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ABSTRACT V2X (Vehicle to everything) communications can be currently supported by standards based on
IEEE 802.11p (e.g. DSRC or ITS-G5) or LTE-V2X (also known as Cellular V2X or C-V2X) technologies.
There has been an intense debate in the community on which technology achieves best performance.
However, existing studies do not take into account the variability present in the generation and size of
V2X messages. This variability can significantly impact the operation and performance of the Medium
Access Control (MAC). This study progresses the state of the art by conducting an in-depth evaluation
of both technologies under different message traffic patterns. In particular, we consider aperiodic and
periodic messages of constant or variable size based on the standardized ETSI Cooperative Awareness
Messages (CAMs). This study considers different scenarios and possible configurations of IEEE 802.11p
and LTE-V2X. We demonstrate that IEEE 802.11p can better cope with variations in the size and time
interval between messages. We also demonstrate (and characterize) that the LTE-V2X sensing-based
semi-persistent scheduling faces certain inefficiencies when transmitting aperiodic messages of variable
size. These inefficiencies result in that IEEE 802.11p generally outperforms LTE-V2X when transmitting
aperiodic messages of variable size except when the channel load is very low.

INDEX TERMS LTE-V2X, C-V2X, cellular V2X, IEEE 802.11p, ITS-G5, DSRC, comparison, aperiodic,
variable size, CAM.

I. INTRODUCTION
V2X (Vehicle to Everything) communications are fundamen-
tal for next generation active traffic safety and management
applications. V2X communications will extend the awareness
range of connected and automated vehicles with information
received from neighboring vehicles, the infrastructure or vul-
nerable road users. Most V2X applications currently rely on
broadcasting basic awareness messages (sometimes referred
to as beacons). These messages include CAMs (Cooperative
Awareness Messages) specified by ETSI or BSMs (Basic
Safety Messages) specified by SAE. These messages include
basic information such as the position, speed or direction of
the transmitting vehicle.
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There are currently two main technologies to support first
generation V2X communications. IEEE 802.11p was the first
V2X technology and is the basis of the DSRC (Dedicated
Short Range Communications) and ITS-G5 (specified in
Europe by ETSI) standards. There has been extensive testing
and trialing worldwide of IEEE 802.11p-based V2X com-
munications and applications. The Third Generation Partner-
ship Project (3GPP) standardized a competing standard under
Release 14 and Release 15 based on an adaptation of LTE
(Long Term Evolution) for vehicular scenarios. The technol-
ogy is known as LTE-V2X or Cellular V2X (C-V2X) and is
based on the PC5 or sidelink LTE radio interface. This inter-
face allows direct V2V (Vehicle to Vehicle) or V2I (Vehicle to
Infrastructure) communications without transferring the data
over the cellular network. IEEE 802.11p and LTE-V2X are
not interoperable so vehicles will not be able to communicate

121526 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 8, 2020

https://orcid.org/0000-0003-4846-0674
https://orcid.org/0000-0003-3234-5719
https://orcid.org/0000-0003-0064-0772
https://orcid.org/0000-0002-1382-0679


R. Molina-Masegosa et al.: Comparison of IEEE 802.11p and LTE-V2X: An Evaluation With Periodic and Aperiodic Messages

with each other if they implement different technologies. This
has raised an intense debate on the technology that should be
deployed. The debate is not exclusively based on technical
aspects but also on regulatory and business ones [1], [2]. This
includes for example the allocation of the spectrum (mainly
on the ITS 5.9 GHz band) and the capacity to evolve and
maintain backwards compatibility with deployed first gener-
ation V2X equipment. The social and economic relevance of
V2X and the challenges faced if deploying non-interoperable
V2X technologies requires a careful evaluation of both tech-
nologies under realistic conditions. These evaluations are
necessary to support regulatory and business decisions for the
best public interest.

Several studies have compared IEEE 802.11p and
LTE-V2X. For example, the study reported in [3] presents
a complete comparison at the link level. The study shows that
LTE-V2X can improve the link budget over IEEE 802.11p
by around 7 dB and increase the communication range and
reliability at the link level. A complete comparison of both
technologies requires though an evaluation at the system
level. This is particularly relevant in the case of direct V2X
communications if vehicles autonomously select their radio
resources. In this case, the design of the MAC (Medium
Access Control) can significantly impact the final perfor-
mance, especially as V2X networks scale. It has already
been proven that the MAC of both IEEE 802.11p [4] and
LTE-V2X [5] are prone to packet collisions when the channel
load increases. Several studies ([2], [6]–[10]) have compared
the performance and configuration of IEEE 802.11p and
LTE-V2X at the system level. However, existing studies
generally consider a simplified traffic model for generating
messages. This model was proposed in 3GPP for the evalua-
tion of LTE-V2X [11] but does not follow any of the vehicular
standards that define how messages should be generated.
The model generates messages periodically, and messages
have one or two possible sizes. ETSI and SAE define in [12]
and [13], respectively, when awareness messages (CAMs
and BSMs) should be generated and what should be their
content and size. Several OEMs demonstrated experimentally
in [14] that CAMs are not generated periodically and their
size constantly varies. The time interval between messages
and their size can significantly influence the operation and
performance of the MAC in distributed environments where
vehicles autonomously select their radio resources. In this
context, this study advances the state of the art with an
in-depth comparison at the system level of IEEE 802.11p
and LTE-V2X mode 4 when considering aperiodic messages
of variable size that are generated following the ETSI CAM
standard. The study focuses on LTE-V2Xmode 4 since it does
not require cellular infrastructure support and is hence the
baseline mode for ubiquitous active traffic safety. The study
also analyses how different message patterns (i.e. periodic or
aperiodic and of constant or variable size) can affect IEEE
802.11p and LTE-V2X. This includes evaluating different
possible configurations of IEEE 802.11p and LTE-V2Xunder
various traffic densities. The study demonstrates that the

sensing-based semi-persistent scheduling scheme defined in
LTE-V2X faces significant challenges when handling ape-
riodic messages and messages of variable size. This study
demonstrates that these challenges cannot be resolved with
different configurations of LTE-V2X, and IEEE 802.11p
outperforms LTE-V2X as the network scales. In particular,
IEEE 802.11p achieves better performance under medium
and high traffic densities, i.e. when the MAC has a higher
impact on the final performance than the physical layer. The
study demonstrates that IEEE 802.11p can better cope than
LTE-V2X with aperiodic messages and messages of variable
size.

II. V2X TECHNOLOGIES
A. IEEE 802.11p
IEEE 802.11p is an evolution of IEEE 802.11a for
vehicular communications. IEEE 802.11p uses an OFDM
(Orthogonal Frequency Division Multiplexing)-based
physical (PHY) layer with a channel bandwidth of 10 MHz.
IEEE 802.11p uses the same modulation and coding schemes
as IEEE 802.11a. It supports data rates ranging from 3 to
27Mbps using coding rates 1/2, 2/3 or 3/4 (convolutional cod-
ing) and BPSK (binary phase shift keying), QPSK (quadra-
ture phase shift keying), 16-QAM (16-quadrature amplitude
modulation) or 64-QAM modulations.

The IEEE 802.11p basic access method is the Distributed
Coordination Function (DCF) of IEEE 802.11 that is known
as Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA). In CSMA/CA, a node has to sense the radio
channel before transmitting a packet. The node will not trans-
mit if another node is using the channel. If the channel is
sensed as idle, the node can start its transmission. If the chan-
nel is sensed as busy, the node defers its transmission until the
end of the current transmission. The radio channel is sensed
as busy when the vehicle detects a signal with a received
power strength higher than the Clear Channel Assessment
(CCA) threshold. The CCA threshold must be higher than
the receiver’s sensitivity level (or sensing power threshold).
At the end of the channel busy period, the node waits for
a backoff time to minimize collisions during contention
between multiple nodes that also deferred their transmission.
This time is calculated for each packet by multiplying the
parameter aSlotTime and an integer number that is randomly
selected in the interval [0,CW]; CW is referred to as the
Contention Window. The standard sets CW = aCWmin =
15 and aSlotTime = 13µs for transmitting broadcast packets
in 10 MHz channels. The node decreases the backoff time
when it senses idle the channel. The node can start its trans-
mission when its backoff time reaches zero.

The capture effect can improve the performance of
IEEE 802.11 technologies [15] and it is implemented in
many chips. It allows a node to stop receiving a packet if it
detects a new packet with significantly higher signal strength.
To this aim, the node continuously monitors the received
signal strength while in reception mode. If there is suddenly
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a sharp increase (e.g. by 10 dB), the receiver stops decoding
the packet it was receiving and starts decoding the new packet
that is received with higher signal strength. If the capture
effect is not implemented, the node will not be able to receive
and decode the new packet with higher signal strength and
this packet would generate interference. The capture effect
can have a strong impact on vehicular networks due to the
hidden terminal problem. It is also particularly useful to
improve the packet reception probability at short distances.

B. LTE-V2X
LTE-V2X can operate with 10 MHz or 20 MHz chan-
nels. LTE-V2X utilizes a time-frequency resource structure
(Fig. 1) similar to that of LTE. The time is structured into
1ms sub-frames that contain 14OFDMsymbols. The channel
bandwidth is divided in Resource Blocks (RBs) of 180 kHz
each. Each RB ismade of 12OFDM sub-carriers separated by
15 kHz each. RBs within the same sub-frame are organized
into sub-channels. LTE-V2X defines different Modulation
and Coding Scheme (MCS) using turbo coding and QPSK
or 16-QAM. In LTE-V2X, the data and control information
are encapsulated in Transport Blocks (TBs) and Sidelink
Control Information (SCI), respectively. TBs are transmit-
ted over Physical Sidelink Shared Channels (PSSCH) and
SCIs over Physical Sidelink Control Channels (PSCCH) [16].
A TB contains a full packet and can occupy one or more
sub-channels depending on the MCS and the number of RBs
per sub-channel. Each SCI is associated to a TB and occupies
2 RBs. An SCI contains important information to decode a
TB, for example, the utilized MCS, the RBs used to transmit
the TB or information related to the reserved sub-channels
for the following transmission. The SCI must be correctly
received to be able to decode its associated TB. A TB and
its associated SCI must be transmitted in the same sub-frame
as illustrated in Fig. 1.

FIGURE 1. LTE-V2X channelization (adapted from [10]).

LTE-V2X can operate underMode 3 or mode 4. InMode 3,
the cellular base station (or eNB) selects and manages the
sub-channels for the direct communication between vehicles.
In mode 4, vehicles autonomously select their sub-channels.
Vehicles operating under mode 4 need to utilize a common
set of parameters so that they can communicate with each
other. These parameters include, among others, the number of

sub-channels per sub-frame and the number of RBs per sub-
channel [17]. These parameters are not fixed by the standard.
They can be pre-configured, e.g. using the default values
defined by ETSI [18]. Alternatively, they can be configured
by the cellular network when vehicles are under cellular
coverage.

