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Abstract—5G NR V2X has been designed to support advanced
connected and automated driving VV2X services. These services are
characterized by variable traffic patterns that can generate packet
collisions in decentralized systems where vehicles autonomously
select their radio resources like 5G NR V2X mode 2. 5G NR V2X
introduces a re-evaluation mechanism at the MAC layer to detect
and avoid possible packet collisions before a vehicle transmits in
selected resources. Most of the studies conducted to date on 5G NR
V2X do not consider the re-evaluation mechanism despite being a
mandatory MAC feature. This paper advances the state of the art
with an in-depth analysis and evaluation of the operation and
performance of re-evaluation in 5G NR V2X mode 2 under
different traffic patterns and mode 2 configurations. The study
shows that re-evaluation is effective in avoiding collisions with
periodic traffic but its effectiveness decreases with aperiodic
traffic and of variable size. The study also shows that re-evaluation
is effective in avoiding collisions generated by the retransmission
of packets. However, its overall impact on the performance of 5G
NR V2X mode 2 is small, while it can have a relevant
implementation cost due to the frequent re-evaluation checks and
resource reselections. This raises questions on the current design
of the re-evaluation mechanism that is a mandatory feature in 5G
NR V2X mode 2.

Index Terms—5G NR V2X, re-evaluation, CAV, C-V2X,
cellular V2X, connected automated vehicles, Mode 2, NR V2X,
collisions, aperiodic, periodic, distributed scheduling, resource
allocation.

I. INTRODUCTION

HE 5G New Radio (NR) Vehicle-to-Everything (V2X)
standard published in 3GPP Release 16 is the first 5G
NR standard that enables sidelink (SL) or direct
Vehicle-to-Vehicle (V2V) communications using the
NR PC5 interface [1]. 5G NR V2X (or NR V2X) is designed to
complement and not replace LTE V2X. LTE V2X was designed
to support basic safety applications using broadcast messages.
NR V2X also supports unicast and groupcast transmissions, and
includes new features and functionalities to support advanced
V2X services with stringent requirements such as cooperative
perception and driving, among others. To this aim, NR V2X SL
introduces two new operating modes: mode 1 and mode 2. In
mode 1, the cellular infrastructure manages and selects the
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communication resources for each SL communication, while in
mode 2, vehicles autonomously select and manage radio
resources without the support of the cellular infrastructure.

NR V2X mode 2 is critical to support connected and
automated mobility since safety services should not always
depend on the availability of cellular coverage. According to
3GPP [2], these advanced safety services will generate V2X
messages of variable size and generation times. Variable traffic
patterns were shown to significantly impact the operation and
performance of LTE V2X mode 4 [3], which is the counterpart
of NR V2X mode 2. This was due to certain Medium Access
Control (MAC) inefficiencies when vehicles generate aperiodic
messages of variable size that result in packet collisions and
require additional solutions [4][5]. NR V2X mode 2 introduces
a re-evaluation mechanism at the MAC sublayer to detect and
prevent possible collisions caused by aperiodic messages of
variable size. The re-evaluation mechanism is a mandatory
MAC feature that is executed before a vehicle transmits on
selected resources to detect any possible packet collisions [6].
Several studies have recently analyzed the performance of NR
V2X mode 2. In [7], authors evaluate different configurations
of NR V2X mode 2 parameters under periodic traffic of fixed
size including, for example, the impact of retransmissions. The
studies reported in [8], [9] and [10] evaluate NR V2X mode 2
considering also aperiodic traffic of fixed size. In [8], the
authors analyze the performance of NR V2X mode 2 under
different configurations. The work reported in [9] compares the
performance of the two scheduling schemes of NR V2X mode
2 under different message generation patterns, and [10]
compares the performance of NR V2X mode 2 with the
performance of LTE V2X mode 4. Despite their relevant
contributions, the studies reported in [7]-[10] did not implement
the re-evaluation mechanism despite being a mandatory MAC
feature in 3GPP standards. In addition, these studies only
consider periodic or aperiodic traffic of fixed size. However,
the 3GPP evaluation methodology guidelines for NR V2X
reported in [2] recommend traffic generation models for
advanced V2X services that also include traffic of variable size
in line with the message patterns characteristic of Day 2 or Day
3 V2X services such as cooperative perception [11] or
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maneuver coordination [12]. In this context, this paper extends
the current state of the art by analyzing the operation and
performance of NR V2X mode 2 considering periodic or
aperiodic traffic of fixed or variable size. In particular, this
study provides an in-depth analysis of the operation of the re-
evaluation mechanism introduced in NR V2X mode 2 to clearly
understand the conditions under which re-evaluation can be
effective in avoiding packet collisions. We should note that the
first study that evaluated the system-level performance of NR
V2X mode 2 with re-evaluation was reported by the authors in
[13]. This study analyzed the performance of NR V2X mode 2
under different data traffic patterns when vehicles use the Semi-
Persistent Scheduling (SPS) scheme and there are no
retransmissions. The study showed that the performance of NR
V2X mode 2 degrades when vehicles generate aperiodic traffic
of variable size compared to when the traffic is periodic and of
fixed size. This degradation is due to an increment of packet
collisions despite the fact that re-evaluation has been
specifically designed and introduced to detect and avoid packet
collisions. The study in [13] provides a first system level
evaluation of NR V2X mode 2, but does not explain why re-
evaluation is not effective in avoiding packet collisions under
certain scenarios. Understanding why this is the case is critical
to optimize NR V2X mode 2. In addition, it is necessary to
analyze and understand if the reported observations hold for
other scenarios, for example, using a different scheduling
scheme as well as when utilizing retransmissions. In this
context, this paper advances the state of the art with an in-depth
analysis and evaluation of the impact of the re-evaluation
mechanism on the operation and performance of NR V2X mode
2. To the authors’ knowledge, this is the first study that analyzes
when (NR V2X mode 2 configuration and scenario) and why
re-evaluation is effective or not to detect and avoid packet
collisions. In particular, this study analyzes the effectiveness of
re-evaluation to detect and avoid packet collisions when NR
V2X mode 2 operates with the SPS or Dynamic Scheduling
(DS) schemes. With SPS, vehicles select and reserve radio
resources for the transmission of several consecutive data
packets as well as for their possible retransmissions. On the
other hand, vehicles using DS need to select new radio
resources for the transmission of each data packet, and can only
reserve resources for the retransmission of these packets. The
analysis is done considering that vehicles transmit periodic or
aperiodic packets of fixed or variable size following 3GPP
guidelines in [2]. The study also evaluates the impact of
retransmissions on the effectiveness of re-evaluation. Our study
shows that re-evaluation is effective in avoiding packet
collisions when packets are periodic and of fixed size and are
transmitted with SPS. However, these collisions are rare, and
hence the impact of re-evaluation for this traffic is small. On the
other hand, the effectiveness of re-evaluation to avoid packet
collisions decreases with aperiodic traffic of variable size
whether using SPS or DS. The capacity of the re-evaluation
mechanism to detect and avoid packet collisions improves
when retransmissions are considered under both SPS and DS.
However, the impact of re-evaluation on the performance of NR

1 The remaining variables and processes represented in this figure are
explained below in Section 11.A since they are related to resource allocation.

V2X mode 2 is small with SPS and DS since the benefit of
retransmissions prevails over the gains obtained with the packet
collisions avoided with re-evaluation. For the sake of brevity,
we refer to NR V2X mode 2 as mode 2 in the rest of the paper.

The rest of this paper is organized as follows. Section Il
provides an overview of mode 2, including the re-evaluation
mechanism and a discussion on the impact of packet variability
on the MAC. Section Il presents an in-depth analysis of the re-
evaluation mechanism that identifies and helps understand
when re-evaluation can be effective or not in detecting and
avoiding packet collisions. Section IV presents the evaluation
environment and the metrics utilized. Section V evaluates the
impact of re-evaluation on SPS without retransmissions, and
Section VI extends the analysis to the scenario where
retransmissions are considered. The impact of re-evaluation on
DS is analyzed in Section VII, and Section VIII summarizes the
main outcomes of this study.

Il. RESOURCE ALLOCATION IN5G NR V2X MODE 2

Mode 2 radio resources are organized in a grid made of slots
in the time domain and Resource Blocks (RBs) in the frequency
domain. The slot duration is 27# ms and an RB consists of 12
consecutive subcarriers with a subcarrier spacing (SCS) of
2% x 15 kHz, where u is the OFDM numerology, 1 =0, 1, 2,
or 3. This results in slots of {1, 0.5, 0.25, 0.125} ms and RBs of
{180, 360, 720, 1440} kHz for SCSs of {15, 30, 60, 120} kHz,
respectively. Vehicles in a particular region communicate over
a common set of radio resources, termed resource pool. A
resource pool uses a single numerology and its RBs are referred
to as physical resource blocks (PRBs). PRBs within the same
slot are grouped into sub-channels that represent the smallest
unit for SL data transmission or reception (see Slot and Sub-
channel (n PRBs) in Fig. 1%). The number of PRBs that form a
sub-channel (i.e., the sub-channel size) can be configured but it
is fixed for a given resource pool.
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Fig. 1. NR V2X channelization and illustration of resource allocation in mode
2 (when T, = PDB).

