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Abstract—Collective perception messages (CPMs) introduce
significant packet size variability due to dynamic object inclusion
and periodic security overhead. While 5G NR-V2X Mode 2
typically employs semi-persistent scheduling (SPS) designed for
periodic traffic with relatively stable packet sizes, the impact of
realistic CPM-driven size fluctuations on distributed resource al-
location remains insufficiently understood. This paper presents a
comparative system-level evaluation of NR-V2X Mode 2 schedul-
ing strategies under variable-size CPM traffic reconstructed from
real-world perception datasets. We analyze dynamic scheduling
and multiple SPS-based approaches, including padding-based
allocation, aggressive size-driven reselection, and modulation and
coding scheme (MCS) adaptation. Results show that packet size
variability can significantly degrade reliability when scheduling
stability is compromised. In particular, dynamic scheduling
and aggressive reselection increase collision probability due to
frequent resource reallocations. In contrast, SPS with padding
converges to a stable resource allocation and provides robust
performance, while MCS adaptation achieves the highest average
packet reception ratio but with uneven reliability across packet
types. The findings demonstrate that, under realistic CPM traffic,
stability of resource usage is more critical than instantaneous load
optimization, and provide design guidelines for CPS deployment
over NR-V2X Mode 2.

Index Terms—Road Safety, Connected Vehicles, Collective
Perception, Vehicular Networks, 5G NR-V2X.

I. INTRODUCTION

Vehicle-to-everything (V2X) communication is a key en-
abler of cooperative and automated mobility, extending sit-
uational awareness beyond the limits of on-board sensors.
cooperative-intelligent transport systems (C-ITSs) are evolving
from periodic status exchange toward services such as collec-
tive perception, where vehicles share information about de-
tected objects in their surroundings. By disseminating object-
level environmental data, the collective perception service
(CPS) supports enhanced safety and automated driving func-
tionalities that require awareness beyond line-of-sight [1]] [2].

Compared to early periodic awareness messages,
perception-driven traffic exhibits fundamentally different
characteristics. The amount of information to be transmitted
depends on the environment, traffic conditions, and sensor
observations, leading to packet sizes that vary over time and
across vehicles. These variations are structured rather than
random: consecutive transmissions are often temporally
correlated, reflecting the evolution of the perceived
scene. In addition, security procedures such as periodic

certificate transmissions introduce further, non-negligible size
fluctuations that directly affect the transport block.

5G New Radio (NR)-V2X sidelink Mode 2 has been
designed to support distributed V2X communication with-
out network assistance. In this mode, user equipment (UE)
autonomously selects and reserves time—frequency resources
based on channel monitoring and distributed resource ex-
clusion procedures. semi-persistent scheduling (SPS) is com-
monly adopted for periodic services, as it enables predictable
resource reuse and reduces contention. However, SPS implic-
itly assumes relatively stable packet sizes and transmission
periodicity. When packet size fluctuates between consecutive
transmissions, previously reserved resources may no longer
match the required transport block size. This mismatch can
trigger resource reselection or adaptation mechanisms, poten-
tially increasing collision probability and degrading reliability.

Many existing studies simplify this problem in opposite
directions. Some assume periodic traffic with constant or
quasi-constant packet sizes, aligning well with the design
assumptions of SPS [3]. Others model fully aperiodic traffic
with independent packet sizes, effectively considering worst-
case variability [4] [5]. Real perception-driven traffic lies
between these extremes: packet sizes evolve with temporal
structure and correlation, yet still exhibit significant dynamics
that may stress distributed resource allocation.

In this paper, we investigate how NR-V2X Mode 2 schedul-
ing performs under realistic variable-size traffic conditions.
Using collective perception messages (CPMs) [6] recon-
structed from object traces recorded by a vehicle driving
on a highway [7], we capture both temporally correlated
payload variations and periodic security-induced size fluctu-
ations. We conduct a comparative system-level evaluation of
multiple scheduling strategies, including fully dynamic per-
packet scheduling and different SPS-based implementation
choices such as padding-based allocation, aggressive size-
driven reselection, and modulation and coding scheme (MCS)
adaptation. We quantify their impact on reliability, resource
stability, and channel utilization, and demonstrate that frequent
resource reallocations triggered by packet size variability can
significantly degrade performance.

