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Spectrum scarcity is one of the main challenges of future wireless technologies. When looking at vehicle-to-

everything (V2X), this is amplified as spectrum sharing could impact road safety and traffic efficiency. It is 
therefore of particular importance to study solutions that allow the coexistence, in the same geographical area 
and in the same channels, of what are today the main V2X access technologies, namely IEEE 802.11p and 
long term evolution (LTE)-V2X sidelink Mode 4. In this paper, in addition to studying the impact of mutual 
interference, which is found to have a strong impact especially on the former and under congested channel 
conditions, a mitigation solution is extensively studied. The solution is based on the insertion of the IEEE 802.11p 
preamble at the beginning of each LTE-V2X sidelink transmission. The proposal, which is also under discussion 
within the standardization bodies, requires no changes to the IEEE 802.11p protocol stack and minor changes to 
LTE-V2X sidelink. This solution is directly applicable to upcoming IEEE 802.11bd and extendable to new radio 
(NR)-V2X sidelink. The paper shows, through analysis and simulations in free-flow and dense scenarios, that the 
proposal enables mitigation of collisions caused by co-channel coexistence under low and high load conditions. 
The improvement is guaranteed even in cases of congestion when combined with additional countermeasures. 
Regarding the latter aspect, in particular, different approaches are compared, demonstrating that acting on the 
congestion control mechanisms is a simple but effective solution.
1. Introduction

With the aim of improving road safety and traffic efficiency, spec-

trum has been reserved in several countries for vehicle-to-everything 
(V2X) communications between on board units (OBUs) and road side 
units (RSUs). Since early 2021, the first cars equipped as standard 
with IEEE 802.11p, have reached the consumer market.1 However, it 
is clear that the radical change enabled by short-range connectivity 
will only be visible when the market penetration increases signifi-

cantly.
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1 Specifically, the first models have been sold in Europe since early 2021 with IEEE 802.11p as standard equipment, with one million equipped vehicles rolled-out 
during the year of 2022 (source: IHS Markit, May 2022), and by June 2021 over 20000 km of roads were already covered by commercially distributed RSUs [1].

2 In the Unite States, a proposed regulation was issued in January 2017, leading to a stalemate; later, in 2020, the FCC modified the reserved spectrum and 
indicated that it will be used in the future by the cellular sidelink without a mandate. In Europe, the European Commission proposed a Delegated Act in March 2019, 

Among the reasons for the delayed roll-out, despite the solutions be-

ing available and tested on a large scale, there is the technical debate 
involving the two families of standards that have been defined for this 
purpose. In the last decade, in fact, solutions were designed both by 
IEEE, based on IEEE 802.11, and by the Third Generation Partnership 
Project (3GPP), based on sidelink technologies designed for V2X in the 
4G long term evolution (LTE) and the 5G new radio (NR). Given the un-

successful to impose either technology,2 one of the main open issues is 
the investigation of their coexistence in the same channels and solutions 
to mitigate the mutual interference.
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The co-channel coexistence of different technologies is in general 
a well known and studied problem. For example, all technologies us-

ing the industrial, scientific and medical (ISM) bands must apply some 
mechanisms to limit the interference produced by any coexisting tech-

nologies. Just to name a few, ZigBee and WiFi adopt a carrier sense 
multiple access with collision avoidance (CSMA/CA) mechanism, Blue-

tooth implements frequency hopping spread spectrum (FHSS), and LoRa 
implements chirp spread spectrum (CSS). In addition, proposals to fur-

ther mitigate mutual interference have been presented in the literature, 
for example by considering Wi-Fi and LTE in the unlicensed ISM bands 
[2,3]. However, co-channel coexistence represents a new topic when it 
comes to the ITS band, which is today associated with IEEE 802.11p and 
LTE-V2X sidelink (hereafter simply LTE-V2X, for the sake of brevity). To 
the best of our knowledge, this topic has only been considered in some 
early work [4–6] and in the study published in ETSI TR 103 766 [7], 
where some solutions to reduce the impact of inter-technology interfer-

ence are proposed and preliminarily investigated.

In this paper, we propose and investigate a solution to mitigate col-

lisions due to mutual interference between IEEE 802.11p and LTE-V2X 
communications, which consists in the insertion of a fixed preamble at 
the beginning of the LTE-V2X signal that improves the sensing capabil-

ity of IEEE 802.11p. This technique can also be extended to NR-V2X 
sidelink, and because this preamble sequence is fixed and predefined, 
C-V2X stations can use a recorded sequence and do not have to imple-

ment the IEEE 802.11p standard. In addition, this solution is by design 
compatible with IEEE 802.11bd, as IEEE 802.11p and IEEE 802.11bd 
use the same legacy 802.11 preamble.