In mode 2, data packets are transmitted in Transport Blocks
(TBs) that are carried on the Physical Sidelink Shared Channel
(PSSCH). Note that the terms TB and packet are
interchangeable in this paper. A TB can occupy more than one
sub-channel depending on the size of the packet, the sub-
channel size, and the utilized Modulation and Coding Scheme
(MCS). TBs can be transmitted using QPSK, 16-QAM, 64-
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QAM or 256-QAM modulations, and are encoded using Low-
Density Parity-Check (LDPC) coding. Each TB is associated
with Sidelink Control Information (SCI). A TB and its
associated SCI are transmitted in the same slot. The SCI in NR
V2X is transmitted in two stages. The 1%-stage SCI is carried
on the Physical Sidelink Control Channel (PSCCH), while the
2"-stage SCI is multiplexed together with the TB in the
PSSCH. The 1%-stage SCI indicates the resources used by the
PSSCH and carries information required for decoding the TB.
If retransmissions are employed, the 1%-stage SCI indicates the
resource reservation for up to two retransmissions of the TB.
The 1%-stage SCI also informs about the Resource Reservation
Interval (RRI) if the wvehicle reserves resources semi-
persistently for the PSSCH, as detailed in Subsection II.A. The
2"d-stage SCI carries information used for decoding the PSSCH
as well as for supporting retransmissions and mechanisms to
report channel state information.

A. Resource allocation

Vehicles using mode 2 autonomously select their resources
(one or several sub-channels) to transmit the TBs. The process
to select new resources is referred to as reselection by the 3GPP
standards. Mode 2 can operate using a Dynamic Scheduling
(DS) or Semi-Persistent Scheduling (SPS) scheme. Both
schemes follow similar procedures to select new resources [14].
However, the DS scheme selects new resources for each TB and
can only reserve resources for the retransmissions of that TB.
The SPS scheme selects and reserves resources for the
transmission of Reselection Counter consecutive TBs, and can
also reserve resources for the retransmissions of the TBs. It is
important to highlight the differences between selected and
reserved resources. A selected resource is a resource that a
vehicle selects to transmit a TB using the two-step resource
allocation algorithm that is described in the remainder of this
Section. A reserved resource is a selected resource that the
vehicle reserves for a future transmission by notifying
neighboring vehicles using the 1%-stage SCI. The RRI
determines the time period between the resources reserved for
the transmission of consecutive TBs in SPS. The RRI can be {0,
[1:99], 100, 200, 300, 400 500, 600, 700, 800, 900, 1000} ms.
A vehicle can be configured with a list of up to 16 different
RRIs, but it only selects one RRI from the list when it selects
new resources. The selected RRI also determines the value of
the Reselection Counter. According to 3GPP standards [6], the
vehicle randomly sets the Reselection Counter within the
interval [5,15] when RRI>100 ms, and within the interval
[5*C,15*C], where C=100/max(20,RRI), when RRI<100 ms.

New resources (for both the DS and SPS schemes) are
selected in the so-called selection window portrayed in Fig. 1
[14]. The selection window is defined within the range of slots
[sc+T1, sc+T2], where sg is the slot at which a new TB is
generated. Ti is the processing time required to identify
candidate resources within the selection window to transmit the
TB and its associated SCI, and T1<Tproc,1, Where Tproc,1 iS 3, 2.5,
2.25 or 2.125 ms for an SCS of 15, 30, 60 or 120 kHz,
respectively. T, can be set by the vehicle within Tomin<T,<PDB.

2 The constraint Tomin<T.<PDB prevents the vehicle from violating the PDB
of the TB that must be transmitted.

The Packet Delay Budget (PDB) is established by the V2X
application generating the TB, and defines the latency deadline
by which the TB must be transmitted?. According to 3GPP
standards [14], T2min can be set by the vehicle to {1, 5, 10, 20}
ms depending on the priority of the TB. Vehicles sense
transmissions performed by other vehicles within the so-called
sensing window (Fig. 1) while they are not transmitting. This
allows them to identify which candidate resources are available
within the selection window. The sensing window range is [Sc-
To, Se-Tproc0). According to 3GPP standards [14], To can be
equal to 1100 ms or 100 ms, and Tproc,0 is equal to 1 ms for a
SCS of 15 kHz and 0.50 ms for the remaining values of SCS.

DS and SPS schemes follow a two-step algorithm to select
new resources [6][14]. During step 1, the vehicle is in charge of
excluding resources from the selection window. First, the
vehicle excludes resources that it could not sense when it was
transmitting due to its half-duplex operation. In particular, if a
vehicle could not sense resources at slot s; within the sensing
window, it excludes all resources within the selection window
located at an integer number of RRI (in slots) ahead of si°. The
vehicle also decodes the 1%t-stage SCI received from other
vehicles in the sensing window. For each transmission received
in the sensing window, the vehicle also measures the Reference
Signal Received Power (RSRP) [14]. A resource in the
selection window is considered occupied if the vehicle detected
in the 1%%-stage SCIs decoded in the sensing window that another
vehicle was reserving it and the measured RSRP was higher
than an RSRP threshold. If this is the case, these candidate
resources within the selection window are excluded. Once the
execution of step 1 is completed, the vehicle (with DS or SPS)
checks whether the percentage of candidate resources that have
not been excluded in the selection window is equal to or higher
than a threshold X%; X can be 20, 35, or 50. If not, step 1 is
repeated using an RSRP threshold increased by 3 dB.

In step 2 (with DS or SPS), the vehicle randomly selects the
resources for the transmission of a TB from the available
candidate resources within the selection window. A vehicle can
select N candidate resources (N < 32) within the same selection
window for the initial transmission of a TB and its N-1
retransmissions. NR V2X supports blind and Hybrid Automatic
Repeat Request (HARQ) feedback-based retransmissions.
Blind retransmissions are considered in this work when we refer
to retransmissions. Each vehicle can select the value of N but it
cannot be higher than the number of available candidate
resources after step 1. The vehicle considers the limitations of
the 1%t-stage SCI for the selection and reservation of the N
candidate resources. In particular, a 1%-stage SCI can only
notify about a maximum number of Nsc resources (equal to 2 o
3). The selection of candidate resources also takes into account
that a 1%%-stage SCI can only notify about resource reservations
for retransmissions located within a window W of 32 slots, with
the first slot of W being the one where the 1%-stage SCI is
transmitted. When retransmissions are separated by more than
32 slots from the slot where the 1t-stage SCI is transmitted, they
are not reserved with the 1%-stage SCI [6].

3 The resource exclusions due to half-duplex operation have to consider all
possible RRI values of the RRI list.
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With SPS, when the vehicle performs the transmission of a
TB, it also reserves resources for the transmission of the next
TB using the RRI included in the 1%-stage SCI. The RRI also
reserves the resources for the retransmissions of the next TB
when the 1%-stage SCI informs about the retransmissions of a
TB. The vehicle reserves resources every RRI ms for
Reselection Counter transmissions. The Reselection Counter is
decremented by one every time the vehicle transmits a TB and
its N-1 retransmissions. When Reselection Counter depletes,
the vehicle decides with probability (1-P) whether it has to
select new resources for the transmission of the following TBs;
P can be set between 0 and 0.8. If not, the vehicle keeps using
the same resources for the next Reselection Counter TBs and
the same RRI included in the 1%*-stage SCI. If the vehicle has to
select new resources, it sets to zero the value of the RRI in the
1%t-stage SCI of the TB that depleted the Reselection Counter.
This is done to notify other vehicles that it is not reserving the
same resources for the transmission of the next TB. Note that a
vehicle using SPS may need to select new resources for the
transmission of a new TB even if Reselection Counter is not
depleted. This happens when the size of a new TB does not fit
in the resources previously selected, or when the previously
selected resources do not meet the latency requirement of the
new TB as detailed in Section I11.C.

B. Re-evaluation mechanism

Mode 2 introduces the re-evaluation mechanism to detect and
avoid possible collisions in the transmission of a TB. To this
aim, vehicles that have selected new resources check whether
these resources are still available (i.e., they have not been
reserved by another vehicle) before transmitting a TB. If they
are not available, they will select new resources to avoid the
detected collision. We should note that the re-evaluation
mechanism can only operate over selected resources and not
reserved ones according to the standard [6]. Re-evaluation
applies to both DS and SPS.

The operation of re-evaluation is illustrated in Fig. 2. Let us
suppose that the vehicle selects new resources located at slot m.
It must then execute again step 1 of the resource allocation
process at slot sc '=m-Tsto check whether the selected resources
are still available or they are excluded*, where Ts is equal® to
Toroc,1. The execution of step 1 at slot s’ is referred to as a re-
evaluation check by the 3GPP standards. The execution of the
re-evaluation check results in the definition of a new selection
window SW’ within the range of slots [sc +T1, S +T2]. T2’ is
defined in the range Tomin<T2’<PDB-(S¢ -Sg) S0 that the upper
limit of SW’ does not violate the PDB of the TB to be
transmitted. Step 1 is executed over the candidate resources in
SW’. If step 1 reveals that the originally selected resource at
slot m is now excluded, then the re-evaluation check has
resulted in a re-evaluation detection following the 3GPP
terminology [14]. The re-evaluation detection triggers the
execution of step 2 of the resource allocation algorithm to select
new resources among the currently available resources in SW”.
As a result, the initially selected resources are replaced by new
resources located at, e.g., slot m”in Fig. 2. The execution of step

4 The standard defines that the execution of step 1 at m-Ts is mandatory. The
vehicle could also execute step 1 before m-T; [6].