Our findings highlight that, under realistic CPM traffic,
scheduling stability is more critical than instantaneous load
optimization in distributed NR-V2X Mode 2 operation. These
results provide practical guidance for configuring NR-V2X
Mode 2 to support emerging cooperative perception services.
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II. VARIABLE-SIZE CPM TRAFFIC MODEL

To evaluate scheduling strategies under realistic perception-
driven traffic conditions, we reconstruct variable-size CPMs
from object traces recorded by a vehicle driving on a highway.
The dataset captures the dynamic evolution of the surrounding
environment, including the number and features of detected
objects over time [7]. Each trace sample contains object-
level information such as position, velocity, and classification,
which are encoded into CPM payload elements according to
the CPS message structure [0].

The resulting packet size depends primarily on the number
of objects included in each transmission. As traffic density
and scene complexity vary, the number of reported objects
fluctuates over time, leading to corresponding variations in
payload size. These variations are temporally correlated: con-
secutive transmissions often contain similar object sets with
incremental changes, reflecting the physical continuity of the
driving scenario. Therefore, packet size evolution exhibits
structured dynamics rather than independent random behavior.

In addition to object-dependent payload variability, secu-
rity procedures introduce further size fluctuations. Periodic
certificate transmissions add additional overhead to selected
packets, increasing the required transport block size at regular
intervals. This security-induced variability is superimposed on
the object-driven payload evolution and may cause abrupt
increases in packet size.

The overall packet size at transmission instant k£ can there-
fore be expressed as

Py :Pbase+NkP0bj +Psec,k7 (1)

where P, represents fixed header and management fields,
Ny, is the number of objects included in the message, Fop;
denotes the average contribution per object, and Py ; models
the periodic security overhead.

This modeling approach captures both temporally correlated
payload dynamics and periodic size spikes due to certificate
transmission.

Fig. 1. Camera frame from the scenario used for the study [7].

A. Temporal Evolution of Reconstructed CPM Sizes

Two representative portions of the highway dataset are
selected. The first corresponds to a non-congested traffic
condition, where the recording vehicle observes a limited
number of surrounding vehicles. The second corresponds to
a congested traffic condition, characterized by a significantly
larger number of perceived objects.
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Fig. 2. Packet size over time during a non-congested driving period.
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Fig. 3. Packet size over time during a congested driving period.

For CPM reconstruction, all detected objects in each frame
are included in the generated message. No object filtering or
relevance-based selection is applied. As a result, the recon-
structed packet size reflects the full perception load observed
in the dataset. In the non-congested highway scenario, CPMs
are generated with Ty, = 100 ms, while in the congested
scenario Ty, = 500 ms is adopted to reduce overall channel
load in the presence of a larger number of simultaneously
transmitting vehicles.

Figs. [2] and [3] illustrate the temporal evolution of the recon-
structed CPM packet size for both driving period scenarios.
Packet sizes are derived from the object count trace and
mapped to CPMs according to the size model described above.
In our reconstruction, Fp; = 16 bytes per object, while Pyage =
53 bytes aggregates fixed CPM and networking headers. The
security overhead is modeled as P € {231, 89} bytes,
with a full certificate transmitted once per second and a digest
included in intermediate messages.

For visualization and simulation input purposes, the re-
constructed CPM size is mapped to a valid NR transport
block (TB) size. This mapping assumes a reference MCS
equal to 12 and selects the smallest standardized TB size,
up to a maximum supported TB size of 1180 bytes under the
considered configuration. This reference mapping is used only
to obtain the effective Layer-2 packet size shown in the figures
and does not constrain the scheduling strategies evaluated later,
where MCS adaptation and resource allocation are explicitly
modeled.



