be used for a number of consecutive RC
TBs, where RC is again randomly chosen according the rules
described above.

A simplified example of the SPS resource selection process
is shown in Figure 1. Each User Equipment (UE) has a
sensing window (of 1100ms or 100 ms, depending on the
configuration), used to determine which SCs are reserved by
other UEs for their own TB transmissions. If the Reference
Signal Receive Power (RSRP) of these transmissions exceeds
a preconfigured threshold, they are excluded from the pool of
candidate resources in the selection window. In particular, the
SPS resource selection algorithm has two main steps [13]:

ey

1) Exclude candidate resources (i.e., SCs) in the selection
window corresponding to (i) reservations received from
other UEs in the 1%-stage SCI detected during the sensing
window; (ii) measurements of a received power level
exceeding a given threshold for those SCs for which no
explicit reservation could be verified. Other SCs are also
excluded, corresponding to those that cannot be received
and checked by the node during the sensing window due
to half-duplex operations.

2) Randomly select the sidelink resource from the list of
available candidate resources.

B. SPS Performance Evaluation

Several recent works have investigated the performance
of cellular V2X sidelink communication. Gonzalez-Martin
et al. [17] present the first analytical models to evaluate the
performance of LTE-V2X Mode 4 [18], which defines the
first version of SPS (later inherited and updated in NR-V2X
Mode 2). The authors focus on the Packet Delivery Ratio
(PDR) as well as different types of packet errors. Segata
et al. [19] present a first analysis of the LTE-V2X Mode 4
performance and its impact on vehicle platooning applications.
Their results highlight important limitations of this technology
in supporting cooperative driving solutions, mainly due to
the observed bursts of lost packets, even in lightly loaded
scenarios.

The optimal configuration of parameters in LTE-V2X
Mode 4 is studied in [20]. The authors evaluate the impact of
the persistence probability P (i.e., the probability of keeping
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Figure 1. Simplified example of SPS-based scheduling in NR-V2X Mode 2.

the selected resource) on the PDR metric and conclude
that increasing P does not always increase the PDR. The
delay performance of SPS is analyzed in [21]. Here, the
authors identify the main factors that affect the performance
of SPS and propose optimizations of several configuration
parameters, such as sensing range, transmit power, and
resource reservation.

Bazzi et al. [22] propose an extension to the legacy SPS
mechanism in LTE-V2X Mode 4 in order to handle wireless
blind spot situations, i.e., successive packet losses due to
wrong sidelink resource allocation. The performance of the
proposed extended mechanism — in terms of Packet Reception
Ratio (PRR) — is evaluated using a discrete-event network
simulator and compared with the legacy SPS approach. Wu
et al. [23] propose to replace SPS with another distributed
channel access protocol for LTE-V2X Mode 4 designed to
alleviate the half-duplex issue and the packet collision problem
in SPS. They propose a self-adaptive scheduling protocol able
to schedule RBs in the two-hop neighbor set and avoid merging
collisions dynamically. The proposed solution is shown to
perform better in terms of PDR and throughput compared to
other legacy mechanisms.

The coexistence of periodic and aperiodic traffic in LTE-
V2X Mode 4 is investigated in [24]. Here, the authors
propose a standard-compliant resource reservation mechanism
to handle aperiodic traffic and define an analytical model
that determines the throughput of the proposed solution.
This solution is compared to the standard SPS in terms of
PRR, Packet Inter-Reception Delay (PIR), and Channel Busy
Ratio (CBR). Bartoletti et al. [25] analyze the impact of
the mismatch between the packet generation and resource
allocation on the system performance. The authors provide a
case study based on Cooperative Awareness Message (CAM)
generation according to ETSI specifications and show that
PRR performance can be improved if resources are reserved
more frequently than needed.

Jeon et al. [26] show that message collisions in LTE-V2X
Mode 4 can be reduced by reducing the uncertainties in the
resources to be used for the next sequence of messages. They
propose to piggyback the “lookahead” information on the
periodic safety messages in order to learn the next starting
resource location in the time-frequency plane. However,
implementation of this approach requires the inclusion of

the lookahead information into the control part of the packet,
resulting in higher overhead. Haider and Hwang [27] take a
different approach and propose to adapt the transmit power
instead in order to improve the performance of LTE-V2X
Mode 4. In particular, they propose a power control mechanism
for CAM transmissions and demonstrate its benefits in high
density scenarios.