2 as part of the re-evaluation mechanism is referred to as
resource replacement.

A vehicle could have selected N resources for the initial
transmission of the TB and its retransmissions. If this is the
case, when the vehicle performs the re-evaluation check at slot
sg’, it will assess whether the N selected resources are still
available. If the re-evaluation detection happens over a subset
M of the N selected resources, then the vehicle executes a
resource replacement to select M new resources among the
available candidate resources in SW’. It is important to note that
when the vehicle performs the initial transmission of the TB, it
might be announcing the reservation of the Nsc; — 1 following
retransmissions of the TB. As soon as the resources for these
retransmissions are reserved, they are no more eligible for a re-
evaluation check since re-evaluation only operates over
selected and not reserved resources.
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Available
Resources

New
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Fig. 2. Operation of re-evaluation under NR VV2X mode 2.

It is important to distinguish two different cases where a
vehicle can execute a re-evaluation check. The first case
happens when the vehicle selects new resources in the selection
window. This re-evaluation check is mandatory following
3GPP standards [6] and occurs for both the DS and SPS
schemes. The second case only occurs when a vehicle is
configured with SPS, and it does not utilize a reservation
announced in the 1%-stage SCI. If it later generates a new TB,
the transmission of the TB could take place in the resources
located RRI ms after the unutilized reservation. Since the
reservation of these resources has not been announced, the
standard defines that it is ‘up to UE implementation” whether
the wvehicle also executes the re-evaluation check before
transmitting the TB [6]. This study considers that vehicles
execute the re-evaluation in both cases.

C. Impact of Packet Variability on SPS

SPS reserves the same resources for Reselection Counter
consecutive TBs with a time gap between reservations of RRI
ms. SPS is particularly suited for the transmission of periodic
traffic with fixed size. In this case, SPS only reselects resources
when the Reselection Counter is depleted (depending on 1-P).
We define this event as counter reselection. We consider SPS
to be stable if all reservations are utilized to transmit TBs and
reselections happen only after the reselection counter depletes.
Like in LTE-V2X mode 4 [4], additional reselections may be
triggered if the TB size or the inter-arrival time between TBs

5 T, is equivalent to 3, 5, 9 or 17 slots for a SCS of 15, 30, 60 or 120 kHz,
respectively.
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change. These additional reselections can make SPS more
unstable and prone to collisions since neighboring vehicles will
not be aware of the newly selected resources until the next TB
is transmitted and the transmitting vehicle announces the
reservation for the following TBs. Therefore, the probability of
packet collisions increases with the number of reselections. It is
worth noting that packet variability has no impact on the
operation of the DS scheme since vehicles using DS reselect
resources for every new TB.
1) Size reselections

SPS triggers a resource reselection when the size of a new TB
does not fit in the previously reserved resources. This event is
termed size reselection. Fig. 3 shows a vehicle V, that generates
a TB (e.g., 200-byte long) at slot s;;, and selects one sub-
channel for its transmission at slot sg,. When transmitting the
TB at sg4, V4 also announces in the associated SCI that the same
sub-channel is reserved at slot sz, = sg; + RRI. Let us now
suppose that V7, generates at slot s;, a new TB (e.g., 600-byte
long) that does not fit the current resource reservation at sg,. V4
is forced to drop the reserved resources at sg,, reselect new
resources able to accommodate the size of the new TB (e.g.,
two sub-channels in Fig. 3), and transmit the TB in the
reselected resources at slot sg5.
2) Latency reselections

A vehicle might also need to select new resources if its current
reservation is not able to cope with the latency requirements
(i.e., the PDB) of a new TB. We refer to this event as latency
reselection. Latency reselections occur when a vehicle
generates aperiodic traffic and the adopted RRI value is larger
than the latency deadline or PDB of a TB. The latency
reselection is also illustrated in Fig. 3. In this example, V, has
reserved one sub-channel at slot sg,. V, generates its next TB
at slot s, and its latency deadline is set at slot s;. The current
reservation at s, does not respect the latency requirements of
the TB since sg, > s;. V, is then forced to drop the reserved
resources at sz, and select new resources by the latency
deadline (e.g., at sgs in Fig. 3).

Reserved E Non-utilized reservation
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Size reselection  Latency reselection  reservations
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Fig. 3. Impact of packet variability on SPS under NR V2X mode 2.
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3) Unutilized reservations

The stability of SPS might be also compromised when
reserved resources are not utilized by a vehicle; we term this
event as unutilized reservations [4]. This can happen because
there is no TB ready to be transmitted at the slot where the
resources are reserved. Fig. 3 shows that unutilized reservations
occur when the inter-arrival time between the generated TBs is
larger than the adopted RRI value. In Fig. 3, V, has reserved one
sub-channel at slot sz, = sgs + RRI. However, the next TB is
generated at slot s, with sg, > sge, and V, leaves the sub-

channel at sg unutilized. We should note that V, cannot exploit
its transmission opportunity at sz, to announce the reservation
at slot sz, in the SCI. The transmission of V, at slot sz, is then
prone to packet collisions since it has not been reserved.

I1l. ANALYSIS OF THE RE-EVALUATION MECHANISM

The re-evaluation mechanism is an important novelty
introduced in mode 2 to increase the flexibility in the
management of resources and guarantee a more effective
scheduling of transmissions. This Section analyzes the
operation of the re-evaluation mechanism and discusses the
impact that the most relevant mode 2 parameters have on the
effectiveness of the re-evaluation check, the re-evaluation
detection, and the resource replacement phase.

A. Re-evaluation Check

Vehicles use the re-evaluation check to assess whether
selected resources are still available or not right before
transmitting the TB. The objective is to detect and avoid
potential collisions. 3GPP standards establish that re-evaluation
checks are only possible on selected (and not reserved)
resources. Accordingly, re-evaluation checks are performed
before the transmission of all TBs when using the DS scheme
since this strategy selects new resources for each TB. When the
SPS scheme is considered, re-evaluation checks affect a smaller
number of TBs since SPS only selects new resources as a result
of a counter reselection, by design. Once new resources are
selected, the remaining TBs are transmitted on reserved
resources. If we assume, for example, P = 0 and RRI = 100
ms, only 1 TB out of 10 triggers a counter reselection (the
average reselection counter value is 10 in this case), and hence
only 10% of the generated TBs are transmitted on selected
resources that are eligible for a re-evaluation check. However,
we should note that latency reselections, size reselections, and
unutilized reservations (see Section I1.C) increase the fraction
of TBs that are transmitted on selected resources in SPS, and
thus increases the number of re-evaluation checks.

Regardless of the scheduling scheme, the fraction of TBs that
triggers a re-evaluation check is also affected by the value of
T,, i.e., by the width of the selection window (see Fig. 1). Let
us assume that a vehicle V, generates a new TB at slot s;; and
performs a resource reselection. The selection window is
defined by the range of slots [s¢q + Ty, Sg1 + T,] Where T; <
Throc,1- IN principle, any selected resource included within the
selection window shall be eligible for a re-evaluation check.
However, a re-evaluation check can be performed only if the
vehicle has sufficient processing capabilities to run the entire
re-evaluation mechanism before transmitting the TB. If the re-
evaluation check cannot be performed due to insufficient
processing capabilities, then the vehicle uses the same selected
resource for transmitting the TB. According to the 3GPP
standard [6], a re-evaluation check can only be performed if the
selected resource is included in the (sgq + Ts,561 + T2
interval, where Tj is strictly equal to T,,,.. Therefore, the
candidate resources included fromslot s;, + T; toslot sg; + T
are not eligible for a re-evaluation check. Depending on T, the
number of resources included in [sgq + Ty, Sgq + T3] can be a
significant fraction of the total number of resources within the
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selection window. For example, let us assume that T, = PDB =
RRI,and that y = 0, T; = 1 slot and T; = 5 slots. In this case,
the percentage of selection window resources that are not
eligible for a re-evaluation check is equal to {5, 25, 50} % when
RRI = {100, 20, 10} ms.

B. Re-evaluation Detection

A re-evaluation detection is triggered after a re-evaluation
check when the initially selected resources are no longer
available. Typically, a re-evaluation detection occurs when the
initially selected resources have also been reserved by a
neighboring vehicle, and a potential collision is detected. This
section sheds light on the circumstances under which a potential
collision does and does not trigger a re-evaluation detection. To
do so, we separately analyze the re-evaluation detection phase
when each TB is transmitted once (N = 1) and when it is
transmitted twice (N = 2, with one blind retransmission)
without loss of generality. This section concludes with an
insightful discussion about the effectiveness of the re-
evaluation detection phase.