In LTE-V2X mode 4, vehicles utilize the sensing-based
Semi-Persistent Scheduling (SPS) scheme [16], [19] defined
in Release 14 to autonomously select their sub-channels. This
scheduling scheme is sensing-based and is used by vehicles
to identify and select sub-channels that are not occupied by
other vehicles. To this aim, the scheduling scheme includes
a semi-persistent reservation process that vehicles utilize to
notify neighboring vehicles of the selected and reserved sub-
channels. In particular, vehicles use the Resource Reservation
Interval (RRI) included in the SCI to inform neighboring
vehicles when they will utilize the reserved sub-channel(s)
for their next transmission. A vehicle that uses a given
sub-channel to transmit its current TB (and its associated SCI)
at time t will use the RRI to notify nearby vehicles that it
plans to use the same sub-channel for its next transmission at
t+RRI. The RRI is then used to prevent other vehicles from
utilizing the same sub-channel(s). The RRI can be configured
equal to 20 ms, 50 ms, 100 ms or any multiple of 100 ms. The
3GPP standard does not fix a value of the RRI and its config-
uration is up to UE (User Equipment) implementation [19].
The configuration of the RRI has an important impact on the
operation of the sensing-based SPS scheme. Its value should
be adapted as much as possible to the characteristics of the
messages that vehicles must transmit.

Vehicles use the selected sub-channel(s) for a number of
consecutive Reselection Counter transmissions. Reselection
Counter is randomly selected between 5 and 15 for RRI =
100 ms (or any multiple of 100 ms). Reselection Counter is
decremented by one after each transmission, and a new value
must be selected every time a vehicle must reserve new sub-
channel(s). New sub-channel(s) must be reserved if at least
one of the following conditions is satisfied:
• New sub-channel(s) must be reserved with probability
(1 − P) if the Reselection Counter reaches 0. P can be
configured between 0 and 0.8. Increasing P augments
the probability to maintain selected sub-channel(s) for
longer periods of time. This provides a more stable sens-
ing environment. However, increasing P also augments
the probability for persistent packet collisions between
two vehicles that select the same sub-channel(s) [20]. If a
vehicle does not maintain the current reservation when
Reselection Counter reaches 0, it notifies other nodes by
setting the RRI in the SCI equal to 0.

• New sub-channel(s) must be reserved if the new packet
or TB does not fit in the reserved sub-channel(s).

• New sub-channel(s) must be reserved if the current
reservation cannot satisfy the latency deadline of a new
packet. This happens if the time until the next reserved
sub-channel(s) is higher than the latency deadline of the
new packet.
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The process to select and reserve new sub-channel(s) is
referred to as reselections. To select new sub-channel(s) at
time T , the ego vehicle executes the following three steps of
the sensing-based SPS scheme:
• Step 1. The ego vehicle identifies first the Candidate
Single-Subframe Resources (CSRs) within the Selection
Window. The Selection Window (Fig. 1) is the time
period between T and the latency deadline of the incom-
ing packet (equal or lower than 100 ms [16]). A CSR
is a group of adjacent sub-channels within the same
sub-frame where the new SCI+TB to be transmitted fits.

• Step 2. The ego vehicle excludes the identified CSRs
that it estimates will be used by other vehicles. To this
aim, the ego vehicle senses the transmissions from
other vehicles during the so-called Sensing Window.
The Sensing Window is the time period that includes
the last 1000 sub-frames before T (Fig. 1). A CSR
is excluded if the two following conditions are met:
1) the ego vehicle has received an SCI from another
vehicle indicating that it will utilize this CSR in the
current Selection Window or at the same time as the
ego vehicle will need it to transmit any of its following
Reselection Counter transmissions; 2) the ego vehicle
excludes a CSR if its average Reference Signal Received
Power (RSRP) measured over the TB associated to the
corresponding SCI is higher than a given threshold. The
RSRP threshold is a configurable parameter. The ego
vehicle builds a list L1 with all the CSRs that have not
been excluded. L1 must include at least 20% of all CSRs
in the SelectionWindow. Otherwise, Step 2 is iteratively
executed increasing the RSRP threshold by 3 dB at each
iteration until the 20% target is met.

• Step 3. The ego vehicle builds a list L2 with the
CSRs included in L1 that have the lowest average RSSI
(Received Signal Strength Indicator) over all its RBs.
This RSSI value is averaged over all the previous TCSR-
TIPI ·j sub-frames where TIPI = 100 ms. The total
number of CSRs in L2 must be equal to 20% of all CSRs
in the Selection Window. The ego vehicle randomly
selects a CSR from L2 to transmit its new packet, and it
maintains the selection for its next Reselection Counter
transmissions. We refer to the selected CSR as selected
sub-channel(s) in the rest of the paper.

III. IMPACT OF MESSAGE VARIABILITY ON THE
OPERATION OF THE LTE-V2X MODE 4 MAC
This study investigates the impact of different message traffic
patterns on the operation and performance of IEEE 802.11p
and LTE-V2X mode 4. In particular, the study analyses
the impact of variable time intervals between messages and
message sizes. Section IV presents the message generation
models that are utilized for the numerical evaluation of this
impact. This section discusses qualitatively the impact that
messages of variable size and time intervals can have on
the LTE-V2X mode 4 MAC. The section focuses the dis-
cussion on LTE-V2X mode 4 because IEEE 802.11p has a

simpler but more flexible MAC. IEEE 802.11p does not have
a time-frequency structure like LTE-V2X. It also does not
utilize a semi-persistent reservation of resources. In IEEE
802.11p, nodes can access the channel at any time if they
sense that the channel is free. A node senses the channel prior
to transmission for every packet (i.e. there is no reservation).
This process is independent of the message size. As a result,
the IEEE 802.11p MAC is not really affected by the size of
the messages and whether messages are periodic or aperiodic.
This is not the case of LTE-V2X since it uses a pre-defined
time-frequency structure that conditions the access to the
channel as well as the size of packets that can fit in a con-
figured sub-channel. In addition, LTE-V2X semi-persistently
reserves the selected sub-channels. This reservation might
not be utilized if messages are generated aperiodically. All
these aspects are discussed in detail in this section and are
numerically quantified in Section VI.

A. RESELECTIONS IN SENSING-BASED SPS
In LTE-V2X mode 4, a vehicle might reselect its sub-
channel(s) when Reselection Counter is equal to 0 (it depends
on P). Reselections can generate packet collisions since
neighboring vehicles will not be aware of the new selected
sub-channel(s) until the next TB is transmitted. The number
of reselections increases with the traffic density, and the
probability of packet collisions increases with the number
of reselections. This is illustrated in Fig. 2 that represents
the time-frequency structure in LTE-V2X. Fig. 2.a depicts a
scenario where two vehicles reselect sub-channels at two dif-
ferent time instants Tresel1 and Tresel2. Their transmissions can
collide if their Selection Windows overlap and they select the
same sub-channel(s) in the timewindowwhere the two Selec-
tion Windows overlap. If this happens, the collisions will
persist until at least one of the two vehicles reselects new sub-
channels. The probability of packet collision increases when
the number of vehicles reselecting sub-channels increases
since there is a higher probability that Selection Windows
overlap. This is visible in Fig. 2.b where a third vehicle (V3)

FIGURE 2. Reselections in LTE-V2X and probability of packet collisions.
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reselects its sub-channels at Tresel3 and its Selection Window
overlaps with that of V1 and V2. This can generate additional
packet collisions between V3 and V1 and between V3 and V2.

B. ADDITIONAL RESELECTIONS
Reselections originated by the depletion of Reselection
Counter are part of the sensing-based SPS scheme and
are hence independent of the message traffic patterns.
However, variations in the size of messages (and the cor-
responding TBs) or the time between messages can gen-
erate additional reselections before Reselection Counter is
depleted. For example, a reselection will occur when a new
message has a bigger size than the previous message and
it does not fit in the previously reserved sub-channel(s).1

We refer to this as a size reselection. Size reselections are
illustrated in Fig. 3 that represents a scenario where a vehicle
generates a first message (or TB) at TG1 and reserves two
sub-channels for its transmission at TR1. The next message
generated at TG2 is bigger and does not fit in the two reserved
sub-channels at TR2. The vehicle must then reselect new
sub-channels to transmit the new message.

FIGURE 3. Reselection of sub-channel(s) due to variations in the size of
messages.

Variations in the time between messages can also force
additional reselections that we refer to as latency reselections.
This depends on the strategy to select the RRI and on the time
interval between messages. In particular, additional reselec-
tions can occur when sub-channel(s) are reserved with an RRI
larger than the minimum time interval between messages or
TBs. This scenario is illustrated in Fig. 4 where a vehicle
generates a first TB at TG1 and reserves two sub-channels
for its transmission at TR1. The selected sub-channels are
reserved at TR2 = TR1+RRI (RRI = 200 ms in Fig. 4) for
transmitting the next TB. Let’s suppose that the next TB
is generated at TG2 and has a latency deadline of 100 ms.
The vehicle must then transmit the TB before TG2+100 ms.
If (TG2+100 ms) < TR2, the vehicle is forced to reselect new
sub-channels to transmit the TB before the latency deadline
even if Reselection Counter is not depleted.

1A reselection does not occur if the new message is smaller than the
previous message. In this case, some RBs of the selected and reserved sub-
channel(s) will be left unused when transmitting the smaller message.

FIGURE 4. Reselection of sub-channel(s) due to variations in the
time-interval between messages.

C. UNUTILIZED RESERVATIONS
Reselections due to variations in the size of messages and
the time interval between messages can leave previously
reserved sub-channel(s) unutilized. However, other vehicles
will still think that these sub-channel(s) are reserved and
will not consider them as candidate sub-channels. This is
visible in Fig. 3 and Fig. 4. In these figures, the reservation
of sub-channels at TR2 is unutilized because other vehicles
believe these sub-channels are still reserved by the trans-
mitting vehicle even though this vehicle had to select new
sub-channel(s) at TG2. We refer to this problem as unutilized
reservations. Unutilized reservations negatively impact the
performance since they effectively reduce the capacity as the
number of available sub-channels for other vehicles to select
is reduced. This increases the risk of packet collisions when
the network load augments.

It should be noted that reselections resulting from depleting
the Reselection Counter do not generate unutilized reser-
vations. Vehicles transmit their RRI in the SCI associated
to a TB. The vehicles that receive the SCI know which
sub-channels the transmitting vehicle will utilize to transmit
its next TB thanks to the RRI. Before transmitting the last
TB that depletes the Reselection Counter, the transmitting
vehicle evaluates 1 − P to decide if it maintains the current
reservation or selects new sub-channels. If new sub-channels
must be reserved, the RRI is set equal to zero to announce
neighboring vehicles that the transmitting vehicle will select
new sub-channel(s) for transmitting the following TB. This
frees the sub-channel(s) currently utilized by the transmitting
vehicle, and these sub-channels can be used by other vehicles
thereafter. A vehicle that must reselect its sub-channel(s)
before Reselection Counter is depleted due to variations in
size or time interval of TBs does not set RRI to zero in its
last transmission since it cannot anticipate that it would have
to reselect new sub-channel(s) for its next TB. As a result,
it cannot inform neighboring vehicles that it will not utilize
the previously reserved sub-channels.