Although the insertion of the preamble is part of one of the meth-

ods discussed in the ETSI technical report 103 766 [7], where it is 
used together with a time domain sharing mechanism that distinguishes 
between LTE-V2X and ITS-G5 slots, this mechanism has never been pro-

posed as a stand-alone coexistence mitigation solution and no formal 
analysis of its implications has been provided in the previous works.

The paper is organized as follows. After recalling the main aspects 
of both technologies and discussing the implications of their co-channel 
coexistence in Section 2, we describe in detail the concept of preamble 
insertion in Section 3. Then, we investigate its performance through 
Sections 4 to 6. In particular:

• We first focus on a free-flow scenario in Section 4 and introduce a 
mathematical model for the analysis of the IEEE 802.11p pream-

ble insertion, showing the significant reduction of inter-technology 
collisions;

• Then, we study denser scenarios in Section 5 through simulations 
obtained with an open source software, which confirm the validity 
of the approach for medium and high traffic scenarios;

• Finally, we address the scenarios with congestion in Section 6

and we compare three possible additions to address them; results 
demonstrate that acting on the congestion control procedures of 
the LTE-V2X sidelink is more effective than the other solutions.

Our conclusions are finally drawn in Section 7.

2. Technologies and coexistence issues in brief

This section briefly describes the two technologies and discusses the 
technical barriers and performance degradation that arise when they 
are adopted in the same channel in the same geographical area.

2.1. IEEE 802.11p and related standards

IEEE 802.11p, completed in 2010 and now part of IEEE 802.11-2020 
[8], is based on orthogonal frequency division multiplexing (OFDM) at 
the physical (PHY) layer and CSMA/CA at the medium access control 
(MAC) layer. In the US, it is used for the lower layers of the protocol 
2

stack called wireless access in vehicular environment (WAVE), which 
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Fig. 1. Illustration of the medium access mechanisms.

includes the IEEE 1609 standards and is supplemented at the upper 
layers by SAE documents. In Europe, it is used for the ITS-G5 access 
layer, defined by ETSI together with a series of standards covering all 
the layers of the protocol stack. A backward compatible improvement, 
the IEEE 802.11bd amendment, has been also published in March 2023.

IEEE 802.11p, with its CSMA/CA MAC, is a fully distributed asyn-

chronous ad hoc technology. Whenever a station has new data to 
transmit, it senses the medium for a certain duration and starts the 
transmission if the channel is idle, otherwise it postpones it. When the 
transmission starts, all subcarriers are used for a time that depends on 
the size of the packet and the adopted modulation and coding scheme 
(MCS). In V2X, for the time being the frames are sent in broadcast mode 
and therefore there is no acknowledgment returned by the receiver(s).

The access mechanism of IEEE 802.11p and channel usage are illus-

trated in Fig. 1(a). More details about IEEE 802.11p can be found for 
example in [9,10].

It can be noted that the newly released IEEE 802.11bd standard [11]

comprises two transmission formats: i) the new next generation vehic-

ular network (NGV) frame format, which improves the communication 
and the transmission range by re-using some recent WiFi features, e.g., 
low density parity low-density parity-check (LDPC) and midambles, and 
ii) the “legacy” format, which is similar to IEEE 802.11p. Both of these 
IEEE 802.11bd formats start with the legacy IEEE 802.11p preamble in 
order to ensure natural coexistence capability between IEEE 802.11p 
and IEEE 802.11bd.

2.2. C-V2X sidelink and LTE-V2X mode 4

Since Release 14, frozen in 2016, 3GPP has introduced LTE-V2X, 
referred to as part of the so-called cellular-V2X (C-V2X). C-V2X is ac-

tually an umbrella that covers both LTE and NR, and includes both 
downlink/uplink (Uu interface) and sidelink (PC5 interface) communi-

cations. As for sidelink, resource allocation can be performed by the 
network, called Mode 3 in LTE and Mode 1 in NR, or autonomously by 
the stations, called Mode 4 in LTE and Mode 2 in NR. In this article, 
LTE-V2X sidelink Mode 4 is considered, which is the 3GPP solution for 
initial deployments in the ITS band [12].