1) Single transmission per TB (N=1)

We first consider the case where a collision occurs on selected
resources. This type of collision cannot be detected by a re-
evaluation detection since vehicles do not announce their
selection before transmitting on selected resources. This is
illustrated in Fig. 4 where V, and V select new resources to
transmit their TBs generated at slots s¢; and sg,, respectively.
If their selection windows (SW, and SWg) overlap, the two
vehicles may select the same resources at slot s, as illustrated
in Fig. 4. V, performs a re-evaluation check at slot sz, — T3, but
step 1 does not exclude the resources at slot sg; since Vg has
not yet announced its reservation. This is the case because also
Vg has performed a reselection after generating the TB at slot
Sg, and its transmission at slot s, occurs on selected resources.
The re-evaluation mechanism is not capable to detect and avoid
the collision at sg,. The same situation occurs when Vg executes
its re-evaluation check. If V, and V5 use the SPS strategy, they
will reserve the same resources for transmitting their next TB,
at slot sg,, and they will persistently collide until a (counter,
latency, or size) reselection occurs if they employ the same RRI
(like in Fig. 4). The persistent collision cannot be avoided by
the re-evaluation mechanism because it is only executed over
selected and not reserved resources.

As demonstrated in the remainder of this section, only
collisions between selected and reserved resources can be
identified by the re-evaluation detection.

Reservation I:| Selected (V)
for the next TB B sciccted (V)

Reserved

Freq. - SWp— 5
<« SW——>
o
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S61 Sg2 Sr1-Ts  Sp1 Sha  Time

Fig. 4. Persistent collisions not detected by re-evaluation when using SPS.

Depending on the RRIs used by vehicles and the type of
generated traffic, we can identify four different cases in which
a re-evaluation detects a potential collision. The first case is
illustrated in Fig. 5(a) and corresponds to the scenario where

vehicles V, and V transmit periodic TBs of fixed size and use
the same RRI. Vg selects new resources to transmit the TB
generated at slot s;; and selects the resources reserved by V, at
slot sg,. V5 does not exclude the resources reserved by V, from
its selection window (SWj) during the resource reselection
process because V, announced its reservation in the range of
slots [Sg1 — Tproc,0. Scil: i-€., just after the end of V’s sensing
window. However, V; can avoid the collision thanks to the re-
evaluation check executed at slot sg; — T5. At this time, Vp
defines a new sensing window that includes the reservation
announced by V,. Then, the re-evaluation detection identifies
the potential collision and V excludes the resources reserved
by V, from its new selection window. It is worth pointing out
that the probability of this type of re-evaluation detection is
very low since the width of the [sgq — Tproc0, Sg1] interval is
equal to 2 slots for an SCS of 15 or 30 kHz, and equal to 3 slots
for a 60 kHz SCS. Note that, in Fig. 5(a), V, is using the SPS
scheme since it scheduled its next transmission on reserved
resources, whereas Vg might be employing either the SPS or the
DS scheme since it is transmitting on selected resources.
Accordingly, this type of collision can be detected when both
vehicles employ the SPS scheme but also when SPS (V,) and
DS (V) coexist.
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b) Unutilized reservations.
Fig. 5. Re-evaluation detection when vehicles use the same RRI.

SR1

The second case is illustrated in Fig. 5(b) and corresponds to
the scenario where V, and Vg are involved in a persistent
collision and an unutilized reservation occurs (see Section 11.C).
In this figure, V, and Vg initially collide at slot sz, without
triggering a re-evaluation detection (like in Fig. 4) and start to
persistently collide since they use the same RRI and re-
evaluation cannot be applied to reserved resources. Let us
suppose that V; does not generate a TB and leaves the reserved
resources at slot sz, = sg; + RRI unutilized. In this case, Vg
will not be able to announce the reserved resources at slot sg; =
Sre + RRI, and will transmit its next TB in selected, rather than
reserved, resources. As a result, Vz runs a re-evaluation check
at slot sg; — T5, right before transmitting its TB. During the re-
evaluation check, the new sensing window of V includes the
reservation announced by V, at slot sg,, and V excludes the
resources reserved by V, at slot sg; from its new selection
window (SWjg). This triggers a re-evaluation detection that
resolves the persistent collision between the two vehicles.
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The third and fourth cases where re-evaluation detection
successfully detects potential collisions occur when the two
vehicles involved use different RRIs. Without loss of
generality, we consider two different RRI values, RRI; and
RRI,, with RRI; < RRI,. The third case occurs when vehicles
transmit periodic TBs of fixed size, and the two following
conditions are satisfied: (i) the resources selected and reserved
by a vehicle using the smaller RRI; are included within the
selection window of a vehicle configured with RRI,, and (ii)
the vehicle using RRI, selects the resources reserved by the
vehicle using RRI;. This situation is illustrated in Fig. 6(a)
where V, generates a new TB at slot s;,, transmits it on the
selected resources at slot sg;, and reserves the same resources
at slot sz, = sg; + RRI,. When Vg generates its new TB at slot
Sg2, it cannot be aware of the reservation announced by V, at
slot sg, due to the overlap between their selection windows
(SW, and SWp). Let us then suppose that V; selects the same
resources at slot s, and generates a collision. Note that SWj is
wider than SW, because Vg uses the largest RRI, value. Vg can
avoid the collision at slot sz, by executing a re-evaluation
check at slot sz, — T;5. The new sensing window of V will now
include the reservation announced by V, at slot sg, since sz, —
T; > sg1. Then, V excludes the resources at slot sz, from its
new selection window (SWg) and the re-evaluation detection
triggers the process to select new resources.

Like in Fig. 5(a), note that V, is using the SPS scheme since
it scheduled its next transmission on reserved resources,
whereas V; might be employing either the SPS or the DS
scheme since it is transmitting on selected resources in Fig.
6(a). Accordingly, this type of collision can be detected when
both vehicles employ the SPS scheme but also when SPS (V,)
and DS (V) coexist.
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forthe next T8 [ selected (V) Unutilized
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a) Periodic TBs of fixed size.
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<— RRI; —><------ RRIy ----- >
R
T - B # T R
SG1 SR1 SR2 SG2 SR3 Time

b) Unutilized reservations.
Fig. 6. Re-evaluation detection when vehicles use different RRIs.

The fourth case where re-evaluation detection successfully
detects a collision occurs when the two RRI values are multiples
of each other (e.g., RRI, = 2 - RRI;) and a vehicle leaves one
of its reservations unutilized. This is illustrated in Fig. 6(b),
where V5 generates a TB at slot s, selects the resources for its
transmission at slot sg,, and periodically reserves them at slots
Sge and sgs using the smallest RRI value, i.e., RRI,. Let us
suppose that Vg leaves the resources at slot sg, unutilized
because it has no TB ready to be transmitted. As a result, Vg
cannot reserve the resources at slot sg4, and it will run a re-

evaluation check at slot sz; — T5. During the re-execution of
step 1, Vz will remove the resources at slot sp5 fromiits selection
window due to its half-duplex limitations, as it could not sense
the reservations announced from neighboring users at slot sg4,
therefore triggering a re-evaluation detection. We should recall
from Section II.A that step 1 excludes from the selection
window all the slots in which V, was previously transmitting,
considering the entire list of allowed RRI values. Since sg; =
sg1 + RRI, and Vz was transmitting at slot s, it excludes slot
Sgs from its selection window.

2) Two transmissions per TB (N=2)

Without loss of generality, this subsection analyzes the impact
of retransmissions on the re-evaluation detection considering
one blind retransmission per TB (i.e., N=2). When N > 1, the
1%t-stage SCI associated with the TB’s initial transmission can
reserve the resources used for the retransmission of the same
TB if the distance between selected resources is smaller than 32
slots (see Section I1.A). In this case, the number of reservations
announced by the SCl is indicated with Ng.; = 2. If the distance
between selected resources is larger than 32 slots, the SCI is not
able to announce reservations for the retransmission of the same
TB and Ng¢; = 1. In Ng¢; = 1 case, the initial transmission and
the retransmission of the TB behave as two completely
independent events, and no additional collision between
selected and reserved resources can occur with respect to the
N=1 analysis. For this reason, we assume Ng-; = 2 in the rest
of this section. We should also note that vehicles using the DS
are allowed to reserve resources for the retransmission of a TB.

We should first note that, like for the N =1 case, re-
evaluation cannot detect potential collisions between the initial
transmissions of TBs on selected resources when N > 1. This
is the case because vehicles transmitting on selected resources
have not yet announced their selection, and do not allow the re-
evaluation mechanism to detect the collision.

In addition to the four cases described when N = 1, there are
two additional cases when N = 2 where the re-evaluation
detection can successfully detect a potential collision. These
two additional cases originate from potential collisions that
involve resources reserved for the retransmission of a TB, and
therefore do not depend on the employed RRI values. The first
case is illustrated in Fig. 7(a) where a potential collision
between the retransmissions of two TBs is considered. In this
figure, the initial transmission of ¥, and Vy is performed on
collision-free resources at slots sg; and sg,, respectively. Due
to the overlap between the selection windows of V, and V, let
us now assume that the retransmission of both TBs is scheduled
on the same resources at slot sg;, potentially leading to a
collision. Before transmitting at sg,, Vg runs a re-evaluation
check at slot s, — T5 and senses the reservation announced by
V, for the retransmission of the same TB; this reservation is
announced by the SCI associated with the TB’s initial
transmission. Then, Vg triggers a re-evaluation detection to
select new resources for the retransmission. Note that also V,
runs a re-evaluation check at slot sz, — T3, but it cannot sense
the reservation announced by Vg because sg, > sg; — T5.