Reservations can also be left unutilized even if there are no
additional reselections. This can occur if the time between
messages or TBs is larger than the RRI. This scenario is
illustrated in Fig. 5.a where a vehicle Va generates a first TB
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FIGURE 5. Unutilized reservations.

at TG1 and reserves two sub-channels for its transmission at
TR1. The vehicle reserves the same sub-channels at TR2 =
TR1+RRI. However, the next TB is generated at TG2 and
TG2 > TR2. The complete reservation announced for TR2
(using the SCI in the first TB) is then left unutilized and all
other vehicles cannot use these sub-channels since they are
reserved (even if unutilized) by the transmitting vehicle. The
vehicle Va transmits the TB generated at TG2 using the same
sub-channels at TR3 (assuming TG2 + latency_deadline >
TR3). However, the vehicle has not announced the reservation
of the sub-channels at TR3 since it did not transmit a SCI
(with the corresponding RRI) at TR2. Other vehicles believe
then that the sub-channels at TR3 are free. Transmitting the
second TB at TR3 can generate packet collisions with other
vehicles that are reselecting sub-channels and may select the
sub-channels used by Va at TR3. This depends on when these
other vehicles generate their TB and select new sub-channels.
If they do so before TR2 (Fig. 5.b), they will exclude as
candidate sub-channels the empty reservation from Va at TR2
since they believe that these sub-channels are going to be used

by Va. This is illustrated in Fig. 5.b where a second vehicle
Vb generates a first TB at TbG. The vehicle launches then the
process to select sub-channels before TR2 and excludes the
sub-channels reserved by Va at TR2 from its list of candidate
sub-channels. Vb will then select different sub-channels than
Va for its first TB and will reserve them for the next TB.
There is then no risk of collision between Va and Vb. The
risk of collision exists if Vb generates its TB at TbG > TR2
(Fig. 5.c). In this case, Vb believes that Va will not use the
sub-channels at TR3 sinceVa did not transmit an SCI (and TB)
at TR2 indicating the reservation using the RRI. Consequently,
Vb considers that the sub-channels used by Va at TR3 are
available, and a collision would exist if after applying the
sensing-SPS scheme Vb selects for its transmissions any of
the sub-channels used by Va at TR3.

D. UNUSED SUB-CHANNEL(S)
Variations in the size of TBs can also result in unused sub-
channels even if this variation does not generate an additional
reselection. This can occur if the new TB is smaller than
the reserved sub-channels. In this case, there will be no
additional reselection but some of the reserved sub-channels
will be left unused and other vehicles cannot utilize them
since they are reserved. This reduces again the number of
available sub-channels and increases the risk of packet col-
lisions with the network load. This scenario is illustrated
in Fig. 6 where a vehicle generates a first TB at TG1 and
reserves four sub-channels for its transmission at TR1. The
next TB is generated at TG2 and only needs two of the four
sub-channels. The other two sub-channels are still reserved
but left unused by the transmitting vehicle. Other vehicles
cannot utilize them since they are reserved by the transmitting
vehicle.

FIGURE 6. Unused sub-channels due to variations in the size of TBs.

IV. MESSAGE GENERATION MODELS
The previous section has shown that the LTE-V2X mode
4 MAC can experience certain challenges when handling
aperiodic messages and messages of variable size. It is
then important to analyze how different message traffic pat-
terns affect the operation and performance of LTE-V2X and
IEEE 802.11p. This section presents the message generation
models that have been implemented to conduct this study.
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The study focuses on basic awareness messages that are
constantly broadcasted by vehicles and support a wide range
of V2X applications. These messages include basic infor-
mation about the transmitting vehicle such as its position
or speed. We consider different types of models to generate
awareness messages. This goes from simple models that gen-
erate messages periodically and of constant size to models
that generate messages following the ETSI CAM standard.
Different models are considered to analyze the performance
under periodic and constant size messages and also under
aperiodic messages of variable size. This is done so that our
study is not constrained to a specific standard (in particu-
lar, the ETSI CAM standard) and our conclusions provide
indications for different message types. The implemented
models are described in the following sub-sections and their
characteristics are summarized in Table 1.

TABLE 1. Message generation models.

A. SIMPLIFIED MODEL
Many of the studies reported to date consider simple message
generation models that do not implement specific standards
such as CAM or BSM. Many studies consider a constant
message size of 200 Bytes and periodic messages. This is for
example the case of the IEEE 802.11p studies reported in [4]
and [21] as well as the LTE-V2X studies in [22] and [23].
We have implemented this simplified message generation
model for comparison. Our implementation considers mes-
sages of constant size (200 Bytes) with a fixed time between
messages of 100 ms or 200 ms.

B. 3GPP MODEL
We have also implemented the message generation model
utilized by the 3GPP during the LTE-V2X standardization
process [11]. This model considers periodic messages with
a constant time between messages equal to 100 ms. The
model considers two message sizes as follows: four out of
five consecutive messages have a constant size of 190 Bytes
and the fifth message has a size of 300 Bytes. This pattern
is repeated periodically. This model is commonly utilized in
the literature to evaluate the performance and efficiency of
LTE-V2X (e.g. [24], [25]).

C. EMPIRICAL CAM MODEL
The two previous models are simple but do not generate
messages following any specific vehicular message stan-
dard such as CAM or BSM. To adequately evaluate the
operation and performance of IEEE 802.11p and LTE-V2X,
it is necessary to consider models that generate messages
following vehicular standards. To this aim, this study focuses
on CAMs that have been specified by ETSI in [12]. CAM
messages (or CAMs) are generated at the Facilities layer of
the ETSI ITS Communications Architecture. Their format
and generation rules are defined by ETSI in [12] and are inde-
pendent of the underlyingwireless technology (IEEE 802.11p
or LTE-V2X). The generation of CAMs is based on the
mobility of the transmitting vehicle. A vehicle checks every
T_CheckCamGen≤100 ms how much its position, speed and
heading has changed since it generated its last CAM. The
vehicle generates a new CAM if its position has changed
more than 4 m, its speed has changed more than 0.5 m/s
or its heading has changed more than 4◦ [12]; the speed
and heading variations are computed as absolute values.
A CAM is also generated if the time elapsed since the last
generated CAM is equal to or higher than 1 s. It should
be noted that the time between CAMs is variable and a
multiple of T_CheckCamGen. In particular, the time between
CAMs depends on the mobility of vehicles, and vehicles
will generate more CAMs per second when their speed or
acceleration is higher. Current CAM generation rules estab-
lish that CAM messages are not necessarily periodic. In fact,
the measurements reported in [14] show that it is unlikely that
the time between consecutive CAMs is constant for more than
3 CAM messages, except when the vehicle is stopped.

The size of CAM messages is not constant either. A CAM
includes one ITS PDU header, one basic container and
one high frequency container [12]. The basic container
includes information about the transmitting vehicle such as its
position. The high frequency container contains dynamic
information such as the acceleration, heading or speed of the
transmitting vehicle. Optionally, a CAM can also include one
low frequency container and one special vehicle container.
The size of each CAM depends on the optional containers
and the optional data elements included in each container. For
example, the high frequency container is mandatory but its
size is variable because 7 of its 16 data elements are optional.
Security certificates also have an impact on the amount of
data that is finally transmitted and they are not included in
all CAMs [14]. The size of CAMs is therefore variable and
depends on the vehicular context and the implementation (e.g.
how the vehicle’s path history is coded in the optional low
frequency container) [14].

An accurate evaluation of IEEE 802.11p and LTE-V2X
requires the use of a CAM generation model that accurately
represents the variation in size and time between messages
included in the CAM format and generation rules specified
by ETSI. To this aim, this study utilizes a realistic CAM
generation model presented in [26]. This model was derived
from a set of empirical measurements collected by twoOEMs
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that implemented the ETSI CAM standard in their on-board
units. The traces were captured in real driving conditions in
a highway scenario close to Gifhorn (Germany). The model
produces CAMmessages with variable size and time between
messages following the mobility-based rules specified in
ETSI. In particular, we utilize the Volkswagen-Highway
empirical model reported in [26] and provided open-source
by the authors. We refer to this model as the Empirical
CAM model. This model was created by the authors from
the analysis of real traces presented in [14] and collected by
Volkswagen in highway scenarios. The traces were collected
with equipment implementing the CAM standard, in particu-
lar the CAM Facilities layer C2C-CC profile 1.3 [14]. The
model is based on mth order Markov sources and models
the size of CAMs and the time interval between CAMs.
The model is able to capture the cross-correlation present
between the size of each CAM and the time interval to the
next CAM as demonstrated in [26]. The model also models
the correlation existing between the current CAM and the
previous five CAMs [26]. The model follows the CAM stan-
dard and therefore checks every T_CheckCamGen whether a
CAM message should be generated. T_CheckCamGen was
set equal to 100 ms during the trials where the traces were
collected. CAMs were then generated at multiples of 100 ms
at the Facilities layer. However, a random jitter was observed
(with zero mean and standard deviation of 3.235 ms) due
to several factors including the time needed to process and
encode the CAMs, and the time spent in executing other tasks
on the hardware. Consequently, CAMs were not sent down
to the lower layers at multiples of 100 ms. This jitter is also
included in the model. The study in [26] demonstrates that
the Empirical CAMmodel is able to generate CAMmessages
with sizes and time intervals between CAMs that accurately
mimic the empirical traces described in [14]. The traces were
collected under realistic highway traffic conditions where
vehicles accelerate, decelerate, change lanes, enter/leave the
highway, etc. TheEmpirical CAMmodel allows us generating
CAMs with the variability resulting from the application
of ETSI standards in real driving conditions such as those
in [14]. It is important to emphasize the high variability of
the size of CAMs and the time between CAMs present in
the traces and modeled in the implemented Empirical CAM
model. This variability is illustrated in Fig. 7 and Fig. 8.
Fig. 7 plots a sample of the traces collected by Volkswagen
in a highway and presented in [14]. The sample shows the
variability of the size of CAMs and the time between CAMs.
Fig. 8 plots the PDF (Probability Density Function) of the
CAM sizes and time intervals between CAMs from the traces
collected in the trials. The figure clearly shows that CAM
messages are not periodic and their size is not constant. The
implemented Empirical CAM model accurately matches the
variability illustrated in Fig. 7 and Fig. 8. Modelling this
variability is critical to accurately evaluate the performance of
IEEE 802.11p and LTE-V2X in realistic conditions when
implementing ETSI standards. The variability present in the
generation of CAMs can impact differently IEEE 802.11p

FIGURE 7. Sample of the empirical traces presented in [14] and collected
by Volkswagen in a highway.

FIGURE 8. PDF of the size of CAMs and the time intervals between CAMs
obtained from the traces collected and presented in [14].

and LTE-V2X since they implement different MAC pro-
tocols. Reference [14] also presents traces collected by
Volkswagen in urban scenarios. These traces show that CAM
messages exhibit variability in size and time interval as
observed in highway scenarios. This variability is at the
origin of the results and trends presented in this paper. The
conclusions derived for highway scenarios could hence also
be extended to urban scenarios.