Todisco et al. [28] analyze the performance of NR-V2X
Mode 2 with periodic traffic, focusing on the use of flexible NR
numerology and modifications to the SPS, covering different
procedures and settings for candidate resource discovery and
allocation. The results of this study suggest that the persistent
reservation of resources must be tailored to the actual traffic
generation patterns. The performance of NR-V2X Mode 2
with aperiodic traffic and variable packet sizes is evaluated
in [29], focusing on the analysis of PDR and Packet Collision
Ratio (PCR). The results of this study suggest that further
improvements to the MAC of NR-V2X are needed in order
to efficiently support aperiodic traffic.

C. Aol in 5G NR-V2X

The studies described in Section II-B provide valuable
insight into the performance of SPS. However, none of these
works analyze the Aol [30], which is a critical performance
metric that measures the freshness of cooperative awareness
and perception message updates. Although it has been exten-
sively studied in the context of IEEE 802.11-based vehicular
communications [10], [31]-[33], there are only few existing
works that analyze the Aol performance in 5G NR-V2X.

Peng et al. [34] are the first to adopt and optimize the Aol
metric in cellular sidelink communications. They propose a
new resource allocation mechanism that utilizes piggyback
feedback to avoid collision errors. They find the optimal RRI
for a given number of vehicles and propose a method to adjust
the RRI in real time. However, the proposed solution does not
perform well when aperiodic traffic needs to be transmitted.

A similar idea is proposed in [35], where the authors
propose an improved adaptive SPS that allows each vehicle
to dynamically adjust the RRI in real time. The proposed
mechanism outperforms SPS both in terms of traffic safety
and network performance. This work also proposes an Aol-
aware RRI selection algorithm that measures the Aol values
of neighboring vehicles to select an age-optimal RRI.



Fouda et al. [36] study the possibility of reducing the prob-
ability of persistent Basic Safety Message (BSM) collisions
by randomly skipping SPS reserved resources. They combine
the concept of one-shot transmissions with SPS in order to
improve the Aol tail of BSM transmissions and demonstrate
the performance improvement over traditional SPS.

Cao et al. [37] analyze the parameters of the SPS mechanism
proposed in NR-V2X Mode 2 from an Aol perspective in
order to investigate the freshness of BSMs. The authors
present an analytical model that shows that the expected
Peak Aol (PAol) performance is mainly influenced by the
RRI parameter. However, the Aol metric is not considered as
a possible parameter of the SPS mechanism. The impact
of the radio resource keeping probability on Aol is also
not investigated. The authors conclude that the number of
successful transmissions is not sensitive to changes in radio
resource persistence probability.

In this paper, we investigate the performance of 5G NR-
V2X SPS mechanism from a different perspective. Specifically,
we focus on the impact of the persistence probability P, i.e.,
the probability of keeping the same resources for the next
packet transmissions, on the freshness (i.e., Aol) of cooperative
awareness updates.

ITII. SYSTEM MODEL
A. Model Assumptions and Notation

Consider a set of NV nodes sharing a 5G NR-V2X commu-
nication channel used according to Mode 2 [37]. We want to
answer the following question: is persistence beneficial for
cooperative awareness, and to what extent? To gain a full
understanding on this point, we resort to a simplified model
that retains the essential characteristics of the SPS algorithm.

We make the following assumptions:

1) Nodes hear each other (no hidden nodes).

2) All nodes use the same RRI.

3) The sensing window used by a node to identify candidate
SCs extends over exactly one RRI.

4) Only broadcast traffic is considered, so no ACK is
provided and no retransmission is scheduled.

5) Nodes generate a new message for each RRI.

6) The SC is sized to carry one complete message, i.e., one
TB plus its associated SCI (both first and second stage)
fit into one SC.

7) The RC is drawn from a Geometric probability distribu-
tion, i.e., P(RC = j) = ¢/~1(1 — ¢), for j > 1. Note
that the mean RC is equal to RC' = 1/(1—¢) > 1, hence
c can be identified as c =1 — 1/RC.

8) The number of nodes N is less than the number K of
SCs available in one RRI.