LTE-V2X is based at the PHY and MAC layers on single carrier fre-
quency division multiple access (SC-FDMA), with a resource granularity 
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Fig. 2. Comparison between legacy and preamble insertion. Example of an LTE-V2X transmission using two out of the five subchannels, assuming adjacent allocation 
of the sidelink control information. Each figure represents a signal using two out of the five subchannels for the 14 OFDM symbols that form one time transmission 
interval. AGC for automatic gain control, SCI for sidelink control information, DMRS for demodulation reference signals.
equal to the transmission time interval (TTI) in the time domain and 
the subchannel in the frequency domain. A TTI, also called subframe, is 
1 ms long, while a subchannel occupies a predefined number of physical 
resource blocks (PRBs) [13], with a PRB corresponding to 12 subcarri-

ers occupying 180 kHz. Each transmission thus lasts 1 ms and occupies 
a portion of bandwidth that depends on the payload size and the MCS 
adopted. In LTE-V2X, each message can be transmitted twice thanks 
to the so-called hybrid automatic request (HARQ), which is a blind re-

transmission mechanism.

The allocation process performed at the MAC layer with Mode 4 is 
designed by assuming periodic messages and is based on a mechanism 
called sensing-based semi-persistent scheduling (SB-SPS): a station with 
a packet to transmit estimates the occupancy of resource in the last 1 s 
time window and, based on these measurements and the information 
from the sidelink control information (SCI) associated with each packet, 
deduces what the occupancy will be in the future. Once the resource is 
allocated, no further channel measurements are made before the packet 
is transmitted. The same resource is then used periodically for a certain 
duration before the procedure is repeated.

The details of Mode 4, which is exemplified in Fig. 1(b) and has 
been extensively studied in recent years, can be found for example in 
[14–16].

2.3. Co-channel coexistence

Regarding co-channel coexistence, we can note that IEEE 802.11p, 
through the use of CSMA/CA, also known as listen-before-talk, is inher-

ently designed to limit its interference to other technologies. In contrast, 
LTE-V2X is derived from technologies that do not normally need to cope 
with co-channel coexistence and are not designed to take this aspect 
into account. As already noted, an LTE-V2X station adopting Mode 4, 
begins a transmission using the previously allocated resources without 
any additional verification. The problem is further exacerbated under 
heavily loaded channel conditions, with the risk of strong unfairness 
due to the fact that LTE-V2X tends to use most of the resources, while 
IEEE 802.11p tends to defer and possibly reduce its access.

Another possible issue, which is noteworthy although not analyzed

in this work, is caused by the last OFDM symbol of the LTE-V2X sub-

frame, which is left empty to allow the switching from the transmit 
phase to the receive phase, thus leading to approximately 71.4 μs of 
idle channel between two consequent LTE-V2X transmissions. In some 
cases,3 this duration could be longer than the IEEE 802.11p access time, 
and the sensing mechanism of its CSMA/CA would not be able to detect 
in time the use by the LTE-V2X stations of the subsequent TTI.

3 For example with the parameters defined in Europe for high-priority decen-
3

tralized environmental notification messages (DENMs) in ITS-G5.
3. IEEE 802.11p preamble insertion

An IEEE 802.11p transmission starts with a preamble of 40 μs, which 
includes a short and a long training sequence, each lasting 16 μs, and 
the Signal Field OFDM symbol, lasting 8 μs. This symbol adopts BPSK 
and 1/2 coding rate, carrying 24 useful bits on 48 data subcarriers. 
From these 24 bits, the duration of the remaining signal can be derived. 
Note that two signals of the same duration will begin with exactly the 
same preamble.

In legacy LTE-V2X, the signal, which occupies one TTI of 1 ms, is 
divided into 14 OFDM symbols of approximately 71.4 μs. As illustrated 
in Fig. 2(a), the first symbol is used for automatic gain control (AGC) 
(it carries a copy of the second symbol), 4 are used for demodulation 
reference signals (DMRSs), 8 for data, and the last one is left empty to 
allow switching from transmission to reception mode. In Fig. 2(a), the 
channel is organized into five subchannels in accordance with [17] and, 
as an example, the signal occupies two of them.

The idea of the IEEE 802.11p preamble insertion is to replace, as 
shown in Fig. 2(b), the first 40 μs of the LTE-V2X signal with an 
IEEE 802.11p preamble indicating the channel occupancy for 1 ms.4

As mentioned above, the first part of the LTE-V2X signal is anyway 
carrying redundancy and the added preamble is always the same, thus 
stored IQ samples could be used to generate the signal without addi-

tional complexity to the LTE-V2X transmitter. The data-rate of LTE-V2X 
is not reduced and the AGC is still performed, although using in part a 
different signal. Regarding the latter aspect, in particular, the average 
power of the inserted preamble would be the same as for the rest of 
the signal, meaning that no variation would be perceived by neither the 
transmitter power-amplifier, nor by the receiver AGC functionality.