D. EMPIRICAL SEPARATE MODELS
The Empirical CAM model allows analyzing how
IEEE 802.11p and LTE-V2X handle the transmission of
aperiodic messages of variable size generated following the
ETSI CAM standard. It is also interesting to understand
which effect (variable size or time between messages) has
a higher impact on the operation and performance of both
V2X technologies. To this aim, we utilize variations of the
Empirical CAM model (see Table 1) where we fix one of
the parameters (size or time between messages) and the
other parameter is modelled following the principles of the
Empirical CAM model. These separate models are also pre-
sented in [26]. We refer to as Empirical-size the model
that fixes the time interval between CAMs and models the
variability of the size of CAMs. Similarly, we refer to as
Empirical-time the model that fixes the size of CAMs and
models the variability present in the time between CAMs.
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V. SIMULATION ENVIRONMENT
We use simulations to compare IEEE 802.11p and LTE-V2X
mode 4. In particular, we use the Veins simulation frame-
work that integrates the network simulator OMNET++ and
the road traffic simulator SUMO. We have implemented
the LTE-V2X mode 4 radio interface following the 3GPP
standards [27]. The implementation was validated in [28].
We have also evolved the IEEE 802.11p radio interface avail-
able in OMNET++ to include the capture effect. In addition,
we have implemented over OMNET++ all the CAM gener-
ation models previously described.

A. SIMULATION SCENARIO
This study considers a 5km highway scenario. Statistics are
only collected from vehicles located in the center 2km to
avoid border effects.Wemodel four different traffic densities:
• 60 veh/km. In this case, the scenario has 3 lanes in each
driving direction and the vehicles’ speed is 140 km/h.
This scenario corresponds to the Highway Fast scenario
defined by the 3GPP in [11].

• 120 veh/km. This scenario has 3 lanes per driving direc-
tion but the vehicles’ speed is 70 km/h due to the higher
traffic density. This scenario corresponds to theHighway
Slow scenario defined by the 3GPP in [11].

• 200 veh/km. This scenario has 3 lanes per driving direc-
tion and the vehicles’ speed is 70 km/h.

• 400 veh/km. This scenario considers 5 lanes per driving
direction and the vehicles’ speed is 70 km/h.

All four scenarios correspond to a service level C according
to the Highway Capacity Manual [29], i.e. vehicles can drive
with speeds close to the free flow speed but freedom to
maneuver within the traffic stream is restricted.

B. CONFIGURATION OF IEEE 802.11p AND LTE-V2X
IEEE 802.11p and LTE-V2X are configured to operate over
a 10 MHz channel in the 5.9 GHz frequency band. Follow-
ing the 3GPP simulation guidelines in [11], we model the
pathloss using the WINNER+ B1 model with an antenna
height of 1.5 m for transmitter and receiver. The shadowing
effects are modeled using a log-normal distribution with zero
mean and a standard deviation of 3 dB. Spatial shadowing
correlation is modeled following the 3GPP guidelines in [11],
with a decorrelation distance of 25 m. The PHY layer per-
formance of IEEE 802.11p and LTE-V2X is modeled using
BLER (Block Error Rate)-SINR (Signal to Interference plus
Noise Ratio) curves from [3] where both technologies are
evaluated under the same conditions (including the fast fading
model specified in [30]). The curves in [3] report a better PHY
layer performance of LTE-V2X compared to IEEE 802.11p;
LTE-V2X requires around 3 dB less SINR to achieve the
same BLER performance than IEEE 802.11p. Simulations
are also conducted using the same PHY layer performance
(in particular, the one for LTE-V2X) for both technologies.
The objective is to analyze how the two technologies compare
if the IEEE 802.11p PHY layer performance is significantly
improved as claimed in [31].

IEEE 802.11p and LTE-V2X are configured to transmit
at 23 dBm and use the same Modulation and Coding
Scheme (QPSK with coding rate of 0.5, i.e. MCS 6 in the
case of LTE-V2X). However, different sensitivity levels are
considered for each technology. Simulations have been con-
ducted using the minimum sensitivity levels defined in the
corresponding standards: −90.4 dBm for LTE-V2X [32] and
−85 dBm for IEEE 802.11p [33]. Simulations have also
been conducted with better sensitivity levels corresponding
to those achieved by commercial devices or prototypes; these
values are used as baseline in this study. In particular, we uti-
lize for LTE-V2X the sensitivity level of the prototype in [34]:
−103.5 dBm. For IEEE 802.11p, we consider a sensitivity
level of −92 dBm that can be easily reached by commercial
devices [35].

Two important parameters to be configured in IEEE
802.11p are the Capture Effect and Clear Channel Assess-
ment (CCA) thresholds. The capture effect is generally imple-
mented in IEEE 802.11 chipsets [15]. The minimum increase
in received signal strength to abandon the current frame and
start receiving a new frame (capture effect threshold) is nor-
mally set to 10 dB [15]. Fig. 9 shows the impact of the capture
effect on the PDR (Packet Delivery Ratio) of IEEE 802.11p.
The figure has been obtained considering the Empirical CAM
model and two traffic densities. The figure clearly shows
that the capture effect significantly improves the reliability
of IEEE 802.11p, especially at short distances. The capture
effect is then modeled in this study given its widespread
implementation and the positive effect on the performance
of IEEE 802.11p. The impact of the CCA on the PDR of
IEEE 802.11p is shown in Fig. 10. The figure shows that
the lower the CCA threshold, the higher the PDR. We then
configure in our study the CCA threshold 0.5 dB higher than
the sensitivity level (minimum standard value or commercial
reference) used in IEEE 802.11p.

FIGURE 9. PDR of IEEE 802.11p with and without capture effect.

We configure LTE-V2X with 5 sub-channels per sub-
frame following the ETSI recommendations in [18]. Each
sub-channel has 10 RBs and we consider the adjacent
PSCCH-PSSCH configuration (i.e. a TB and its associated
SCI are transmitted in adjacent RBs). Table 2 shows the num-
ber of sub-channels needed to transmit CAMs of different
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FIGURE 10. PDR of IEEE 802.11p with different CCA threshold values.

TABLE 2. Sub-channels per packet size in LTE-V2X.

sizes considering the configured sub-channelization and the
use of MCS 6 (i.e. QPSK with coding rate of 0.5). The
reported CAM sizes correspond to those used in the different
CAM message generation models.

The RSRP threshold has been configured with a low
value (−140 dBm) so that the sensing-based SPS scheme
excludes all sub-channels for which an SCI from another
vehicle is correctly received. Reference [20] showed that
this is the best configuration of the RSRP threshold since
Step 2 of the sensing-based SPS scheme is more effective
than Step 3 in excluding the sub-channels that are more
likely to experience high interference levels. The conclusions
in [20] were achievedwith the Simplifiedmodel and the 3GPP
model. We have replicated the analysis presented in [20]
with the simulation conditions of this study and with all
different message generation models. The same conclusions
as in [20] have been obtained with the Simplified model
and the 3GPP model: the best performance is achieved with
a low value (−140 dBm) of the RSRP threshold. This is
visible in Fig. 11 that shows the PDR achieved with different
values of the RSRP threshold, two traffic densities and the
Simplified model. The analysis conducted with the Empirical
CAM model has shown that in this case the lowest value of
the RSRP threshold (−140 dBm) does not always achieve
the best performance. This is due to the challenges experi-
enced by LTE-V2X under the presence of aperiodic messages
of variable size. These challenges affect the efficiency of
Step 2 of the Sensing-Based SPS to adequately exclude the
sub-channels that are more likely to experience high interfer-
ence levels. Our analysis has shown that the optimum value of
the RSRP threshold depends on the traffic density. However,
the differences observed between the different values of the

FIGURE 11. Impact of the RSRP threshold with the simplified model.

RSRP threshold are small and not significant. This is visible
in Fig. 12 that plots the PDR achieved with different values
of the RSRP threshold, two traffic densities and the Empir-
ical CAM model. The figure also shows that the differences
observed are so small that the selection of the RSRP threshold
does not affect the comparison between LTE-V2X and IEEE
802.11p. We have set the RSRP threshold to −140 dBm
considering the trends observed for the different models and
densities.

The probability P to maintain the same sub-channel(s)
when the Reselection Counter is depleted is set equal to
0 following [20]. Increasing P does not significantly improve
the performance but can produce packet collisions that persist
over longer periods of time. However, we also analyze in
this study P = 0.8 to verify that the trends are confirmed
for different values of P. LTE-V2X is configured without
packet retransmissions since they tend to overload the chan-
nel and reduce performance. Nevertheless, we also analyze
the impact of packet retransmissions for low traffic densities
where the risk to overload the channel is smaller.

A key parameter in the configuration of LTE-V2X is the
selection of the RRI. In this study, we set the RRI equal
to the time interval between messages when this interval is
constant (e.g. in the Simplified model and the 3GPP model).
However, to the authors’ knowledge, there is no study that
has identified the optimum value of the RRI, or the optimum
method to configure the RRI, when the time between mes-
sages is not constant. In this case, we propose and evaluate the
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FIGURE 12. Impact of the RSRP threshold with the empirical CAM model.

performance of LTE-V2X considering three different strate-
gies to configure the RRI:
• Strategy 1: RRI is fixed and equal to 100 ms since
100 ms is the minimum time interval between CAMs.

• Strategy 2: RRI is fixed and equal to 200 ms since
200 ms and 400 ms are the most frequent time intervals
between CAMs in the traces used to create the Empirical
CAMmodel (72% of the transmissions used one of these
two time intervals).

• Strategy 3: RRI is set equal to the time interval of the
last CAM generated. This strategy is chosen since it
was observed for 50% of the transmissions recorded in
the empirical traces that the following time interval was
equal to the previous one.

C. METRICS
The performance and operation of IEEE 802.11p and
LTE-V2X is compared using several metrics. The perfor-
mance is mainly estimated by means of the Packet Delivery
Ratio (PDR) and the Packet Inter-Reception (PIR). The PDR
is the average ratio of packets correctly received to the total
number of transmitted packets. It is represented as a function
of the distance between the transmitting and receiving vehi-
cles. The PIR is the time between two consecutive packets
(transmitted by the same vehicle) that are correctly received.
The PIR is used to monitor errors resulting from persistent
packet collisions. To this aim, we represent the PIR as a
cumulative distribution function (CDF) of all transmissions

between vehicles that are at a maximum distance of 100 m.
This short distance is chosen to be able to observe errors
resulting from persistent packet collisions. Choosing larger
distances would also include errors resulting from propaga-
tion effects and it will be more challenging to observe the
impact of persistent packet collisions.

We also estimate the average ratio of packets lost due to
propagation errors and packet collisions.2 These ratios are
also shown as a function of the distance between transmit-
ting and receiving vehicles. The metric Propagation error
estimates the average ratio of packets lost because they are
received with a signal strength below the sensitivity level or
because the SNR (Signal to Noise Ratio) is too low to cor-
rectly decode the packet. ThemetricCollision error estimates
the average ratio of packets lost due to packet collisions. This
error occurs when packets collide and a packet cannot be
correctly decoded because the SINR is too low due to the
interference generated by other vehicles. For IEEE 802.11p,
this metric also includes the packets that a receiver discards
because it is receiving at the same time another packet and
the capture effect threshold is not surpassed.