Packet size variability arises from two main factors: (i)
perception dynamics, which determine the number of included
objects; and (ii) periodic security overhead, due to the periodic
certificate transmission.

For Tgen = 100 ms, the certificate appears once every ten
packets, producing sparse size spikes. For Tge, = 500 ms, ev-
ery second packet carries a certificate, leading to a pronounced
alternation between two packet size levels. In addition, vari-
ability is more pronounced in the congested scenario due to
the higher number of perceived objects.

These observations show that CPM traffic exhibits struc-
tured and temporally correlated packet size variations, de-
viating from the quasi-constant traffic assumptions typically
underlying semi-persistent scheduling.

III. NR-V2X MODE 2 OPERATION AND REACTION
MECHANISMS

A. Mode 2 Distributed Operation

NR-V2X Mode 2 enables distributed sidelink communica-
tion without network assistance. All User Equipments (UEs)
operate over a shared time—frequency resource pool and au-
tonomously select transmission resources based on channel
monitoring and distributed exclusion procedures. By decoding
sidelink control information conveying future reservations,
UEs keep track of resources that have been recently used or
explicitly reserved by neighboring nodes and exclude them
from subsequent selections. This mechanism improves spatial
reuse while maintaining predictable timing behavior.

Once selected, a resource may be used for a single trans-
mission or reserved periodically according to a configured
resource reservation interval (RRI), forming a semi-persistent
allocation. Under SPS, the same time—frequency resource is
reused across multiple transmission periods. To avoid persis-
tent conflicts, reselection is periodically triggered according
to probabilistic rules and counters, resulting in long phases
of allocation stability interspersed with occasional reselection
events. By limiting the frequency of simultaneous resource
selection operations across users, SPS enhances distributed
allocation predictability and reduces collision exposure.

B. Transport Block Size and Resource Coupling

A fundamental aspect of Mode 2 operation is the coupling
between reserved radio resources and the achievable TB size
at the MAC layer. In NR-V2X, resources are allocated on a
subchannel basis. For a given transmission, the maximum TB
size is determined by the number of allocated subchannels
together with the selected MCS.

Under SPS, a fixed number of subchannels is reserved and
reused across consecutive transmissions. For a given MCS,
this reservation defines a maximum supported TB size. SPS
therefore implicitly assumes that future packets will remain
within the TB range supported by the reserved subchannel
allocation.

When packet size increases beyond the supported TB size,
the allocation becomes insufficient. Conversely, when packet
size decreases, the reserved subchannels may become larger

than necessary. In both cases, packet size variability creates a
mismatch between the required payload and the capacity sup-
ported by the reserved subchannels, directly affecting spectral
efficiency and allocation stability.

C. Reaction Mechanisms to Packet Size Variations

When packet size varies relative to the reserved allocation,
the scheduler must react. The available reactions depend on
whether packet size increases beyond the supported TB size
or decreases below it.

1) Packet Size Increase: If the required TB size exceeds
the maximum size supported by the reserved subchannels
and current MCS, the UE must adapt its transmission. Two
principal options are available:

« Resource reselection: select a new time—frequency allo-

cation providing additional subchannels.

e« MCS increase (bounded): increase spectral efficiency
within the same subchannel allocation, provided that
channel conditions support the higher coding rate.

In practice, MCS increase is typically bounded by reliability
constraints, and a maximum MCS is configured to guarantee
a minimum target block error rate. As a result, the ability
to absorb packet size increases through MCS adjustment is
limited, and reselection often remains the dominant reaction.

2) Packet Size Decrease: If the packet requires fewer
resources than those reserved, additional flexibility exists:

« Resource reselection: reduce the allocation by selecting

fewer subchannels.

o Padding: retain the existing allocation and fill unused
resource elements with padding bits.

e MCS decrease: lower spectral efficiency within the same
subchannel allocation, increasing redundancy and link
robustness.