The collision detected at slot sz; by the re-evaluation
mechanism involves the resources reserved by V, for its
retransmission and the resources selected by Vg for the
retransmission of its TB. Since Ng-; = 2, both the SPS and DS

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3318235

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

schemes can accommodate the retransmission of TBs on
reserved resources. As a result, the collision illustrated in Fig.
7(a) can be detected when: (i) V, and Vz employ the SPS
scheme; (ii) V, and V5 employ the DS scheme; (iii) V, uses the
SPS and Vj uses the DS scheme, or vice versa.

The second case occurs when there is a potential collision
between the retransmission and the initial transmission of TBs,
and is illustrated in Fig. 7(b). In the figure, V, selects resources
at slots sg; and sy, for the initial transmission and the
retransmission of a TB, while V; selects resources at slots sz,
and sg4 for the initial transmission and the retransmission of a
TB. Vg runs a re-evaluation check at slot sz, — T5 and senses
the reservation announced by V, at slot sg;. This reservation
included the resources initially selected (and now reserved,
since sg, — T3 > sg,) at sg, for the retransmission of the TB by
V,. Vg detects the possible collision between its initial
transmission and the retransmission of V,, excludes the
resources initially selected at sz, from its new selection
window, and triggers a re-evaluation detection. In this case, the
collision detected at slot sz, by the re-evaluation mechanism
involves the resource reserved by V, for its retransmission and
the resources selected by Vg for its initial transmission. Like in
Fig. 7(a), also the collision illustrated in Fig. 7(b) can be
detected in three different circumstances if Ngo; = 2, namely:
(i) if V4 and V; employ the SPS scheme; (ii) if V, and Vz employ
the DS scheme; (iii) if V, uses the SPS and Vg uses the DS
scheme, or vice versa.
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b) Collision between initial transmission and retransmission.
Fig. 7. Impact of retransmissions on the re-evaluation detection.

We should note that the discussion and analysis of the re-
evaluation mechanism presented in this Section exclusively
relies on the notions of selected and reserved resources, and it
does not depend on the scheduling scheme employed by the
vehicles. A selected resource is a resource that a vehicle selects
during a resource reselection to transmit a TB. A reserved
resource is a selected resource that the vehicle reserves for a
future transmission by notifying neighbouring vehicles using
the 1%-stage SCI.

When a single transmission per TB is considered (N=1), only
vehicles employing the SPS scheme can transmit on reserved
resources, since the DS scheme forces the selection of new
resources for every TB. On the other hand, both the DS and the
SPS scheme allow vehicles to accommodate their transmissions

on selected resources. Therefore, the re-evaluation mechanism
can identify collisions (between selected and reserved
resources) in two different cases if N=1: (i) when all vehicles
utilize the SPS scheme; (ii) when the SPS and DS scheme
coexist. If all vehicles use the DS scheme, the re-evaluation
mechanism is not able to detect and avoid any collision, since
collisions only occur between selected resources, and collisions
between selected resources cannot be detected by re-
evaluations.

If a TB is transmitted more than once (N=2 in this study), and
the 1%-stage SCI associated with the TB’s initial transmission
can reserve the resources used for the retransmission of the
same TB (i.e., Ng¢; = 2), then both the SPS and DS schemes
can accommodate the retransmission of TBs on reserved
resources. In this case, the re-evaluation mechanism can
identify collisions (between selected and reserved resources) in
three different circumstances: (i) when all vehicles utilize the
SPS scheme; (ii) when all vehicles utilize the DS scheme; (iii)
when the SPS and DS scheme coexist.

3) Effectiveness of re-evaluation detections

This section has identified and analyzed carefully all the
circumstances under which a collision can (and cannot) trigger
a re-evaluation detection. However, a re-evaluation detection is
not always effective in avoiding collisions. An ineffective re-
evaluation detection occurs if the reservations that triggered a
re-evaluation detection are not finally used for transmitting a
TB. To further clarify the notion of effective re-evaluation
detection, let us consider the scenario illustrated in Fig. 6(a). In
this figure, Vg triggers a re-evaluation detection because it
detected the imminent collision with V, at slot sg,. Then, Vg
completes the re-evaluation process to select new resources and
avoid the collision. If V, eventually transmits its next TB using
the reserved resources at slot sg,, then the re-evaluation
detection triggered by V; was effective in avoiding the collision
with V,. Conversely, let us now suppose that the next TB of V,
does not fit in the resources reserved at sg,, and V, must
perform a size reselection to reserve new resources able to
accommodate the size of the new TB. In this case, the resources
at slot sz, are unutilized since both V, and Vy selected new
resources. In this case, the re-evaluation detection has been
ineffective since it did not avoid any collision between V,
and V5. Re-evaluation detections would also be ineffective if V,
performs a latency reselection or leaves unutilized the resources
that it has reserved at sz,. It is important to point out that
vehicles cannot determine in advance if a re-evaluation
detection will be ultimately effective or not, except when it is
triggered by a reservation for the retransmission of the same
TB. Reservations for the retransmission of the same TB always
satisfy the size and latency requirements of the generated TB,
and they are not subject to latency reselections, size
reselections, or unutilized reservations. Therefore, a re-
evaluation detection triggered by a retransmission of the same
TB is always effective.

C. Resource Replacement

During a re-evaluation, if a vehicle detects a potential
collision it triggers the re-execution of step 2 of the resource
reselection algorithm as part of the resource replacement phase.
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The objective is to select new collision-free resources and avoid
the identified collision; however, the selection of collision-free
resources cannot be fully guaranteed, as explained in Section
I1.C. During the resource replacement phase, a vehicle might
select resources that are already occupied by neighboring
vehicles and experience a collision on selected resources that
cannot be detected by the re-evaluation mechanism.

Therefore, the selection of collision-free resources during the
resource replacement phase is instrumental to the effectiveness
of the re-evaluation mechanism. Since such collision-free
selection cannot be always guaranteed, it is necessary to
evaluate the actual effectiveness of the re-evaluation
mechanism.

IV. SIMULATION ENVIRONMENT

The operation and impact of the re-evaluation mechanism is
evaluated using a standard-compliant 5G NR V2X mode 2
simulator® implemented by the authors in ns-3. The
implementation of our simulator adheres to 3GPP MAC and
PHY layer specifications introduced in Release 16 [6][14], and
follows the 5G NR V2X mode 2 evaluation guidelines defined
by 3GPP in [2]. 5G NR V2X is configured to operate over a 20
MHz channel with a subcarrier spacing of 30 kHz in the 5.9
GHz frequency band. The sub-channel size is set to 12 RBs, and
there are then 4 sub-channels per slot. The transmission power
has been set to 23 dBm and the sensitivity to -103.5 dBm,
according to the prototype data in [15]. The pathloss is modeled
using the reference 3GPP pathloss model [2]. The shadowing
effects are modeled using a log-normal distribution with zero
mean and a standard deviation of 3 dB. Shadowing spatial
correlation is modeled following the 3GPP guidelines in [2].
We assume that each TB is transmitted using 16QAM and a
coding rate equal to 0.5. In all simulations, we consider
broadcast transmissions. We model the PHY layer performance
using lookup tables from 3GPP working documents that relate
the Block Error Rate (BLER) vs Signal to Interference to Noise
Ratio (SINR). We use the lookup tables from [16] for the
transmission of TBs and the ones from [17] for the SCls.

This study considers the reference 3GPP 5 km highway
scenario with 3 lanes in each direction. We analyze densities of
25, 50 and 100 veh/km, and in all these scenarios the vehicle
speed is set to 70 km/h. Vehicles transmit TBs following the
3GPP periodic and aperiodic traffic models [2]. The periodic
model considers 190-byte TBs generated with a constant inter-
packet arrival time; the latency requirement or PDB is set equal
to the inter-packet arrival time. We refer to this traffic as
periodic of fixed packet size. The aperiodic traffic model
considers TBs generated with an inter-packet arrival time 7 =
¢ + r, where c isa constant and r is an exponentially distributed
random variable. The PDB for the aperiodic traffic is set to c.
The size of a TB for the aperiodic traffic is uniformly
distributed in the [200,1200] byte range, with a 200-byte step.
We refer to this traffic as aperiodic of variable size. For periodic
and aperiodic traffic, we consider two different scenarios:
single and mixed traffic. In the single traffic scenario, all
vehicles generate traffic with an average inter-packet arrival

® The simulator is available at: https://github.com/LLusvarghi/MoReV2X

time of 100 ms. For periodic traffic, the inter-packet arrival time

is constant. In the aperiodic traffic case, we set ¢ = ¥ = 50 ms.