Another important metric is the Channel Busy Ratio
(CBR). This metric is used to estimate the channel load.
In IEEE 802.11p (Fig. 13.a), it is computed as the ratio of
time that the channel is sensed as busy (i.e. the RSSI is
higher than the CCA threshold). In LTE-V2X (Fig. 13.b),
the CBR is the ratio of sub-channels that experience an RSSI
higher than a threshold to the total number of sub-channels
in the observation time window. For IEEE 802.11p, the RSSI
threshold is set up 0.5 dB higher than the sensitivity level.

FIGURE 13. Estimation of the CBR.

We also compute metrics to quantify the challenges expe-
rienced by the LTE-V2X mode 4 sensing-based SPS scheme
when transmitting aperiodic messages of variable size. In par-
ticular, we compute the following metrics:
• Counter reselection ratio. Ratio of messages for which
there is a reselection due to the depletion of the Reselec-
tion Counter to the total number of messages generated.

• Size reselection ratio. Ratio of messages that produce
a size reselection to the total number of messages
generated.

2We also estimated the percentage of packet lost due to half duplex errors
and the loss of the SCI in LTE-V2X. Few packets were lost due to these types
of errors in the conducted simulations, and we omit them in this study.
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• Latency reselection ratio. Ratio of messages that pro-
duce a latency reselection to the total number of mes-
sages generated.

• Total reselection ratio. Ratio of messages that produce a
reselection (counter, size or latency) to the total number
of messages generated. It should be noted that this ratio
is not equal to the sum of the other three ratios since
it is possible that a message generates several types of
reselections and this is counted as a single reselection
when computing the total reselection ratio.

• Ratio of unused sub-channels. Average ratio of unused
sub-channels in the reserved sub-channels used to trans-
mit a message or TB.

• Ratio of unutilized reservations. Average ratio of
reservations that are completely left unutilized (i.e.
no sub-channels in the reservation are used) to the total
number of reservations. This metric only accounts for
unutilized reservations that are not due to an additional
reselection since additional reselections are already con-
sidered in the size and latency reselection ratios.

VI. COMPARISON OF IEEE 802.11p AND LTE-V2X
A. PERIODIC MESSAGES
The performance of IEEE 802.11p and LTE-V2X is first
compared considering periodic messages using the Simplified
model and the 3GPP model. Fig. 14 compares the PDR
achievedwhenmessages are periodic and of constant size (i.e.
Simplified model in Section IV.A). Messages are generated
every 200 ms so LTE-V2X is configured with the second
strategy to select the RRI (i.e. RRI = 200 ms). The results
are depicted for four traffic densities and have been obtained
considering the baseline parameters specified in Section V.B.

Fig. 14.a shows that under low traffic densities LTE-V2X
outperforms IEEE 802.11p. Low traffic densities generate a
low channel load (Table 3 ). When the channel load is low,
the MAC has a low impact on the PDR compared to the
physical layer. This is actually visible in Fig. 15 that shows
the percentage of packets lost due to packet collisions and
propagation errors.3 The figure shows that most packet errors
under low traffic densities are due to propagation effects.
Under low traffic densities, only a few packets are lost due
to packet collisions.

The figure also shows that IEEE 802.11p increases the
percentage of packets lost due to propagation errors compared
to LTE-V2X since LTE-V2X has a better physical layer in the
selected baseline configuration. This explains why LTE-V2X
outperforms IEEE 802.11p at medium and large distances.
IEEE 802.11p achieves a slightly higher PDR at short dis-
tances thanks to the capture effect. LTE-V2X suffers some
packet collisions at short distances even if the traffic density
is low. These collisions are caused by the reselections that
are part of the sensing-based SPS scheme and that can occur

3Fig. 15 does not represent the percentage of LTE-V2X packets lost due
to half-duplex errors or an incorrect reception of the SCI since they were
negligible.

FIGURE 14. PDR experienced with periodic messages (every 200 ms) of
constant size (simplified model).

when several vehicles select new sub-channels around the
same time because their Reselection Counter reached zero
(Fig. 2). The counter reselection ratio is equal to 0.1 in
this scenario.4 This type of collisions is particularly present
between vehicles at short distances since these vehicles will

4Reselection Counter is randomly selected between 5 and 15. The average
value is then 10, i.e. a reselection due to the depletion of Reselection Counter
for 1 out of every 10 packets.
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FIGURE 15. Percentage of packets lost due to propagation and collision
errors when messages are periodic and of constant size (simplified
model).

sense similar RSRP and RSSI levels at all sub-channels when
executing the sensing-based SPS scheme. Vehicles at short
distances might then select the same sub-channels in their
lists L2 (Section II.B) which increases the risk of packet
collisions. This effect is analyzed in detail in [28].

Fig. 14 shows that IEEE 802.11p and LTE-V2X see their
PDR degrade when the load increases. The degradation
observed for IEEE 802.11p is due to the increase of the CBR
(Table 3 ) that augments packet collisions due to the hidden
terminal problem. This is visible in Fig. 15 that shows how
the percentage of packets collisions increases with the load
for IEEE 802.11p. LTE-V2X is also prone to the hidden
terminal effect since SPS is sensing-based. This is reflected
in Fig. 15 that also shows how packet collisions increase
with the traffic density (and channel load) for LTE-V2X
as well. However, the increase is higher for LTE-V2X that
sees its performance degrade more strongly under the highest
traffic densities (Fig. 14.d). This is the case because packet
collisions in LTE-V2X are not only caused by the hidden
terminal effect but also by the reselections that are part of
the sensing-based scheme. These reselections can occur when
Reselection Counter is depleted. The risk of packet collisions
due to these reselections increases with the traffic density as
discussed in Section III.A and illustrated in Fig. 15. This is
why packet collisions increase more with the traffic density
for LTE-V2X than IEEE 802.11p even for periodic messages
of constant size.

Fig. 14 has been obtained considering the Simplified model
for the generation of messages. This model creates periodic

FIGURE 16. PDR experienced with periodic messages of two sizes
(3GPP model).

messages of constant size. Fig. 16 compares the PDR
achieved when considering the 3GPP model for two traf-
fic densities. This model does not abide to any particular
V2X standard (e.g. ETSI or SAE standards) and creates
periodic messages of two possible sizes. The time interval
between messages has been set constant and equal to 200 ms.
LTE-V2X is then configured with the RRI equal to 200 ms.
Fig. 14 and Fig. 16 cannot be directly compared because
different traffic models result in different average CBR levels
even for the same traffic density.5 However, the same trends
are observed for the two figures under low traffic densities,
i.e. LTE-V2X outperforms IEEE 802.11p (except for short
distances) due to the better physical layer. Fig. 16 shows
a higher degradation than Fig. 14 for LTE-V2X compared
to IEEE 802.11p under a traffic density of 200 veh/km.
In fact, IEEE 802.11p outperforms LTE-V2X except for
large distances (again due to higher impact of the physi-
cal layer at large distances). The difference is not due to
the different CBR levels but mainly to the introduction of
two message sizes with the 3GPP model. As explained in
Section III.B, variable message sizes introduce additional
reselections. These additional reselections increase the risk of
packet collisions in LTE-V2X as the traffic density increases.
For the 3GPP model, the size reselection ratio is equal to
0.062 and the counter reselection ratio is equal to 0.084.6 The
3GPP model results in a total reselection ratio of 0.146 com-
pared to 0.1 for the Simplified model that only experiences
reselections due to the depletion of the Reselection Counter.
The risk of packet collisions increases with the number of
reselections when the traffic density augments. The 3GPP
model also results in an average ratio of unused sub-channels
equal to 0.307. Unused sub-channels reduce the efficiency of
LTE-V2X when transmitting messages of different sizes that
require a different number of sub-channels.

5The 3GPP model results in a CBR equal to 0.13 and 0.131 for LTE-V2X
and IEEE 802.11p when the density is 60 veh/km. These values increase to
0.395 and 0.41 respectively. The 3GPP model results in slightly higher CBR
levels than the Simplified model due to the introduction of a larger message
size.

6This value is not equal to 0.1 because if a new sub-channel(s) is
selected for a message of small size when Reselection Counter is depleted,
the selected sub-channel(s) will not be maintained for all following Reselec-
tion Counter transmissions since a message of bigger size will be generated
before the counter is depleted and an additional reselection will be necessary.
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B. APERIODIC MESSAGES OF VARIABLE SIZE
Fig. 17 compares the PDR achieved by IEEE 802.11p and
LTE-V2X when transmitting aperiodic messages of variable
size using the Empirical CAMmodel (Section IV.C). It should
be reminded that the Empirical CAM model generates CAM
messages following the ETSI standard. Fig. 17 has been
obtained under the same simulation conditions as Fig. 14.

FIGURE 17. PDR experienced with aperiodic messages of variable size
(Empirical CAM model).

However, Fig. 17 includes the evaluation of the different
strategies to select the RRI since messages are aperiodic with
the Empirical CAM model.

Fig. 17.a and Fig. 14.a show that similar trends are
observed with both models under low traffic densities.
LTE-V2X outperforms IEEE 802.11p at medium and
large distances due to its better physical layer. However,
IEEE 802.11p slightly outperforms LTE-V2X at short dis-
tances due to the capture effect and the reselections embedded
in the design of the LTE-V2X sensing-based scheme that
affect vehicles at short distances.

Fig. 17 shows that the PDR also degrades when the load
increases. However, the comparison of Fig. 17 and Fig. 14
shows that the degradation is significantly higher for
LTE-V2X than IEEE 802.11p when messages are aperiodic
and of variable size (Empirical CAM model) compared to
when messages are periodic (Simplified model and 3GPP
model). In fact, Fig. 17 shows that IEEE 802.11p significantly
outperforms LTE-V2X when the traffic density (and channel
load) increases under the presence of aperiodic messages.
The higher degradation with the load observed in Fig. 17
(Empirical CAMmodel) than in Fig. 14 (Simplifiedmodel) for
LTE-V2X compared to IEEE 802.11p is due to the significant
impact of aperiodicmessages of variable size on the operation
and performance of LTE-V2X. This impact is smaller on
IEEE 802.11p. IEEE 802.11p is mainly affected by the hid-
den terminal problem when the load increases independently
of whether messages are periodic or aperiodic and whether
they are of constant or variable size. On the other hand,
LTE-V2X is affected by the hidden terminal problem and the
challenges explained in Section III when handling aperiodic
messages of variable size. The effect of these challenges is
visible when comparing Fig. 18 and Fig. 15. The comparison
shows that the difference in terms of percentage of packets
lost due to collisions between LTE-V2X and IEEE 802.11p
increases more with the load when messages are aperiodic
than when they are periodic. Periodic messages only generate
reselections due to the depletion of the Reselection Counter.
These reselections are also present with aperiodic messages
of variable size. However, aperiodic messages of variable
size also generate the additional reselections explained in
Section III.B. The risk of packet collisions increases for
LTE-V2Xwith the load when the total number of reselections
increases. This number is higher with aperiodic messages
of variable size than with periodic messages. In addition,
variations in the size of messages or the time interval between
messages increase the number of unused sub-channels and
unutilized reservations. This also increases the risk of
packet collisions since it reduces the number of available
sub-channels and hence increases the probability that two
vehicles will select the same sub-channel(s). All these factors
are analyzed in detail in the next sub-section. These factors
explain why LTE-V2X experiences more packet collisions
than IEEE 802.11p, and why packet collisions increase more
in LTE-V2X with aperiodic messages of variable size than
with periodic messages. It should be noted that the increase of
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FIGURE 18. Percentage of packets lost due to propagation and collision
errors when messages are aperiodic and of variable size (empirical CAM
model).

packet collisions in LTE-V2X when messages are aperiodic
explains why a lower CBR is measured in LTE-V2X with
aperiodic messages than with periodic messages for the same
traffic density (Table 3 ). An increase of packet collisions
reduces the CBR since two packets that collide generate half
the channel load than they would generate if they do not col-
lide. This also influences the fact that LTE-V2X experiences
lower CBR levels than IEEE 802.11p for the same traffic
density, in particular whenmessages are aperiodic (Empirical
CAM model).