These reaction mechanisms are not strictly dictated by the
standard and represent implementation choices available to
system designers. The selection among them determines the
trade-off between resource efficiency, allocation stability, and
reliability.

The main reaction mechanisms considered in this work
are schematically illustrated in Fig. fi] The figure focuses on
representative cases of resource reselection, padding, and MCS
optimization under semi-persistent scheduling.

IV. SCHEDULING STRATEGIES CONSIDERED

Based on the reaction mechanisms described in the previous
section, we define the scheduling strategies evaluated in this
work as specific combinations of responses to packet size
variations.

A. Fully Dynamic Scheduling

In fully dynamic scheduling (DS), no semi-persistent reser-
vation is maintained. Resources are selected independently at
each transmission, inherently performing reselection for every
packet regardless of its size. While this approach maximizes
flexibility and naturally accommodates variable packet sizes,
it increases selection frequency and reduces allocation pre-
dictability.
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Excluded
resource

resource

B. SPS with Aggressive Reselection

This strategy employs SPS with an RRI-based reservation
but enforces reselection whenever packet size deviates from
the reserved allocation, either for increases or decreases. It
prioritizes instantaneous resource matching at the expense of
allocation stability.

C. SPS with Padding-Based Allocation

In this approach, reselection is triggered only when packet
size exceeds the reserved capacity. When packet size de-
creases, the allocation is maintained and unused capacity
is filled through padding. This strategy prioritizes allocation
stability over spectral efficiency.

D. SPS with MCS Adaptation

This strategy maintains the semi-persistent allocation when-
ever possible and selects the MCS on a per-packet basis within

the reserved subchannels, subject to an upper bound given
by a configured default (maximum) MCS. After each packet
generation, the scheduler starts from the default MCS and
reduces it to the lowest MCS that can accommodate the packet
within the reserved subchannels. As a result, the selected MCS
satisfies m < mger for all packets, but may fluctuate across
packets depending on packet size. Reselection occurs only
when the required TB size cannot be supported within the
reserved subchannels even at mger.

These strategies represent different trade-offs between al-
location flexibility, resource stability, and spectral efficiency
under distributed NR-V2X Mode 2 operation. Their impact
under realistic variable-size CPM traffic conditions is evalu-
ated in the following sections.

V. SYSTEM-LEVEL EVALUATION SETUP

A. Simulation Framework and Settings

The scheduling strategies described in Section IV are eval-
vated using the open-source WiLabV2XSim framework [8]],
extended to support distributed NR-V2X Mode 2 sidelink
operation with variable subchannel-based resource allocation,
enabling the number of allocated subchannels to adapt to
packet size. All UEs autonomously perform resource selection
within a shared sidelink bandwidth according to the sensing
and exclusion mechanisms described in Section III. No re-
transmissions are considered.

The transmission power is 23 dBm with a 3 dBi antenna
gain and a 9 dB noise figure. A 20 MHz channel with 30 kHz
subcarrier spacing is partitioned into 5 subchannels of 10
resource blocks each, with a slot duration of 0.5 ms. The
baseline MCS index is set to 12 (16-QAM, code rate =~ 0.43),
yielding a maximum transport block size of 1180 bytes. The
channel model follows the rural highway model defined in
ETSI TR 103 439. Semi-persistent strategies operate with
an RRI equal to the packet generation interval (Tge,) and a
keep probability Fieep = 0.8, while fully dynamic scheduling
performs resource selection at every transmission.

B. Road Scenario and Mobility Model

Simulations are conducted over an 8 km six-lane highway
(three lanes per driving direction). Vehicles are uniformly
distributed across lanes and move at constant speed.

Two traffic conditions are considered, corresponding to the
non-congested and congested portions of the dataset used for
CPM reconstruction:

« Non-congested highway: 50 vehicles/km with an aver-
age speed of 110 km/h.

o Congested highway: 150 vehicles’/km with an average
speed of 70 km/h.

In the simulated highway segment, these densities corre-
spond to 50 and 150 simultaneously active vehicles, respec-
tively.