Assumptions 5 and 6 correspond to the best situation
for the SPS algorithm, since message generation is exactly
periodic and each new message fits exactly into the reserved
resource. It is known that SPS can lead to wasted resources
and inefficiency in the case of random new message generation
and variable message sizes [37]. In this analysis, we assume
the best possible configuration for SPS, since our goal is to
understand the impact of persistence on performance and to
optimize system configuration in a context where the persistent
approach of this algorithm makes sense. Note also that as a
consequence of Assumption 8, there is always at least one
idle SC in each RRI. Assumption 3 is actually implied by the

Table 1T
MAIN NOTATION USED IN THE PAPER

Symbol Meaning

N Number of nodes.

K Number of SCs per allocation period.

P Persistence probability.

c Parameter of the Geometric distribution of the

RC; it is RC = 1/(1 — ¢), where RC denotes
the mean RC value.

q Probability to change the SC in the next RRI
with respect to the currently used one. It is
g=(1-P)(1—-c).

Xi(t) State of SC i in the ¢-th RRI, defined as the
number of nodes that are currently using SC
i to transmit their messages; it is X;(t) €
{0,1,...,N}i=1,... K).

S;(t) State of node j in the ¢t-th RRI, defined as 1 if

node j transmits its message with success in
that RRI, O otherwise (j =1,..., N).

Y Random variable defined as the time elapsing
between two successfully delivered messages
originating from a same node.

fact that nodes generate new messages periodically, provided
that the selection window is not smaller than the common
value of the RRI of all nodes.

Let K be the number of SCs available in the selection
window, i.e., in one RRI. In each RRI, each node uses one
SC to broadcast its message. If more than one node uses the
same SC, we assume that mixed signals cannot be separated
and recovered by other nodes and thus the collision turns into
a loss of the messages involved.

A node selects an idle SC! and persists using it for a number
of times equal to its value of RC. Once RC is counted down
to 0, the node decides to draw a new value of RC and persist
on the same SC with probability P. With probability 1 — P,
the node switches to another idle SC and draws a new value
of RC.

The reselection of a new SC is based on the measurements
collected in the sensing window and results in the selection
of radio resources in the selection window. We simplify this
process by identifying the selection window with one RRI
and assuming perfect sensing. Under these assumptions, since
there are no hidden nodes, each node classifies SCs as either
in use or idle, the latter state being identified only if no node
is using that SC. There is no point in including SCs that
are sensed as busy in the candidate SC list, since a collision
would certainly be triggered. Therefore, we assume that a
node that decides to jump to a new SC selects the target SC
uniformly at random among all those SCs that were idle in
the previous RRI.

The main notation used in the paper is listed in Table II.

B. Model Analysis

Let us take the point of view of one SC, referred to
as the ragged SC. This is possible because the modeling

IAccording to the SPS algorithm, SCs eligible for selection are those
that are found to be idle and those that report an RRI value of O in their SCI.
This special value of RRI is set by a node that is using an SC for the last
time, i.e., a node whose RC has dropped to 0 and that has decided not to
persist on its currently used SC. We do not consider this detail, assuming
that only SCs detected as idle are available for selection. Our preliminary
study shows that the results obtained by the model presented in this paper
do not change even if this detail is taken into account, i.e., the average Aol
is minimized in both cases for a suitable value of the persistence probability.



assumptions imply full symmetry of resource use, so that
all SCs are statistically equivalent. Let us define the state
X € {0,1,...,N} associated with the SC, which is the
number of nodes currently using the tagged SC for their
transmission. If X = 0, the SC is idle and available for
reservation. If X = 1, only a single node is using the SC,
so its transmission will not collide with others. If X > 1,

multiple nodes are using the same SC for their transmissions.

Then, collision occurs and messages are lost.

Let X;(t) be the state of SC 7 at time ¢, with i =1,..., K
and t > 0. Let us distinguish two cases. First, if X;(¢) > 0,
the ¢-th SC is currently reserved by at least one node. Thanks

to sensing, no other node will attempt to jump to this SC.

However, nodes currently using this SC can decide to switch
to another SC, if their RC has expired. A node switches to
another SC with probability
1-P

0=(1-0)(1-P)=—. @)
where RC is the average of the initial value of the RC. Then,
any state X;(¢) > 0 can only decrease as t increases and
finally reaches O.