TABLE 3. Channel busy ratio (CBR).

C. ANALYSIS OF THE OPERATION OF LTE-V2X
This section analyzes the operation of LTE-V2X to better
understand the trends discussed in the previous sections and
the degradation of LTE-V2X under the presence of aperiodic
messages of variable size. This includes an evaluation of the
impact on LTE-V2X of the strategies to select the RRI.

TABLE 4. Reselection rates (empirical CAM model).

Table 4 shows the ratio of reselections7 when transmitting
aperiodic messages of variable size (Empirical CAM model).
Reselections can occur because: 1) Reselection Counter
reaches zero (counter reselection ratio); 2) a new message
does not fit in the reserved resources (size reselection ratio);
or 3) new resources must be selected to meet the latency
deadline of a new message (latency reselection ratio). If there
were no additional reselections (e.g. when considering the
Simplified model), reselections would only be generated
when Reselection Counter reaches zero. In this case, the total
reselection ratio would be equal to 0.1 since Reselection
Counter is uniformly distributed between 5 and 15 and there
would then be a reselection on average for every 10 packets.
Table 4 shows that the total reselection ratio is higher than
0.1 for all strategies to select the RRI when messages are ape-
riodic. This shows that LTE-V2X experiences additional res-
elections when handling aperiodic messages of variable size.
These additional reselections actually prevent the depletion of
Reselection Counter, and new resources are selected before
Reselection Counter reaches zero. This is why the counter
reselection ratio is smaller than 0.1 for all strategies to select
the RRI. These strategies have an impact on the size and
latency reselection ratios. If the RRI is set equal to 100 ms
(strategy 1), the latency reselection ratio is close to zero8 since
100 ms is the minimum time between CAMs in the Empirical
CAM model and the risk to overpass the latency deadline
is minimum. The latency reselection ratio increases with
the second and third strategies. For example, sub-channels
are reselected due to the latency deadline for 16.9% of the
messages generated when the RRI is set equal to 200 ms
(strategy 2). This number increases for the third strategy since
the RRI can take values higher than 200 ms. Reselections
due to changes in the size of messages are present with the
three strategies to select the RRI. Table 4 shows that the size
reselection ratio increases with the latency reselection ratio.
When there is a reselection due to the latency deadline, it is
possible that the newmessage or CAMhas a small size. If this
is the case, it is probable that the reserved sub-channels are
not sufficient to transmit following messages of larger size.
If this is the case, additional reselections would be needed.
If there are no latency reselections (strategy 1), the selected
sub-channels would be maintained for longer periods of time
if the reselection is done for a message of large size; in
this case, the selected sub-channels can be maintained until

7 The ratios are independent of the traffic density since they are computed
considering the messages generated per vehicle.

8The ratio is not equal to zero due to the jitter.
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Reselection Counter reaches zero. The obtained results show
that the strategy to select the RRI has a direct impact on the
latency and size reselection ratios.

Table 5 reports the ratio of unused sub-channels and unuti-
lized reservations for the three strategies to select the RRI.
Table 4 and Table 5 show that the ratio of unused sub-channels
is inversely related with the number of reselections. The
selected sub-channels can be maintained until Reselection
Counter reaches zero if the following messages fit in the
selected sub-channels until Reselection Counter is depleted.
This is more probable if the sub-channels were originally
selected for a message of large size. If this is the case, it is
actually probable that more sub-channels are reserved for
the transmission of the following messages (or CAMs in
our study) than actually needed for most of these messages
(until Reselection Counter reaches zero). As a result, there is
a higher probability to increase the number of sub-channels
that are reserved but not used when the selected sub-channels
are maintained for longer. On the other hand, a high number
of reselections (e.g. due to the latency deadline) reduces
the possibility to maintain the selected sub-channels until
Reselection Counter reaches zero and therefore decreases
the ratio of unused sub-channels. This explains the trends
observed in Table 5 for the different strategies to select the
RRI. The first strategy (i.e. RRI = 100 ms) reduces the ratio
of reselections but increases the ratio of unused sub-channels.
The second and third strategies increase the number of res-
elections but reduce the ratio of unused sub-channels. This
is because more frequent reselections allow better adjusting
the selected sub-channels to the actual size of the different
messages. We should remember that unutilized reservations
could result in packet collisions since other vehicles have
fewer sub-channels available to reserve, and hence there is a
higher risk that two vehicles reserve the same sub-channels.
This risk is small when the channel load is small since
there is a large number of available sub-channels. However,
it increases with the channel load. This explains why the first
strategy performs better than the other two strategies when the
traffic density (and channel load) is low, but it performs worse
when the traffic density increases (Fig. 17). The first strategy
reduces the total reselection ratio but increases the number
of unused sub-channels. A lower reselection ratio is positive
for LTE-V2X and the negative effects of a large number of
unused sub-channels appear under high traffic densities and
channel loads.

TABLE 5. Unused Sub-channels and unutilized reservations (Empirical
CAM model).

Table 5 shows that the ratio of unutilized reservations
is higher when the RRI is low. In particular, the first
strategy results in a very high number of reservations that

are never utilized. If a vehicle makes a reservation and does
not transmit a TB in this reservation, it will not be able
to announce its following transmissions. The other vehicles
will then believe that the corresponding sub-channels will
be free, and the risk of packet collisions increases for the
following transmissions. The first strategy to select the RRI
is the one that is more exposed to this risk since it results
in many reservations (81.59% of all the reservations made)
that are never utilized to transmit a TB or message. The first
strategy therefore increases the ratio of unused sub-channels
and unutilized reservations (Table 5 ). We should note that the
negative effect of unused sub-channels or unutilized reserva-
tions increases with the traffic density and channel load since
there is more demand for resources and the risk of packet
collisions increases. This explains why the first strategy to
select the RRI performs better with respect to the other strate-
gies under low densities than under higher ones (Fig. 17).
The first strategy increases the ratio of unused sub-channels
and unutilized reservations. However, it also decreases the
ratio of reselections (Table 4 ) and therefore reduces the risk
of packet collisions due to frequent reselections. Opposite
trends are observed for the other strategies with different
values for the metrics depending on the selection of the
RRI. This explains why the three strategies result in similar
PDR levels (Fig. 17) with some differences depending on the
traffic density and channel load. It also explains why none of
the evaluated strategies can actually solve the challenges of
LTE-V2X explained in Section III. Each strategy tends to
reduce or mitigate one of the challenges but this is generally
achieved at the expense of degrading the others. Fig. 19 pro-
vides a more graphical view of the differences between strate-
gies to select the RRI. Fig. 19 clearly shows that none of the
three strategies can actually minimize all challenges present
in the sensing-based SPS scheme of LTE-V2X under the
presence of aperiodic messages of variable size. For example,
the first strategy minimizes the ratio of reselections but it
maximizes the ratio of unutilized reservations. The contrary
effect is observed with the third strategy. In the remaining
sections, results for LTE-V2X will be shown with the best
strategy to select the RRI in each scenario although there are
no significant differences between strategies.

FIGURE 19. Impact of the strategies to select the RRI in LTE-V2X.
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Finally, wewould like to note that all the challenges quanti-
fied in this section are not present when considering periodic
messages of constant size (i.e. Simplified model). In this case,
only the counter reselection ratio (and the total reselection
ratio) is equal to 0.1 since Reselection Counter is uniformly
distributed between 5 and 15 and there would then be a
reselection on average for every 10 packets. All other ratios
shown in Table 4 and Table 5 are equal to zero. The challenges
discussed in this section emerge as we introduce variability in
the message generation.

D. MESSAGE SIZE VS TIME BETWEEN MESSAGES
The previous sections have shown that variations in size
and time between messages (characteristic of the ETSI
CAM messages) significantly degrade the performance of
LTE-V2X mode 4 compared to IEEE 802.11p when the
traffic density or channel load increases. This section ana-
lyzes the impact of variations of size and time between mes-
sages separately. To this aim, we utilize the Empirical-size
and Empirical-time models described in Section IV.D. These
models fix the size of messages or the time between mes-
sages, and model the other variable following the empirical
traces. Fig. 20 depicts the PDR achievedwith LTE-V2Xmode
4 and IEEE 802.11p under medium CBR levels.9 Fig. 20.a
represents the PDR when the time between CAMs is fixed
at 200 ms (the RRI is set equal to 200 ms) and the size of

9Each model generates messages differently and the same traffic density
results in different CBR levels. We then have to consider different traffic
densities to achieve medium CBR levels with both models.

FIGURE 20. PDR experienced when CAM messages are generated
following the empirical separate models.

CAM varies. Fig. 20.b represents the PDR when the size of
CAMs is fixed at 200 bytes and the time between CAMs
varies (results are shown for the first strategy to select the
RRI). Fig. 20 clearly shows that both variations in size or time
between CAMs have a negative effect on the performance of
LTE-V2X mode 4. We should note that Fig. 20.a has been
obtained with a larger CBR than Fig. 20.b. In this case, and
considering the trends observed in both figures, it is possible
to conclude that variations in the time between messages or
CAMs have a higher negative impact on the performance
of LTE-V2X than variations in the size of CAMs. However,
variations in the size of messages have also a relevant impact
on LTE-V2X.