C. CPM Traffic Generation

All vehicles periodically generate CPMs according to the
reconstruction methodology described in Section II. In the
non-congested scenario, the packet generation interval is set
t0 Tyen = 100 ms, whereas in the congested scenario Tye, =
500 ms is adopted to limit channel load under higher vehicle
density. The packet sizes reflect both object-driven payload
evolution and periodic security-related overhead.

Since a single per-scenario perception trace is available
for each traffic condition, the same temporal sequence of
detected objects is used across vehicles. To avoid artificial
synchronization and preserve temporal correlation properties,
each vehicle is assigned a random starting point within the
trace. Upon reaching the end of the trace, the sequence is
replayed in reverse order, alternating forward and backward
playback for the duration of the simulation. This approach
maintains temporal structure while introducing inter-vehicle
variability in packet sizes.

D. Performance Metrics

The performance of each scheduling strategy is evaluated
using the following metrics:

« Packet reception ratio (PRR): the average ratio between
the number of vehicles correctly decoding a packet at
a given distance from the transmitter and the overall
number of vehicles at the same distance;

o Channel busy ratio (CBR): the fraction of subchannels
in the resource pool for which the sidelink-received signal
strength indicator (S-RSSI) measured by the vehicles
exceeds a threshold of —88 dBm;

o Reassignment rate: average number of resource rese-
lection events per vehicle per unit time, used to quantify
allocation stability.

VI. PERFORMANCE EVALUATION

We now compare the scheduling strategies defined in
Sec. [[V] under the realistic variable-size CPM traffic model
described in Section II and the simulation setup of Section V.
The results highlight how packet size variability interacts with
distributed resource allocation in NR-V2X Mode 2.

For reference, we also evaluate SPS with fixed packet size,
where the transport block size is set to the average CPM size
observed in each scenario. This configuration represents the
idealized case of periodic traffic with constant packet size,
matching the design assumptions typically associated with
semi-persistent scheduling.

Table |l summarizes the average packet size, CBR, average
number of allocated subchannels, and reassignment rates under
both traffic conditions.

A. Impact on Communication Reliability

Fig. [B] and Fig. [] show the PRR as a function of commu-
nication distance for the different scheduling strategies.

Fully DS consistently exhibits the lowest reliability across
both traffic conditions. Since resources are reselected for
every transmission, allocation stability is minimal and collision
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Fig. 6. PRR as a function of distance in the congested scenario

probability increases, particularly at medium communication
ranges.

SPS with aggressive reselection improves instantaneous
resource matching by adapting the allocation whenever packet
size deviates from the reserved footprint. In the non-congested
scenario, this approach achieves slightly better performance
than DS due to improved resource utilization. However, when
traffic density increases, the higher reassignment rate (Table [[)
leads to significant allocation churn, and reliability degrades
to levels comparable to DS. This confirms that aggressive
resource reallocation becomes detrimental in dense scenarios.

The padding-based SPS strategy achieves more stable per-
formance across both traffic conditions. By maintaining pre-
viously reserved resources whenever possible, it significantly
reduces reassignment frequency and limits collision exposure.
Despite potential resource underutilization, the improved allo-
cation stability translates into higher PRR.

SPS with MCS adaptation maintains semi-persistent reser-
vations while adjusting spectral efficiency within the reserved
subchannels. This strategy avoids unnecessary reselection and
achieves reliability close to the padding-based approach, with
slight improvements in certain operating points.



TABLE I
PERFORMANCE METRICS UNDER NON-CONGESTED AND CONGESTED

SCENARIOS.