In the mixed traffic scenario, 80% of vehicles have an average

inter-packet arrival time of 100 ms, and the remaining 20%

have an average inter-packet arrival time of 20 ms (¢ =7 = 10

ms for the aperiodic traffic).

We evaluate the performance of the re-evaluation mechanism
for the SPS and DS scheduling schemes. For both schemes, we
set the processing delay times Tproc0, To and Tz equal to 1 slot,
1100 ms (equivalent to 2200 slots with a subcarrier spacing of
30 kHz) and 5 slots respectively. The limits of the selection
window T; and T, are set equal to 2 slots and to the PDB,
respectively. The percentage X of resources that must be
available after the execution of step 1 of the resource allocation
algorithm is set to 20%. The threshold RSRP is set to its
minimum value, i.e. -128 dBm, following the results obtained
in [8]. We evaluate the impact of retransmissions on the
performance of re-evaluation considering N equal to 2. For the
SPS scheme, the probability P to keep the same resources has
been set to 0, and we evaluate two different strategies for the
selection of the RRI [13]:
¢ Average RRI: the RRI is set equal to the average inter-packet

arrival packet time.

e Minimum RRI: the RRI is set equal to the minimum of the
inter-packet arrival time. This strategy seeks to avoid latency
reselections (see Fig. 3 in Section 11.C).

Note that the two RRI strategies result in the same value of the
RRI with periodic traffic since the inter-packet arrival time is
constant. However, with aperiodic traffic, the average RRI
strategy sets the RRI value equal to ¢ + 7, while the minimum
one sets it equal to c. In the single traffic scenario, all vehicles
are configured with a single RRI value (following the average
or minimum RRI strategy) to support the 100 ms average inter-
packet arrival time. In the mixed traffic scenario, vehicles are
configured with two different RRI values to support the 100 ms
and 20 ms average inter-packet arrival time. Table |
summarizes the key parameters used in the simulations.

TABLE I. KEY SIMULATION PARAMETERS

Parameter Values evaluated
Channel bandwidth 20 MHz
Subcarrier spacing 30 kHz

Sub-channels per slot 4

Transmission power 23 dBm
Modulation and coding scheme 16QAM 0.5
Highway length 5 km

Number of lanes
Traffic density

6 (3 per direction)
25, 50, 100 veh/km

Size of the TB (periodic traffic) 190 bytes

Size of the TB (aperiodic traffic) [200, 1200] bytes (200-byte step)
Avg. inter-packet arrival time 20, 100 ms

PDB 10, 20, 50, 100 ms

Processing delay time T, 5 slots

Transmissions per TB (N) 1,2

RRI 10, 20, 50, 100 ms

We define the following evaluation metrics:

e Packet Delivery Ratio (PDR) [2]: fraction of correctly
received TBs over the total number of transmitted TBs. In the
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case of retransmissions, a TB is labeled as correctly received
if at least 1 out of the N transmissions is correctly received.
According to the 3GPP evaluation guidelines reported in [2],
the PDR is computed relying on the notion of distance
interval. The i-th distance interval is defined as the set of
transmitter-receiver distances that fall within the (a;, b;]
range, a; =i-25 m and b; = (i + 1) - 25 m. For the i-th
interval, the PDR is computed as:

i X
Dy
where XL." indicates the number of vehicles within the i-th

interval that correctly decoded the j-th TB, Y/ represents the
number of vehicles within the i-th interval when the j-th TB
was transmitted, and M denotes the total number of
transmitted TBs.

PDR-Re-evaluation: PDR of specific TBs for which at least
a re-evaluation has been detected. In the case of
retransmissions, this PDR is obtained at the MAC level for
each of the N TB (re)transmissions.

Half-Duplex Losses Ratio (HDLR): fraction of TBs that are
incorrectly received because of the half-duplex limitation
over the total number of transmitted TBs. This error occurs
when the TB cannot be received because the receiver was
transmitting in the same slot. The HDLR is computed per
distance interval.

Propagation Losses Ratio (PLR): fraction of TBs that cannot
be correctly decoded because the received power level is
below the sensitivity level or the Signal to Noise Ratio (SNR)
is not sufficiently high over the total number of transmitted
TBs. Propagation errors exclude half-duplex errors. The PLR
metric is also computed per distance interval.

Packet Collision Ratio (PCR): fraction of TBs that are
incorrectly received due to packet collisions over the total
number of transmitted TBs. This error occurs when the TB
cannot be correctly decoded because the SINR is too low due
to the interference generated by other vehicles. Collision
errors exclude propagation and half-duplex errors. The PCR
metric is also computed per distance interval.

Re-evaluation Check Ratio (ReCR): fraction of TBs that have
been checked for re-evaluation at least once over the total
number of transmitted TBs.

Re-evaluation Detection Ratio (ReDR): fraction of TBs that
experience at least 1 re-evaluation detection over the total
number of transmitted TBs.

Ineffective Re-evaluation Detection Ratio (IReDR): fraction
of TBs over which at least 1 re-evaluation was detected but
the reservations that triggered the re-evaluation detections are
not finally utilized for transmitting a TB (see Section 111.B.3).
Size reselection ratio (SRR): fraction of TBs that produce a
size reselection over the total number of transmitted TBs [4].
Latency reselection ratio (LRR): fraction of TBs that produce
a latency reselection over the total number of transmitted TBs.
Unutilized Reservation Ratio (URR): fraction of unused
reservations over the total number of reserved resources. URR
does not account for unutilized reservations that are
considered in the SRR and LRR metrics [4].

PDR = 1)

V. IMPACT OF RE-EVALUATIONS ON SPS WITHOUT
RETRANSMISSIONS

This section analyzes the impact of re-evaluations on the
operation and performance of SPS when N = 1, i.e., when each
TB is transmitted once with no retransmissions. We focus first
on the mixed traffic scenario with vehicles transmitting
aperiodic traffic of variable size. This is a key target scenario
since most V2X services to be supported by NR V2X generate
this type of traffic, and this traffic can create instability in the
operation of SPS due to frequent unutilized reservations as well
as size and latency reselections. This instability increases the
probability of packet collisions, and re-evaluation was
introduced to avoid such collisions.

The variability introduced by aperiodic traffic of variable size
results in that more than 50% of the packets generated by the
vehicles are transmitted in selected (and hence not reserved)
resources and are hence eligible for a re-evaluation check. This
is visible in Table 11.a which reports the different metrics for the
two RRI selection strategies and all traffic densities. We should
note that the ReCR, SRR, LRR and URR metrics do not vary
with the vehicle density because they only depend on the traffic
and on the reservations that each vehicle individually generates.
The table shows that the ratio of re-evaluation checks (ReCR
metric) is higher than 50% for both RRI selection strategies.
Vehicles execute a large number of re-evaluation checks
because they transmit a large number of packets in selected
resources. This is due to a large number of size and latency
reselections or unused reservations (see SRR, LRR, URR in
Table Il.a). The average RRI strategy reduces the ratio of
unutilized reservations (URR) but augments the size and
latency reselections (SRR and LRR), while the minimum RRI
strategy minimizes SRR and LRR at the cost of increasing
URR. Table Il.a also shows that re-evaluation is able to detect
a larger number of packet collisions (ReDR) as the vehicular
density increases. For example, re-evaluation detects collisions
on over 16% of the packets with 100 veh/km and the average
RRI strategy. This percentage increases to over 44% with the
minimum RRI selection strategy.

Table 1l shows that re-evaluation detects a large number of
potential packet collisions (ReDR). However, Fig. 8 shows that
re-evaluation is not fully effective in avoiding collisions and in
improving the packet delivery ratio; this is independent of the
RRI selection strategy. Fig. 8 compares the performance when
re-evaluation is implemented and when it is not. Fig. 8(a) and
Fig. 8(b) plot the PDR for two traffic densities and Fig. 8(c) the
PCR for one of these densities. The figure shows that the
performance is nearly identical when utilizing re-evaluation and
when not. There are several reasons why re-evaluation is not
effective in avoiding packet collisions and improving the PDR
with aperiodic traffic of variable size. First, re-evaluation
cannot detect collisions between two vehicles that are selecting
new resources since these vehicles have not yet announced their
selection. The second reason is that packet variability can
produce size and latency reselections and increase the
probability of having to select new resources. Since re-
evaluation cannot detect collisions between vehicles that are
selecting new resources, the packet variability increases the
probability of having collisions that cannot be detected by re-
evaluation. In addition, we should note that re-evaluations may

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2023.3318235

11

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) <

TABLE Il. PERFORMANCE METRICS (IN %) OF SPS WHEN N=1

A) APERIODIC TRAFFIC OF VARIABLE SIZE AND MIXED TRAFFIC SCENARIO

RRI o 25 veh/km | 50 veh/km | 100 veh/km
strategy Rec:RSRRLRRUR“ReDF{IReDRReDRIReDRReDRIReDR
Avg RRI| 60927 |57 | 4 |10.7| 7.7 |14.2| 10.2 |16.2| 11.7

MinRRI|[57.6| 4 | 3 | 55 (37.3| 235 |41.9| 26.4 |44.6| 28.1

B) PERIODIC TRAFFIC OF FIXED SIZE

Scenario | ReCR 25 veh/km 50 veh/km 100 veh/km
ReDR | IReDR | ReDR | IReDR | ReDR | IReDR