E. OTHER CONFIGURATIONS
The previous evaluations have shown that different strategies
to select the RRI cannot solve the challenges experienced
by the LTE-V2X sensing-based SPS scheme when handling
aperiodic messages of variable size. We now analyze the
possibility to mitigate these challenges with the probability P
to maintain the same sub-channel(s) when the Reselection
Counter is depleted or with packet retransmissions. The pre-
vious evaluations have been conducted with P = 0 following
the findings in [20]. Fig. 21 compares the PDR experienced
with aperiodic messages of variable size (Empirical CAM
model) when P is set equal to 0 and 0.8. LTE-V2X is con-
figured with the first strategy to select the RRI and the RRI
is set equal to 100 ms. This is the strategy that will mostly
benefit from increasing P since it has the highest counter
reselection ratio and the lowest size and latency reselection
ratios (Table 4). Fig. 21 shows that IEEE 802.11p outperforms
LTE-V2X when handling aperiodic messages of variable size
independently of the value of P. Increasing P should reduce
the probability to select different sub-channels when Rese-
lection Counter is equal to 0 and therefore the total number
of reselections. This is actually the case since increasing
P from 0 to 0.8 reduces the total reselection ratio from
0.155 to 0.04 under the evaluated conditions. Reducing the
number of reselections should improve the PDR. However,
Fig. 21 shows that the improvement is small. This is because

FIGURE 21. Impact of P on the PDR with aperiodic messages of variable
size (empirical CAM model). Results are shown for a traffic density
of 120 veh/km. Similar trends have been observed for other traffic
densities.
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reducing reselections by increasing P augments some of the
other inefficiencies observed in LTE-V2X when transmitting
aperiodic messages of variable size. In particular, increasing
P to 0.8 augments the ratio of unused sub-channels from
0.225 to 0.282 and the ratio of unutilized reservations from
0.815 to 0.927. Augmenting these ratios reduces the capacity
and increases the risk of packet collisions which ultimately
impacts the PDR. This explains why there is no significant
gain in PDR in Fig. 21 when increasing P from 0 to 0.8.10

The small improvement in PDR observed in Fig. 21 with
P = 0.8 is obtained at the expense of increasing the probabil-
ity of persistent packet collisions between two vehicles. If two
vehicles select the same sub-channel(s) at a given moment,
the probability that their packet collisions will persist over
time increases with P. This is because higher values of P
decrease the probability to select new sub-channel(s) when
Reselection Counter reaches 0, and therefore also decrease
the probability to break persistent packet collisions between
vehicles. This is visible in Fig. 22 that plots the PIR (Packet
Inter-Reception time) when LTE-V2X utilizes the first strat-
egy to select the RRI. The figure shows thatP = 0.8 increases
the probability of experiencing a PIR of several seconds.
A value of P equal to 0 is recommended in this case since the
PDR is not highly improved when P is increased to 0.8, and
persistent packet collisions can represent a significant safety
risk. Fig. 22 also shows that IEEE 802.11p is less prone to
persistent packet collisions than LTE-V2X.

FIGURE 22. Impact of P on the PIR with aperiodic messages of variable
size (empirical CAM model). Results are shown for a traffic density of
120 veh/km. Similar trends have been observed for other traffic densities.

The impact of P on LTE-V2X mode 4 when transmitting
periodic messages was evaluated by the authors in [20]. This
study considered both the Simplified model and the 3GPP
model. The study showed that augmenting P can slightly
improve the PDR with periodic messages of constant size
because vehicles tend to maintain the same sub-channels
when Reselection Counter is depleted. This benefit was
particular noticeable under low channel loads. However,

10The second and third strategies to select the RRI result in more latency
and size reselections than the first strategy (Table 4 ). These additional
reselections result in that vehicles will have to select more frequently
new sub-channels before the Reselection Counter is depleted. In this case,
increasing P would have a smaller impact on the second and third strategies.

the study also showed that augmenting P can degrade the
PDR when the channel load increases and LTE-V2X trans-
mits periodic messages of constant size (Simplified model).
The positive impact of augmenting P was more visible
(although the improvement in PDR was not very high) when
the periodic messages have different sizes (i.e. with the 3GPP
model). This was the case because the reduction of reselec-
tions caused by augmenting P compensated the additional
reselections resulting from variations in the size of messages.
Readers are referred to [20] for a complete analysis of the
impact of P when transmitting periodic messages (including
numerical results of the discussed trends).

LTE-V2X offers the possibility to transmit each packet
twice to increase the reliability of sidelink V2X commu-
nications. Authors demonstrated in [10] that retransmis-
sions can have a positive impact under low traffic densities.
However, the impact of retransmissions is negative when the
channel load increases since retransmissions augment the
probability of packet collisions. The analysis in [10] was
conducted considering periodic messages. In our implemen-
tation, receiving vehicles do not use chase combining and
each copy of a packet is decoded independently. The packet is
received correctly if at least one of the two copies is correctly
received. Fig. 23 shows that retransmissions actually degrade
the performance of LTE-V2X mode 4 (configured with the
RRI equal to 100 ms) even under low traffic densities when
transmitting aperiodic messages of variable size (Empirical
CAM model). Retransmissions increase the channel load11

and the load amplifies the challenges of the sensing-based
SPS scheme under the presence of aperiodic messages of
variable size (Section III). This is why the PDR is degraded
in Fig. 23 when retransmissions are allowed. These results
limit the benefit of retransmissions to weak links under very
low channel load levels.

FIGURE 23. Impact of retransmissions in LTE-V2X. Traffic density
of 60 veh/km.

The results shown so far have been obtained with
the sensitivity levels reported for commercial devices or
prototypes (−92 dBm for IEEE 802.11p and−103.5 dBm for
LTE-V2X). These sensitivity levels are higher than the mini-
mum sensitivity levels specified in IEEE 802.11p (−85 dBm)

11Retransmissions increase the CBR from 0.095 to 0.187 when the traffic
density is 60 veh/km and we use the Empirical CAM model.
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and LTE-V2X (−90.4 dBm) standards. We now analyze
the performance when considering these minimum sensi-
tivity levels. Fig. 24 shows the PDR achieved when both
standards operate with their minimum sensitivity levels and
they transmit aperiodic messages of variable size (Empirical
CAM Model). LTE-V2X is configured with the first strategy
to select the RRI that is set equal to 100 ms. It should
be noted that LTE-V2X has a better minimum sensitiv-
ity level than IEEE 802.11p. Reducing the sensitivity level
reduces the communication range and hence decreases the
CBR. A lower CBR benefits LTE-V2X since it reduces the
impact of the challenges present in the sensing-based SPS of
LTE-V2X when transmitting aperiodic messages of variable
size (Section III). This explains why LTE-V2X improves
its performance at short and medium distances compared
to IEEE 802.11p in Fig. 24. However, the same trends pre-
viously described with aperiodic messages are observed in
Fig. 24 when comparing LTE-V2X and IEEE 802.11p at
medium and high distances.

FIGURE 24. PDR using minimum sensitivity levels for both standards.
Results are shown for 60 veh/km and 200 veh/km when transmitting
aperiodic messages of variable size (empirical CAM model).

The analysis of the empirical CAM traces reported in [14]
showed that CAMs were not always generated in multiples
of 100 ms and that there is in fact some jitter. This jitter
is included in the Empirical CAM model as described in
Section IV.C. We have analyzed whether the jitter produces
additional reselections due to the latency deadline. Our anal-
ysis has shown that the impact of the jitter on the performance
of LTE-V2X mode 4 is negligible and the same PDR is
achieved whether the jitter is included or not in the generation
of CAM messages. This is because the jitter is small (its
standard deviation is around 3 ms) and nearly does not have
an impact on the latency reselection ratio.

F. SAME PHYSICAL LAYER FOR IEEE 802.11p AND LTE-V2X
The previous results have been obtained considering the
physical layer performance reported in [3] as well as different
sensitivity levels for both standards. All these configura-
tions result in a worse link budget and physical layer for
IEEE 802.11p compared to LTE-V2X. Certain studies claim
that the physical layer of IEEE 802.11p can be improved with
better receiver designs [31]. We then compare in Fig. 25 the
performance of LTE-V2X and IEEE 802.11p when both

FIGURE 25. PDR when IEEE 802.11p is configured with the physical layer
and sensitivity levels of LTE-V2X (802.11p/LTE-V2X PHY in the figure).
Results are reported for aperiodic messages of variable size (empirical
CAM model).

standards are configured with the same sensitivity levels
and equal physical layer performance (using for both stan-
dards the BLER-SINR curves of LTE-V2X reported in [3]).
This evaluation addresses a hypothetical scenario where
IEEE 802.11p can overcome its lower physical layer perfor-
mance compared to LTE-V2X.We should note that the results
reported in Fig. 25 have been obtained considering a different
thermal noise for both standards. This is the case because
IEEE 802.11p utilizes the complete 10 MHz bandwidth for
each transmission while LTE-V2X only utilizes a subset of
RBs or sub-channels depending on the size of the messages.
Fig. 25 plots the PDR when IEEE 802.11p is configured
with its physical layer and sensitivity level (IEEE 802.11p
in Fig. 25) and when it is configured with the physical layer
and sensitivity levels of LTE-V2X (IEEE 802.11p/LTE-V2X
PHY in Fig. 25). Fig. 25 compares the PDR with two traffic
densities and considering aperiodic CAMs of variable size
(Empirical CAM model). LTE-V2X is configured with the
best strategy to select the RRI (first strategy in Fig. 25.a and
second in Fig. 25.b). Fig. 25 shows that improving the physi-
cal layer and sensitivity levels of IEEE 802.11p improves the
performance of IEEE 802.11p for all distances. This reduces
the benefits of LTE-V2X under low traffic densities and
augments the gains of IEEE 802.11p over LTE-V2X when
the traffic density and channel load augment. We should also
highlight that the capture effect results in that IEEE 802.11p
can maintain or improve the PDR at short distances even
if the communication range (and therefore the probability
to interfere other vehicles) increases with a better physical
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layer and sensitivity level. We can observe in Fig. 25.a that
LTE-V2X improves the PDR at large distances compared to
IEEE 802.11p even when IEEE 802.11p is evaluated with
the same physical layer and sensitivity level than LTE-V2X.
This is due to the impact of noise since LTE-V2X utilizes less
bandwidth to transmit a message compared to IEEE 802.11p
that utilizes the complete 10 MHz channel and is then more
affected by noise.

VII. DISCUSSION
This study has shown that V2X technologies can see their
performance degrade as the channel load increases. Such
increase can be accelerated with the deployment of connected
automated vehicles and the introduction of advanced V2X
applications. Vehicular networks can use congestion control
algorithms to control the channel load and ETSI has defined
the Decentralized Congestion Control (DCC) framework for
this purpose. However, we should note that congestion con-
trol has not been necessary in this study since the resources
demanded by each vehicle in the simulated scenarios are
below the limits imposed by DCC as we show next.