The second case is when X;(¢) = 0. Then, SC i can be
selected by nodes jumping from their current SC j # 4, which
causes the state X;(t) to become positive.

Let us define the stochastic process

X(t) =

[X1(t),..., Xk (t)], living on the state space {0, 1,..., N},

Thanks to the memoryless assumption on the SC reselection

process, X(t) is a Discrete Time Markov Chain (DTMC).

In view of the model assumptions, it follows that X(t)
is time-homogeneous, irreducible, aperiodic and has a
finite state space, hence it is ergodic and a unique limiting
stationary probability distribution exists for the steady state
process X (oo). In the following, the argument oo will be
dropped when referring to the steady-state process if there is
no ambiguity.

Let the transition probability of X;(t), conditional on
X_;i(t) = x_;, be defined as

Pi(n, k) = P(X;(t+1) = k[X;(t) = n, X_(t) =x-;) 3)
where X _;(t) is a row vector containing all SC states X (t)
with j # 1.

The conditional state transition probabilities of SC ¢ can
be written as follows:

Pi(n,k) = (1)1
Pi(0,k) = (¥)w* (1 —w)N "

n—k forn > 0,0 <k <n,

forn>0,k>n
forn=0,0<k <N,
“4)

—q)kq

where

{w = 1++&') (5)
K(i) = Zj#iI(Xj(t) =xz; =0)

and I(F) is the indicator function of the event E. Note that
K. (i) is the number of idle SCs other than the considered
one (SC 7).

The first two equations tell us that the number of nodes
using the same SC simultaneously cannot grow, thanks to
channel sensing. The third equation takes into account that
new nodes choose SC ¢ when they switch from their current
SC (different from 7).

It is obvious that the SC states X;(¢), ¢ = 1,..., K, are
coupled together, since the number of empty SCs K.(i) is
a function of the state of all SCs other than the tagged one,
namely SC :. We should therefore consider the entire K-
dimensional DTMC X(t) = [X;(t), X2(¢), ..., Xk (t)], with
state space size of (N + 1)%.

To tame the complexity of this formidable DTMC, we use
a mean field approximation, which is obtained by replacing
I(X;(t) = 0) with its mean, i.e., with the probability that SC
J is empty, 7 ;. Thus, we effectively replace K. (i) (which
is generally a random variable) with its mean K (i), namely,
the mean number of idle SCs in one RRI. Quantities related
to the mean field approximation are denoted by a tilde, e.g.,
X, (t) denotes the number of nodes that use SC i in the ¢-th
RRI according to the approximate process obtained with the
mean field approximation.

It can be seen that in the considered model setting, SCs are
statistically equivalent, as well as nodes, so that the number
of nodes transmitting on one SC has the same probability
distribution for all SCs, i.e., )~(z(t) ~ Xj (t), Vi, j. Hence, the
probability distribution of X;(t) does not depend on the index
1. Therefore, denoting the approximate transition probabilities
with a tilde and dropping also index ¢ for the sake of simpler
notation, we can write

P(n k) = (3)(1 - )fq*
P(n,k) =0
P(0,k) = (V)ak (1 — )N "

n>00<k<n
n>0k>n (6)
n=00<k<N

where @ = q/K. and K, is the mean number of empty SCs.
The stationary probability vector 7@ = [7o, ..., 7] is found
by solving the linear system 7P = 7, with the condition
N - =~ . .
> k—o 7k = 1, where P is a square matrix whose entries are
P(n,k) forn,k =0,1,...,N.
The quantity K. in Equation (6) can be expressed as follows

K. =Kty )

From Equations (6) and (7) it is clear that the numerical
solution of the DTMC X (t) is obtained by means of a fixed-
point iteration on the quantity 7. For a given value of 7, the
one-step transition probabilities in Equation (6) are computed
by using Equation (7), the DTMC stationary vector 7 is found,
and a new value of 7 is found.

It is possible to exploit the special structure of the one-step
transition probability matrix P to obtain a more explicit form
of the fixed point equation.