Pkt. CBR AVE Reass. Size
Policy Size [B] [%] Subch. /s Reass./s

Non-congested scenario
SPS (Fixed, 350 B) 350 21 200 024 0.00
SPS — Padding 308 24 260 034 0.12
SPS — Aggressive Resel. 308 21 2.09 1.27 1.11
SPS — Adapt MCS 308 24 260 0.34 0.12
DS 308 20 209 992 0.00
Congested scenario

SPS (Fixed 800 B) 800 18 4.00 0.06 0.00
SPS — Padding 708 19 419 0.09 0.04
SPS — Aggressive Resel. 708 16 3.63 1.38 1.36
SPS — Adapt MCS 708 19 419 0.09 0.04
DS 708 16 3.63 1.99 0.00

B. Allocation Stability and Channel Load

The reassignment rate reported in Table [I| clearly reflects the
stability differences among strategies. DS performs reselection
at every transmission, while aggressive reselection shows a
reassignment rate proportional to packet size fluctuations.
Padding and MCS adaptation significantly reduce reassign-
ment frequency, preserving allocation continuity.

The measured CBR remains broadly comparable across
strategies. DS and aggressive reselection exhibit slightly lower
CBR values, particularly in the congested scenario. However,
this reduction does not correspond to improved reliability.
Instead, it is primarily caused by increased transmission
overlaps and collisions, which prevent successful resource
usage. Therefore, lower measured CBR in these cases reflects
inefficient channel usage rather than better spatial reuse.

These observations reinforce that allocation stability, rather
than instantaneous resource matching, plays a dominant role
in distributed performance.

C. Impact of MCS Adaptation

SPS with MCS adaptation adjusts spectral efficiency within
the reserved subchannels while preserving the semi-persistent
allocation. Compared to aggressive reselection, it maintains
low reassignment rates and achieves the highest average PRR
among the evaluated strategies, particularly in dense condi-
tions. The performance improvement primarily stems from the
increased redundancy applied to smaller packets when a lower
MCS is selected. These packets benefit from enhanced robust-
ness without requiring additional subchannels. However, larger
packets, which typically determine the reserved allocation size,
are often transmitted at the default MCS and do not benefit
from MCS adaptation. Therefore, the reliability gains are
not uniform across all packet instances. Since larger packets
frequently carry security certificates, their successful reception
is essential for validating subsequent messages. Even if smaller
packets are received at longer distances due to stronger coding,
they may be discarded if the corresponding certificate was not
successfully decoded. Consequently, the practical benefit of

MCS adaptation may be partially constrained by application-
layer dependencies.

D. Discussion

Across all evaluated scenarios, the results consistently show
that DS performs worst due to continuous resource reselection.
Aggressive reselection can offer moderate gains in low-density
scenarios but becomes counterproductive as traffic density
increases. In contrast, strategies that minimize reassignment
frequency, such as padding-based SPS and MCS adapta-
tion, achieve more robust performance. By preserving semi-
persistent reservations whenever possible, these approaches
limit the number of distributed selection events and reduce
collision exposure.

Packet size variability alone does not inherently degrade
reliability. Rather, the instability induced by frequent re-
source reallocation is the dominant factor affecting perfor-
mance. While MCS adaptation achieves reliability close to the
padding-based strategy and can improve the average PRR, its
benefits may be limited by the end delivery of larger packets
carrying security credentials.

VII. CONCLUSION

This paper investigated the impact of realistic variable-size
CPM traffic on distributed NR-V2X Mode 2 scheduling. Using
perception traces reconstructed from highway driving data,
we evaluated fully dynamic scheduling and multiple semi-
persistent strategies under identical system conditions.

The results demonstrate that packet size variability degrades
performance primarily when it induces frequent resource
reallocations. Conversely, strategies that preserve allocation
stability, such as padding-based semi-persistent scheduling,
provide more robust reliability in distributed operation. While
MCS adaptation can improve average performance, its benefits
may depend on the interplay between coding robustness,
higher-layer validation mechanisms and the end delivery of
larger packets carrying security credentials. carrying security
credentials.

Overall, our findings indicate that maintaining stable semi-
persistent resource reservations is generally more beneficial
than aggressively optimizing resource matching for each
transmission. These insights provide practical guidance for
configuring NR-V2X Mode 2 to support emerging cooperative
perception services characterized by structured and temporally
correlated traffic variability.
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