Single | 463 1oo06| o [o001| o [o003| o

traffic

Mixed | 55 | 01| o [o02] o |05 o

traffic
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Fig. 8. SPS performance in mixed traffic scenario with aperiodic traffic of
variable size, N = 1.

not be effective if the reservations that triggered a re-evaluation
detection are not finally used for transmitting a TB. In this case,
vehicles change resources to avoid a collision that never
happened, and we cannot guarantee when changing resources
that an undetectable collision will not happen in the newly
selected resources. In our analysis, 72% and 63% of the
resource reservations that triggered re-evaluation detections for
the average and minimum RRI strategies, respectively, were not
finally used for transmitting a TB under all evaluated vehicle
densities. The ineffectiveness of the re-evaluation mechanism
is reflected in the IReDR metric reported in Table Il.a., and
negatively impacts the PDR of the TBs for which at least a re-
evaluation has been detected (PDR-Re-evaluation in Fig. 8(d)).
Fig. 8(d) shows that the PDR of the TBs that perform a resource
replacement after a re-evaluation detection degrades compared
to the PDR measured when re-evaluation is not implemented.
We analyze now the impact of re-evaluations on SPS when
vehicles transmit periodic traffic of fixed size. Periodic traffic
of fixed size does not generate undetected collisions due to size

7 Using [18], we can estimate that around 30% of packets that trigger a
resource reselection would experience persistent collisions with 100 veh/km.

and latency reselections as it was the case of aperiodic traffic of
variable. The impact of these undetected collisions that are not
resolved by re-evaluation can be visualized in Fig. 9 which
compares the PDR with periodic traffic of fixed size and
aperiodic traffic of variable size for the same vehicular density
when re-evaluation is implemented. The figure clearly shows
how these undetected collisions reduce the PDR under
aperiodic traffic of variable size, and their impact increases with
the vehicular traffic.
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Fig. 9. PDR for periodic traffic of fixed size and aperiodic traffic of variable
size in single traffic scenario (N =1 and minimum RRI strategy). Similar
trends are observed in mixed traffic scenario and with the average RRI strategy.

Periodic traffic of fixed size can be affected by persistent
collisions that occur when various vehicles select the same
resources within overlapping selection windows’. These
persistent collisions cannot be detected by re-evaluation, since
re-evaluation cannot detect collisions between selected
resources as explained in Section 111.B. With periodic traffic of
fixed size, collisions persist until one of the vehicles depletes
its Reselection Counter and executes a resource reselection. We
should note that only TBs transmitted after the Reselection
Counter depletes are eligible for a re-evaluation check since
they are transmitted on selected resources. With RRI = 100 ms,
the Reselection Counter range is [5,15], and the ReCR is on
average equal to 10% for the single traffic scenario (see Table
I1.b); similar trends are observed for the mixed traffic scenario.
Out of the limited set of TBs that are eligible for a re-evaluation
check, a vehicle can only use re-evaluations to detect a collision
under the conditions illustrated in Fig. 5(a) (Section 111.B.1).
These conditions require that the reservation that causes the
collision is made by a vehicle in a 2-slot time interval just before
the generation of the TB. This unlikely condition results in the
low ratio of re-evaluation detections (ReDR) reported in Table
I1.b and the small impact of re-evaluation on the PCR in Fig.
10(a), where the impact of re-evaluation on SPS is reported in
the mixed traffic scenario for periodic traffic. Nevertheless, the
vehicles that did execute re-evaluation avoided the persistent
packet collisions generated by an initial collision between a
selected and a reserved resource. The avoided persistent packet
collisions affected on average the transmission of 5.65
consecutive TBs (100 veh/km, RRI = 100 ms). Fig. 10(b)
reports the PDR evaluated for the TBs over which a re-
evaluation was detected. Fig. 10(b) shows significant gains
compared to the performance obtained if re-evaluations were
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not implemented. In this case, re-evaluations were effective to
avoid the limited set of packet collisions detected with periodic
traffic of fixed size.
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Fig. 10. SPS performance in mixed traffic scenario for periodic traffic, 100
veh/km, N = 1. Similar trends are observed under the single traffic scenario.

We should note that the differences observed in Fig. 8 and
Fig. 10 when comparing the PCR, PDR, and PDR-Re-
evaluation with and without re-evaluation are exclusively due
to the impact of the re-evaluation mechanism?®. This is the case
because the other types of errors (half-duplex and propagation
errors) do not depend on the re-evaluation mechanism as visible
in Fig. 11. The figure reports the HDLR (Fig. 11(a)) and PLR
(Fig. 11(b)) metrics as a function of the transmitter-receiver
distance under the same conditions as Fig. 8(c)°. Fig. 11 clearly
shows that the same HDLR and PLR performance is
experienced whether re-evaluation is used or not. On the other
hand, re-evaluation impacts the probability of packet collision,
and hence the PCR and PDR. As a result, only the re-evaluation
mechanism is responsible for the differences observed when
comparing the performance of 5G NR V2X mode 2 with and
without re-evaluation.
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Fig. 11. HDLR (a) and PLR (b) for aperiodic traffic of variable size in the mixed
traffic scenario, 100 veh/km, N = 1.

VI. IMPACT OF RE-EVALUATIONS ON SPS WITH
RETRANSMISSIONS

This section evaluates the impact of re-evaluations on SPS
considering that each TB is transmitted twice (N = 2): an initial
transmission and a blind retransmission. When N = 2, SPS

8 We should note that the comparison with and without re-evaluation is
always done considering the same RRI selection strategy, number of
retransmissions, vehicular density, traffic type, and scheduling scheme.

® Fig. 11(b) shows that, as expected, the PLR increases with the distance
since the higher the distance the lower the received power levels. This trend

selects 2 candidate resources that are separated by less than 32
slots for the initial transmission and the retransmission (see
Section I1.A). In this case, the 1%-stage SCI transmitted with the
initial transmission of the TB announces the resources reserved
for the retransmission of the same TB and for the initial
transmission and retransmission of the next TB. As discussed
in Section 111.B.2), this results in additional situations in which
re-evaluation can detect collisions with respect to the case
without retransmissions (N=1). This includes possible
collisions between retransmissions, and between initial
transmissions and retransmissions.

Table 111 reports the performance metrics when N=2 and the
traffic is aperiodic and of variable size. The table shows that
retransmissions generate many more re-evaluation detections:
ReDR increases to more than 25% in the single and mixed
traffic scenarios compared to 10.7% when N =1 (see Table
I1.a). Traffic variability can still impact the initial transmission
of TBs when N=2. However, retransmissions do not generate
unutilized reservations or size and latency reselections as the
resources reserved for retransmissions always fit the
requirements of the retransmitted TB both in size and time. This
brings some stability to the operation of SPS which benefits the
operation of re-evaluation. In particular, reservations made to
transmit the retransmission of the same TB always hold a
transmission. In this case, re-evaluation detections are always
effective since they avoid an imminent collision. The conducted
simulations show that in the single traffic scenario more than
88% of the re-evaluation detections are triggered by
reservations made for the retransmission of the same TB. Since
re-evaluations are always effective in avoiding this collision,
the PDR for the packets that detected a re-evaluation (PDR-Re-
evaluation) significantly outperforms the PDR without re-
evaluation (Fig. 12(a)); this was not the case without
retransmissions (N=1) as shown in Fig. 8(d). Fig. 12(a) shows
that re-evaluations improve the PDR for both initial
transmissions and retransmissions that detected re-evaluations
when the single traffic scenario is considered; for example, the
improvement is equal to 53% and 70% when the Tx-Rx
distance is 300 m and the density is 50 veh/km. In the mixed
traffic scenario, reported in Fig. 12(b), less than 37% of the
detected re-evaluations are caused by reservations for the
retransmission of a TB (compared to more than 88% in the
single traffic scenario). The remaining re-evaluation detections
are triggered by reservations for the next TB. Reservations for
the next TB do not always hold a transmission in the reserved
resources and affect the effectiveness of the re-evaluation
mechanism. This explains the higher IReDR values in the
mixed traffic scenario compared to the single traffic scenario
(Table I11) as well as the lower positive impact of re-evaluation
in Fig. 12(b) compared to Fig. 12(a).

The obtained results show that re-evaluations are effective in
avoiding collisions on retransmissions. However, re-evaluation
can only improve the PDR with N=2 if: 1) both the initial

explains the shape of the PCR curve in Fig. 8(c) given that collision errors
exclude propagation and half-duplex errors. As a result, the higher the PLR, the
higher the number of TBs that are excluded in the PCR metric. In this case, the
PCR starts decreasing from the distance at which propagation errors become
the dominant source of errors.
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transmission and the retransmission experience a collision
(without re-evaluation, a packet is correctly received if just one
of the two transmissions is correctly received); 2) re-evaluation
can detect at least one of the two collisions; and 3) the resource
replacement is effective in avoiding a collision. For the single
traffic scenario, 20% and 26% of TBs experienced a collision
in their initial transmission and retransmission, and re-
evaluation detected at least one of them, for densities of 50
veh/km and 100 veh/km, respectively. Despite these non-
negligible percentages, Fig. 13(a) shows that re-evaluation does
not significantly improve the PDR. This is because the resource
replacements ultimately did not avoid a collision with aperiodic
traffic of variable size. We should not forget that following a
resource replacement, a vehicle selects a new resource and is
therefore prone to new potential undetected collisions.