In LTE-V2X [36], each vehicle measures the CBR and
adjusts its CR (channel occupancy ratio) to comply with the
CR limit values provided in [36]. The CR is defined as the
ratio of the total number of sub-channels used by a vehicle to
the total number of sub-channels over a measurement period
of 1000 ms [36]. The standard defines different CR limits
based on priorities (PPPP, ProSe per-packet priority) so that
critical messages can be prioritized in congested scenarios.
According to [37], CAMs are classified as PPPP5. Table 6
shows there is no limit in the transmission of CAMs if the
CBR is below 0.3. If the CBR is between 0.3 and 0.65, the CR
limit is 0.03, i.e. a vehicle can use 3% of the sub-channels
for transmitting its CAMs. If the CBR is between 0.65 and
0.8, the CR limit is 0.006, i.e. a vehicle can use 0.6% of the
sub-channels for transmitting its CAMs. Our study considers
5 sub-channels per sub-frame following [38]. The maximum
number of sub-channels that a vehicle can use in 1000 ms is
then equal to the CR limit multiplied by 5000. This maximum
number is also shown in Table 6. In this study, the number of
sub-channels used by an LTE-V2X vehicle every 1000 ms is
always below themaximum number as shown in Table 6. This
means that congestion control is never activated and vehicles
do not need to reduce their CR. To demonstrate it, we ana-
lyze the highest traffic density scenario (400 veh/km) with
vehicles using the Simplified model or the Empirical CAM

TABLE 6. CR limits defined in [36] and corresponding maximum number
of sub-channels that an LTE-V2X vehicle can use every 1000 ms for
PPPP3 and PPPP5.

model. When vehicles generate CAMs following the Simpli-
fied model, the average CBR is equal to 0.638 and the CBR is
always below 0.8 in the highest traffic density scenario. In this
case, the most restrictive CR limit is 0.006, which means
that each vehicle can use at most 30 sub-channels every
1000 ms (Table 6 ). The Simplified model generates CAMs
of 200 bytes every 200 ms. Each CAM needs 2 sub-channels
with the considered MCS, and therefore a vehicle needs
10 sub-channels every 1000 ms to transmit all its CAMs. This
number is quite below the limit of 30 sub-channels imposed
when the CBR is between 0.65 and 0.8. The CR is then always
below the CR limit and congestion control is not activated.
When vehicles generate CAMs following the Empirical CAM
model, the CBR measured is always below 0.65. The CR
limit is equal to 0.03 when the CBR is in the range 0.3-0.65.
This means that each vehicle can use up to 150 sub-channels
every 1000 ms. The Empirical CAMmodel generates variable
CAMs so the number of sub-channels needed by a vehicle
every 1000 ms varies. In our study, a vehicle can transmit
a maximum of 10 packets per second and a CAM occupies
at most 4 sub-channels. A vehicle then requires at most
40 sub-channels every 1000 ms to transmit all its CAMs.
Since the limit is 150 sub-channels, we are again far below
the CR limit even for the worst-case scenario. Congestion
control is then not activated since the resources demanded by
each vehicle are below the limits established by congestion
control.

The congestion control limits for IEEE 802.11p are defined
in [39] and [40]. These specifications establish that, inde-
pendently of the channel load, the packet transmission dura-
tion (Ton) and that the duty cycle must be always below
4 ms and 3% respectively. The duty cycle is defined as the
ratio of the transmitter total ‘‘on’’ time relative to 1 second
period. We consider again the highest traffic density and the
Simplified and Empirical CAM models. In all cases, vehicles
transmit with a 6 Mbps data rate. When vehicles generate
CAMs using the Simplified model, Ton is equal to 0.36 ms
and the duty cycle is equal to 0.18%. The congestion control
requirements are therefore satisfied and congestion control
is not activated. We have also measured Ton and the duty
cycle when vehicles generate CAMs following the Empirical
CAM model. Ton and duty cycle are always below 4 ms and
3% respectively. The maximum values measured for Ton and
duty cycle are 0.7 ms and 0.8% respectively. Again, these
values are far below the limits established in [39] and [40].
ETSI specifications define additional limits that depend on
the CBR. For CBR<0.62, the time interval betweenmessages
(Toff ) must be higher than 25 ms, i.e. the message trans-
mission rate must be lower than 40 Hz. For CBR≥0.62, the
following equation must be satisfied:

Toff ≥min
{
1000 ms,Ton×

(
4000×

CBR−0.62
CBR

−1
)}

(1)

In our study, the maximum CAM transmission rate is
10 Hz. In this case, the Toff > 25 ms condition for
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CBR<0.62 is always satisfied. CBR values higher than
0.62 were only experienced in the highest traffic density sce-
nario (400 veh/km). Fig. 26 shows the PDF of the CBR expe-
rienced when vehicles generate CAMs with the Simplified
or Empirical CAM models in the scenario with 400 veh/km.
The figure shows that the CBR is always below 0.68 when
vehicles use the Simplified model and below 0.66 when they
use the Empirical CAM model to generate CAMs. If we use
the Simplified model with Ton = 0.36 ms and CBR = 0.68
(highest CBR in Fig. 26), equation (1) indicates that Toff ≥
126, 7 ms. Since the Simplified model generates CAMs every
200 ms, the congestion control requirements specified in [39]
and [40] are always satisfied for IEEE 802.11p in our study.
The Empirical CAM model generates CAMs with variable
size and time between CAMs. Under the highest traffic
density, the percentage of CAMs that satisfy equation (1) –
and hence the congestion control requirements – is 100%
for CBR values below 0.65. This percentage is equal to
approximately 99% and 97% when the CBR is equal to
0.65 and 0.66 respectively. We can derive the probability of
experiencing a CBR of 0.65 and 0.66 from Fig. 26. Using
this information, the probability that a CAM generated with
the Empirical CAM model does not satisfy equation (1) is
approximately 0.0003. This means that if congestion control
was enabled, it would only affect 0.03% of the CAM mes-
sages generated with the Empirical CAMmodel in the highest
traffic density scenario (400 veh/km). Congestion control will
not affect the rest of CAM messages in this scenario or any
of the CAM messages generated in the scenarios with lower
traffic densities. This analysis and discussion explains why
congestion control would not impact the results presented in
this study. However, this impact should be taken into account
if considering scenarios that surpass the congestion control
limits due to higher channel load levels and/or higher channel
occupancy per vehicle.

FIGURE 26. PDF of the CBR measured for 400 veh/km with IEEE 802.11p.

The channel load and channel occupancy can be reduced
using MCS with high data rates. This study has though
been conducted using a fixed MCS for LTE-V2X and
IEEE 802.11p with approximately equal data rates. It is
left for future study the possibility to improve the operation
and performance of LTE-V2X and IEEE 802.11p through a
dynamic selection of the MCS. Selecting a high MCS can
reduce the channel occupancy and hence the probability of

packet collisions. However, this is done at the expense of a
lower error protection against transmission errors. There are
then trade-offs that must be carefully studied. The authors
already showed in [4] that the use of high MCSs (i.e. MCSs
offering high data rates) can reduce the channel load in
IEEE 802.11p. In LTE-V2X, we could also use high MCSs to
transmit large messages in the same number of sub-channels
as smaller ones. This would reduce the number of reselections
due to variations in the message size and hence improve the
operation of the sensing-based SPS scheme. Adapting the
MCS to the message and sub-channel size is straightforward
when considering a limited number of message sizes (e.g.
in the 3GPP model). However, current and future vehicular
standards will generate messages of variable size. In this
context, optimizing the selection of MCSs in LTE-V2X is
not a trivial task and it is an in-depth analysis that has not
been conducted to date and that is beyond the scope of this
paper. There are several trade-offs and effects that should
be carefully considered in this analysis. A high MCS can
reduce the number of RBs needed to transmit a message.
However, increasing the MCS might not reduce the number
of sub-channels needed to transmit a message as illustrated
in Fig. 27. The capacity to reduce the number of sub-channels
to transmit a message depends on the message size, the avail-
able MCS and the size of sub-channels. Defining an effective
strategy to vary the MCS so that messages of different sizes
can fit in the same number of sub-channels requires first a
careful study to optimize the LTE-V2X sub-channelization
(i.e. the size of sub-channels and the number of sub-channels
per sub-frame) based on the available MCSs and the possible
message sizes. This study should take into account that the
sub-channelization cannot be dynamically modified and it
should adequately serve all vehicles and possible operating
conditions (e.g. channel load). Vehicles can modify their
MCS based on these conditions but they cannot dynamically
change the sub-channelization and the sub-channelization
must be the same for all vehicles in a scenario. Once the
sub-channelization is configured, it is also necessary to ana-
lyze if using higher MCS to transmit messages of larger
size really improves the operation of LTE-V2X. Modifying
the MCS could help transmit messages of different size in
the same number of sub-channels. This would improve the
operation of the sensing-based SPS scheme by avoiding res-
elections due to changes in the message size. However, this

FIGURE 27. Illustration of a scenario where augmenting the MCS does
not reduce the number of sub-channels with a given LTE-V2X
sub-channelization.
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might not be straightforward if messages can have multiple
sizes as it is the case of CAMs; even more variable message
sizes can be expected for example for cooperative perception
if we take into account the current ETSI proposal for the CPM
(Collective Perception Message) format [41]. In addition,
if all messages have to fit in the same number of sub-channels,
high MCSs would only be utilized to transmit messages of
large size. This would prevent using high MCSs to transmit
messages with smaller size which can have a negative impact
on the possibility to control congestion levels if we take into
account that, for example, the majority of CAMs have a
small size. This discussion highlights that defining the best
strategy to vary the MCS as a function of the message size
is not trivial in LTE-V2X and requires a careful study that
should include an analysis of the most adequate configuration
of the LTE-V2X sub-channelization and the possibility to
transmit messages of multiple sizes. This study has not been
conducted to date and is beyond the scope of this paper.
In addition, and following the findings in [4], we should also
take into account that IEEE 802.11p could also improve its
performance through a dynamic selection of the MCS.

VIII. CONCLUSIONS
This paper has presented an in-depth system level comparison
of the performance of IEEE 802.11p and LTE-V2X when
transmitting periodic and aperiodic messages with constant
or variable size. The comparison has been conducted with
different message generation models so that it is possible
to analyze the impact of the time between messages and
their size. This has included simple models that generate
periodic messages of constant size but also a realistic model
that generates messages following the ETSI CAM standard.
This model was developed using field traces collected by
OEMs that implemented the ETSI standard. The conducted
analysis has demonstrated that LTE-V2X can achieve better
performance than IEEE 802.11p under low channel loads if
it has a better physical layer performance. Under low channel
load levels, the MAC has a lower impact on the performance
than the physical layer. However, IEEE 802.11p outperforms
LTE-V2X when the channel load increases even if it has a
lower physical layer performance. The gains obtained with
IEEE 802.11p are present even with periodic messages of
constant size but they significantly augment when messages
are aperiodic and vary their size. This is the case because
the sensing-based SPS scheme included in LTE-V2X expe-
riences important challenges when handling aperiodic mes-
sages and messages of variable sizes. These challenges have
been demonstrated and quantified in this study for the first
time. The study has also shown that these challenges can-
not be completely overcome with certain configurations of
LTE-V2X (as currently defined by the 3GPP standard) since
each configuration analyzed mitigates one challenge but
aggravates others. We would like to highlight that this study
has been conducted considering the ETSI CAM standard that
is being deployed in Europe (and maybe other regions of
the world). Other regions might implement other standards

for the generation of the basic awareness messages, and
each standard may generate messages with different patterns
(in terms of size and time between messages). It would be
interesting that other studies replicate this analysis consid-
ering these standards if realistic message generation models
would be available. However, we would like to note that the
challenges described for the LTE-V2X MAC exist by design
of the standard and their impact will depend on the character-
istics of the messages to be transmitted. Such dependency is
less present in IEEE 802.11p that includes a simpler but more
flexible MAC. We would also like to highlight that this study
has been conducted considering different message generation
models that go from completely periodic messages of con-
stant size (which is the best possible scenario for LTE-V2X)
to aperiodic messages of variable size following the ETSI
CAM standard. Other message generation standards (e.g.
BSM) will create message patterns different from CAM but
these patterns will be bounded by the periodic and constant
size scenario considered in this study and the aperiodic and
variable size one represented by the ETSI CAM standard.
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