It is easy to see that P has the following special structure:

P:{p(g’o) X} ®)

where v = [P(0,1),...,P(0,N)] is a row vector of size N,
a=e — Ae is a column vector of size IV, and A is a lower
triangular matrix of size N x N. Here e denotes a column
vector of 1’s of size N. We introduce also the notation I and
u to denote the identity matrix of size N X N and a column
vector of size N such that u(k) =k, k=1,...,N.

Let us split the stationary probability vector 7 as follows:
7 = [fo, T—o], Where T_g = [71,..., 7] is a row vector of
size N collecting state probabilities for states 1 < k < N.
From 7P = 7, using Equation (8), it can be verified that

Fo=mv(I—A)"" 9)



Then, from 7y + 7_ge = 1, we have

1

TV I-A) e 10
This is a fixed point equation in 7, given that the entries
of v depend on @ = ¢/K,. and hence on 7y in view of
Equation (7). This equation is easily handled for N and K
in the range of hundreds. For very large values of N, the
DTMC could be truncated, exploiting the fast decay of the
probability distribution 7.

Moreover, given the special form of entries of A (see
Equation (6)), it is easy to check that Au = (1 —¢)u, i.e., u
is a right eigenvector of A with eigenvalue 1 — ¢. For ¢ < 1,
it follows that

al 1
Z k7t = T_ou=7ov (I — A)f1 u= Tyvu—
k=1 4

Y

Using expressions in Equation (6), it can be found that vu =
Ngq/K.. Hence

(12)

where we have exploited Equation (7) in the last passage.
This result has a simple intuitive interpretation. It expresses
a conservation law, i.e., K times the mean number of nodes
using one SC is just N, the overall number of nodes.
Performance metrics can be evaluated once the probability
distribution 7 is found. The average throughput in one RRI
is Ky, since 7 is the probability that a node is the only
one using its current SC. The success probability of a node,
conditional on the node transmitting, is therefore

ps = K71 /N. (13)

C. Aol Analysis

The time evolution of a tagged node’s message delivery
results can be tracked using a two-state DTMC S(¢), where
we drop a subscript denoting the specific node, since nodes
are statistically equivalent. We let S(¢t) = 1, if the tagged
node’s message is transmitted without collision in RRI %,
otherwise we have S(t) = 0. The transmission of a message
is successful if the selected SC is used only by the tagged
node. The DTMC S(t) is the basis to evaluate the average
Aol of the tagged node.

The two-state Markov chain S(t) captures the semi-
persistent nature of the resource allocation. It shows that the
semi-persistent scheduling induces a Gilbert-Elliot behavior on
the communication channel of the nodes. That is, the flow of
messages issued by a node alternates between success states,
where each message is correctly received by the neighbors
of the transmitting node, and off states, where the messages
issued by the tagged node run into a series of collisions (as
long as nodes persist in using the same SC) and are lost.

Given that S(t) = 1, the next message will be successful if
(i) the node does not switch its SC, or (ii) the node switches
to a new idle SC and no other node selects that same SC.
Hence

N1
pi = P(S(t+1) = 1[S(t) =1) = 1—g+q (1 = Ig)

ag

Let SC(t) be the subchannel where the tagged node

transmits in RRI ¢ (and is successful, since S(¢) = 1). The

quantity K; is the mean number of idle SCs among the
K — 1 SCs other than SC(t). Since the tagged node is in
the “success” state, it is the only one using SC(t). The other
N — 1 nodes populate the remaining ' — 1 SCs. The mean
number of nodes in each busy SC other than SC(t) is
by kA

Q,v=E[X|1<X<N]=
Qux =BIX[1< X < N] = (==l 20

15)

Then, we have

— N -1
Ki=K-1-—=

(16)
1,N

Using Equation (12), it can be verified that K; ~ K.
It turns out that this approximation is within less than
1 % relative error in all of our numerical evaluations. This
completes the evaluation of pq;.

Now we turn to the transition probability

poo =P(S(t+1)=0]|S(t) =0). (17)

This is achieved by requiring that the limiting probability of
state 1 coincides with the success probability, namely

_1-=po = ps, (18)
2 —p11 —poo
where p; is given in Equation (13) and p;; in Equation (14).