For periodic traffic of fixed size, re-evaluation is again
effective in avoiding collisions. However, like for N=1, the
impact on the PDR is small because the fraction of TBs that
experience at least one re-evaluation detection (ReDR) is very
low (below 2%).

TABLE Ill. PERFORMANCE METRICS (IN %) OF SPS FOR APERIODIC TRAFFIC
OF VARIABLE SIZE WHEN N=2 (AVERAGE RRI STRATEGY)

. 25 veh/km | 50 veh/km | 100 veh/km
ScenarioReCRISRRILRRIURR 2 5 p Tl Re DRIReDRIReDRIReDRIREDR
Single
affic | 74|29 64| 3| 25 | 11 |303] 23 | 44 | 42
Mixed | 5o 3\ 99 |67 | 3 |288 | 152 | 31.1 | 15.7 | 29.8 | 14.9
traffic
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Fig. 12. PDR-Re-evaluation experienced by SPS for aperiodic traffic of variable
size when N = 2 (50 veh/km, average RRI strategy). Similar trends have been
obtained for other densities.

VIl. IMPACT OF RE-EVALUATIONS ON DS

Vehicles using the DS scheme always transmit the generated
TBs on selected resources when only one transmission per TB
is considered (N = 1). Collisions that occur between selected
(not reserved) resources do not trigger any re-evaluation
detection (Section 111.B). Re-evaluation has therefore no impact
or benefit when using DS with N = 1. We then analyze the
impact of re-evaluations on the DS when considering
retransmissions (N = 2), since retransmissions occur on
reserved resources and can trigger a re-evaluation detection.
This section considers aperiodic traffic of variable size.
However, we should note that the performance of DS does not
depend on the traffic pattern since DS selects new resources for
the initial transmission and the retransmission of every TB. This
also entails that DS does not experience any size reselections,
latency reselections, or unutilized reservations.
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Fig. 13. PDR experienced by mode 2 for aperiodic traffic of variable size
when N = 2, 50 veh/km (average RRI strategy for SPS scheme) in the
single traffic scenario. Similar trends have been obtained for other
densities.

Table IV reports the ratio of re-evaluation checks (ReCR) and
detections (ReDR) that characterize the DS in the different
settings considered in this work. Table IV shows that the ReCR
is equal to 96.6% in the single traffic scenario, i.e., a much
larger value with respect to its SPS counterpart in Table Il and
Table 111. Such an increase in the ReCR occurs because almost
every TB is transmitted on selected resources and is therefore
eligible for a re-evaluation check when the DS is considered.
This was not the case with SPS because TBs are transmitted on
selected resources only after an unutilized reservation or a
(counter, size, latency) reselection. Table IV also shows that DS
is characterized by fairly large ReDR values in the single and
mixed traffic scenarios. The ReDR values increase with the
vehicular density. A larger density increases the probability that
several vehicles select the same resources, and therefore
increases the number of potential collisions. With respect to its
single traffic counterpart, the ReCR decreases in the mixed
traffic scenario (similarly to the SPS case). During a reselection,
vehicles with a smaller RRI have a larger probability of
selecting resources that are not eligible for a re-evaluation
check (see Section I11.A). With DS, the mixed traffic scenario
does not experience additional re-evaluation detection
opportunities compared to SPS. As a result, a smaller ReCR
implies a reduction in the measured ReDR levels with respect
to the single traffic scenario (Table IV). Such ReDR reduction
is more evident at larger densities.

Fig. 14 depicts the impact of re-evaluations on the PCR when
using DS; the PCR is measured separately for the initial
transmission of a TB and its retransmission. Fig. 14(a) shows
that re-evaluation can improve the PCR of both initial
transmissions and retransmissions when the channel is lightly
loaded. The figure reveals that re-evaluations are more effective
in reducing the PCR experienced by retransmissions since
initial transmissions of a TB are accommodated over selected
resources and are more prone to experience undetected
collisions. This effect is more visible in Fig. 14(b) which
corresponds to the highest vehicular density. This figure shows
that re-evaluations can have a negative impact on the PCR of
initial transmissions under high channel loads whereas it
improves the PCR of retransmissions. Fig. 14 shows that the
vehicular density has an impact on the operation and
effectiveness of the re-evaluation mechanism, hence affecting
the system performance. For low vehicular densities, the re-
evaluation mechanism is able to select new collision-free
resources during the resource replacement phase, therefore
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avoiding the detected collisions and reducing the total number
of collisions. As the vehicular density increases, the number of
detected collisions augments, and so does the number of
resource reselections. This reduces the probability of selecting
collision-free resources after a re-evaluation and deteriorates
the effectiveness of the re-evaluation mechanism.

TABLE IV. PERFORMANCE METRICS (IN %) OF DS FOR APERIODIC TRAFFIC OF
VARIABLE SIZE WHEN N=2

Scenariol ReCR 25 veh/km 50 veh/km 100 veh/km
ReDR |IReDR| ReDR |[IReDR| ReDR |IReDR
Single | 966 | 221 | o | 377 | o | 547 | o0
traffic
Mixed | g2 | 204 | 0 | 343 | o | 471 | o©
traffic
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Fig. 14. PCR experienced by DS with aperiodic traffic of variable size in the
single traffic scenario when N=2.

With DS, re-evaluation detection is always effective, and re-
evaluation improves the PDR for the TBs for which at least a
re-evaluation has been detected (PDR-Re-evaluation).
However, the impact of re-evaluations on the PDR is limited
also in the DS case, as shown in Fig. 13(b): like for SPS, the re-
evaluation mechanism can improve the PDR only if both the
initial transmission of a TB and its retransmission experience a
collision and re-evaluation can detect at least one of them.
Despite the large ReDR values reported in Table 1V, this occurs
for only the 0.35%, 2.8% and 9.8% of the TBs for the 25
veh/km, 50 veh/km and 100 veh/km densities, respectively. In
addition, the impact of re-evaluation on the PDR is limited by
the accuracy of the resource replacement phase. As illustrated
in Fig. 14, the selection of collision-free resources during the
resource replacement phase is not guaranteed (especially when
the channel load is large) and vehicles are prone to experience
potentially undetected collisions after the resource replacement.

VIII.

This paper has presented a comprehensive analysis and
evaluation of the impact of the re-evaluation mechanism on the
operation and performance of NR V2X mode 2 sidelink
communications. The re-evaluation mechanism has been
introduced in 3GPP Release 16 standards to reduce packet
collisions. This study shows that the effectiveness of re-
evaluation to avoid collisions depends on the data traffic
patterns and mode 2 configurations. In particular, the study
shows that re-evaluation is effective in detecting collisions
when vehicles transmit periodic traffic of fixed size. However,
the impact on the performance of NR V2X mode 2 is small

CONCLUSIONS

since the number of packet collisions detected by re-evaluation
is low under periodic traffic of fixed size. The effectiveness of
re-evaluation can decrease under the presence of aperiodic
traffic of variable size because traffic variability increases the
probability of selecting new resources, and re-evaluation cannot
detect collisions on new selected resources. This is particularly
the case when there are no retransmissions. Without
retransmissions, re-evaluation can only detect collisions with
the SPS scheduling scheme. Vehicles using DS select new
resources for every TB, and re-evaluation cannot detect packet
collisions on new selected resources. With retransmissions, re-
evaluation can detect collisions for both SPS and DS scheduling
schemes since the retransmissions always take place on
reserved resources. Our study shows that re-evaluation is more
effective in detecting packet collisions with retransmissions,
even with aperiodic traffic of variable size. However, the
impact of re-evaluation on the performance of SPS and DS with
retransmissions is low since, without re-evaluation, a TB is
correctly received if just one of the two transmissions is
correctly received.

We performed additional simulations to explore mixed
scenarios in which some vehicles employ SPS while others use
DS. The outcomes and trends observed in these mixed scenarios
regarding the effectiveness of the re-evaluation mechanism
closely align with those discussed in Section Il and
quantitatively analyzed for SPS and DS. In fact, our
comprehensive analysis in Section Il primarily focuses on the
concepts of selected and reserved resources, and this remains
independent of the scheduling scheme employed by the
vehicles.

The results presented in this study serve as a reference to
understand when (scenario and mode 2 configurations) and how
re-evaluation is effective in detecting and avoiding collisions.
However, we should note that this study has demonstrated that
re-evaluation does not ultimately provide significant benefits
for NR V2X mode 2, and is not that effective in avoiding packet
collisions. The implementation of re-evaluation (currently
mandatory according to 3GPP standards) implies a significant
computational cost as a result of frequent re-evaluation checks
and resource reselections. It is therefore questionable whether
re-evaluation (in its current format) is beneficial for NR V2X
mode 2 sidelink communications.
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