Once we have p1; and pgp we can evaluate the moments of
the time elapsing between two successful transmissions of a
given node. Let Y denote the corresponding random variable,
expressed in units of RRI, so that Y is an integer greater than
or equal to 1. Y is defined as the time it takes a node to
deliver a new successful message since when it has delivered
the previous successful message. With respect to the two-state
Markov chain that characterizes the node activity, this means
the time to return to state .S = 1 after having just visited state
1. If Vi denotes the visit time in state S = 0, we have

P(S(t) =1) =

1 .p.
Y = W.p. P11, (19)
1+ VO W.p. P1o = 1 — P11-
The random variable Vj is Geometric with ratio pgg, hence
_ 1
{m@_lﬁo 20
E[V] = 2225,
It follows that
E[Y] =1+ 1=2u
[ ]2 Lo 3—poo 2D
EY?] =141 —pu) g

By definition, we have the following final result for the
average Aol and PAol metrics

{E[PAOI] = E[Y] )

E[Aol] = 5o

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we describe the simulation settings (shown
in Table III) and metrics and compare the performance of
the SPS algorithm for a set of N nodes sharing K SCs
for three different approaches: Proposed model (described in
Section III), MATLAB-based Simulation model, and Baseline
model (inspired by the modeling approach proposed in [37]).
In terms of performance metrics, we consider the transmission
success probability, the PAol, and the average Aol metrics.



Table IIT
MAIN SIMULATION PARAMETERS AND SETTINGS.

Parameter Value
Number of nodes 195
Number of SCs per allocation period 200
RRI 100 ms
RCin 5
RCmax 15

A. Simulation Model

The simulation implements the model described in Sec-
tion III. It generates the RC with its standard probability
distribution (uniform between RC\i, and RChay). All time
quantities are normalized with respect to the duration of one
RRI and are therefore expressed as multiples of the RRI.

As long as a node is the only one using an SC and messages
are regularly delivered without error, its Aol will grow from
zero to one RRI every RRI. If multiple nodes simultaneously
decide to select an SC for subsequent use, there is a possibility
that they will select the same SC, resulting in interference
and failed messages. In these cases, the Aol of such nodes
increases dramatically and depends on the value of the RC
selected by each node. The level of Aol is critical to the safe
operation of real-time safety applications and services, since
nodes may not receive messages from their neighbors for a
critically long time.

A visualization of the time evolution of the SC states is
shown in Figure 2. Bins on the horizontal axis represent RRI
times. Different rectangles on the vertical axis correspond
to different SCs belonging to the same RRI period. A color
code represents the number of nodes using each specific SC.
White represents an empty (idle) SC, light blue represents one
node occupying the SC, and dark blue represents two nodes
selecting the same SC.

B. Baseline Model

The Baseline model [37] is developed to account for hidden
nodes. It has no Markovian structure and neglects collisions
involving more than two nodes. We cast this modeling
approach into the setting considered in this paper. We then
identify Ny, and N, in [37] with the total number of nodes
N and the number of SCs K, respectively. We replace the
notation 7rc in [37], which stands for the mean value of the
RC, with our notation RC. With this notation, the collision
probability P, is written as (see Equation (8) in [37]):

N-1
1(1 1P) ] (23)

" RCN,
where P is the persistence probability and N, is the mean
number of available resources, i.e., the number of idle SCs in
an RRI, available for reselection. According to Equation (3)
in [37], we have:

1
Po=——
T 1+P

N-—-1

N a — K - N + P CT

Equations (23) and (24) define a fixed point iteration on N,.

By solving numerically to find the fixed point, it is possible

to evaluate the collision probability P, and hence the PAol
as follows:

(24)

E [PAOIB aseline] = (25)

1-P,

where P, is given in Equation (23). To be noted that the
Baseline model does not describe the average Aol.

C. Result Analysis

Figure 3 shows the probability of successful transmissions
as a function of the persistence probability P for the three
considered approaches. Parameters values are N = 195, K =
200, the RC is uniformly distributed between 5 and 15, hence
with an average value of 10.

It can be seen that both the Proposed and Baseline models
are very accurate, i.e., they agree very well with the simulation
results. The Proposed model is only slightly less accurate
for low persistence probability values. This is due to the
Geometric approximation retained in the model to draw the
RC value, as opposed to the Uniform probability distribution
proposed in the ETSI standard. It should be noted, however,
that using the Geometric probability distribution actually
improves performance, i.e., we can observe a higher probability
of successful transmissions.

These observations are also confirmed by the performance
of PAol and Aol in the following figures. In particular, Figure 4
shows the PAol as a function of the persistence probability
P. The mean PAol is measured in units of RRI. Again, the
selection of the RC value using a Geometric distribution not
only leads to an accurate estimation of the PAol compared to
simulations, but it actually decreases the obtained PAol.

The average Aol versus P is shown in Figure 5. Similar to
the previous results, replacing the RC probability distribution
(Uniform, according to the standard) with a Geometric
probability distribution, as done in our Proposed model,
improves the Aol performance. Our model turns out to provide
quite good accuracy, at least for medium to high persistence
probability values.

In the following, still assuming a Geometric probability
distribution for the RC, we can equivalently redefine the
persistence algorithm by replacing RC and the persistence
probability P by a unique parameter ¢ = (1 — P)/RC and
say that the same SC is maintained with probability 1 — g at
the end of each RRI. With probability ¢, a new SC is selected.
In other words, the persistence interval is a Geometrically
distributed multiple of the RRI. As for the simulations, we
set the minimum and maximum values of RC to 1, so that
RC =1.

The probability of successful transmission, average PAol
and average Aol are plotted as a function of the persistence
probability P = 1 — ¢ in Figures 6 to 8, respectively.

Two main remarks are in order. First, the Proposed model
is very accurate for all metrics considered. Second, a new
qualitative behavior emerges from the analysis of Aol that has
not been noticed in previous works: Aol performance is not
monotonic with the persistence probability. On the contrary,
an optimal value appears that corresponds to about 0.7. The
intuition that explains this result is as follows. For low values
of the persistence probability, nodes change their selected SC
hectically, causing multiple collisions. As a result, the inter-
message delivery time has a large variance, which results in a
large Aol. For very high values of the persistence probability,
most of the time a node is successful and delivery of update
messages occurs regularly at the rate of one new message
per RRI. However, once the node enters a collision state, it
maintains it for a long time (high persistence). The resulting
delivery process is a kind of ON-OFF communication channel,
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where long OFF times occur from time to time. While this
does not affect the mean inter-message delivery time too
much (hence the PAol decreases monotonically with P), it
does affect the variance of the inter-message delivery time
significantly (hence the Aol increases steeply for large P).

V. FINAL REMARKS

In this paper, we have presented a study of the impact of
persistence on Aol and other relevant metrics for sidelink
communications, as they are currently addressed in 5G NR-
V2X Mode 2 (autonomous resource selection). To this end,

Prob. of persistence, P

Figure 6. Probability of a successful transmission as a function of persistence
probability. Analytical models versus simulation (square markers)

we presented an analytical model that has been validated
through simulations. The model is based on a mean-field
approximation, which is shown to provide accurate predictions.
The performance metrics considered are mean Aol, PAol, and
probability of successful message delivery.

Based on the obtained performance results, we can highlight
the following takeaways:

1) The proposed analytical model is accurate for all metrics
considered.
2) Persistence induces a Gilbert-Elliot behavior in the
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exchange of update messages between nodes, i.e., if two
or more nodes encounter a collision in selecting radio
resources for their messages, the collision is repeated
over time just because of persistence. On the other hand,
successful message delivery is also persistent. In the end,
the communication channel of a node to neighboring
nodes experiences an ON-OFF behavior.

3) Replacing the probability distribution of the Reselection
Counter (Uniform, according to the standard) with a

Geometric probability distribution improves performance.

4) The average Aol has a non-monotonous dependence on
the persistence probability P, i.e., an optimal value of
the persistence probability emerges that balances the two
effects that degrade the Aol: on the one hand, an excessive
number of collisions in the case of frequent reselection
of the subchannels used to transmit node messages, and
on the other hand, an excessive persistence in a collision
state, in case of high persistence levels.

To gain insight into the impact of persistence, we have
addressed a rather simplified modeling framework. Next steps
for this work will address more complex scenarios, where we
will include larger areas, where not all nodes are within the

radio range of other nodes, and also consider node mobility.

In addition, other aspects of SPS that play a marginal role
with respect to persistence and were therefore neglected in
this study will be included in order to extend the evaluation
of SPS to performance parameters and allow optimization of
other parameters besides the probability of persistence.
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