It is also important to note that the LTE-V2X stations do not have to 
implement the IEEE 802.11p standard, but only to load from memory 
and patch the first OFDM symbol’s IQ samples, as the inserted sequence 
would be fixed and defined identical for all LTE-V2X stations. As an ad-

ditional effect, assuming that the preamble signal is always the same 
for any station at any time, multiple LTE-V2X signals transmitted si-
multaneously will have a similar impact on the decoding performance 
as of the preamble as multiple paths; in particular, given that the cyclic 
prefix of the IEEE 802.11p OFDM symbol lasts for 1.6 μs, the pream-

ble sent by stations with relative distance below 300 m will not cause 
inter-symbol interference.

Two advantages are obtained with the considered approach. First of 
all, it significantly reduces the received power at which IEEE 802.11p 

4 A different proposal is to place the header in the last part of the empty 
symbol prior to the subframe. This would still leave more than 30 μs empty 

time between consecutive transmissions.
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Table 1

Preamble insertion and LTE/NR numerology.

SCS TTI Symbol Preamble allocation

15 kHza 1 ms 71.4 μs Part of the gap or first symbol

30 kHz 0.5 ms 35.7 μs Part of the gap and first symbol

60 kHz 0.25 ms 17.9 μs Part of the gap and two symbolsb

a in LTE, the SCS is always 15 kHz.
b using two symbols, the useful data-rate is reduced.

assumes the channel to be busy. In fact, normally a clear channel as-

sessment (CCA) threshold of −65 dBm is used when an undecodable 
signal is received; with the proposed approach, the minimum power 
to assume the channel to be busy is reduced to a level that depends 
on the implemented receiver and can be reasonably assumed around 
−100 dBm.5 Note that the simple reduction of the CCA threshold to a 
lower level would not lead to the same result; the threshold has been 
optimized to avoid false detection of unexpected signals, such as spu-

rious emissions from adjacent channels. Additionally, the signal field 
of the preamble includes a length field, which would indicate that the 
channel will remain busy for a given duration (1 ms in our case), acting 
as an immediate reservation of the channel by C-V2X stations. Conse-

quently, the contending IEEE 802.11p stations will consider the channel 
as used also during the gap at the end of the LTE-V2X TTI, without the 
risk to start a transmission which would potentially lead to a collision 
with an LTE-V2X transmission starting in the following TTI. The lat-

ter is particularly relevant for high priority packets that have a shorter 
sensing interval.

One consequence of the preamble insertion, as shown in Fig. 2(b), 
is that some power is transmitted over all subchannels at the beginning 
of the TTI, even when only part of the bandwidth is used for the rest 
of the TTI. Even if the variable bandwidth is not an issue in general 
for the transmitter or the receiver, this could, in principle, alter the 
SB-SPS process of LTE-V2X (some power is sent also over the adjacent 
subchannels). However, the signal is only transmitted for 40 μs over 
the 1 ms TTI and therefore the impact is negligible, as demonstrated in 
Section 5.1.

An additional advantage of the proposed solution is its applicabil-

ity to IEEE 802.11bd and NR-V2X sidelink. In IEEE 802.11bd, the same 
preamble is already part of the specifications by design. In the case of 
NR-V2X, nothing is expected to change from LTE-V2X if the same nu-

merology is used, i.e., with the same subcarrier spacing (SCS) of 15 kHz 
and the same TTI of 1 ms. The methodology is also applicable when 
the SCS is increased to 30 kHz and the TTI reduced to 0.5 ms: in that 
case, each OFDM symbol lasts about 35 μs, but part of the gap from the 
previous TTI could be used to accommodate the preamble of 40 μs. For 
completeness, if 60 kHz was used, more than one symbol was needed, 
which would imply a reduction of the useful data-rate. This aspect is 
also summarized in Table 1.

The proposed solution is also extendable to the case where LTE-V2X 
occupies a larger bandwidth, as long as it is a multiple of 10 MHz. In 
fact, similarly to the channel bonding of IEEE 802.11bd [18], it would 
be possible to transmit one IEEE 802.11p preamble per each of the 
10 MHz channels in parallel. With this approach, all IEEE 802.11p/bd 
stations that use one of those 10 MHz channels would be notified that 
the channel is used for a given duration.

4. Impact in the free-flow scenario

In this section, the impact of inserting the preamble is studied in a 
low-traffic scenario. For this purpose, a model is developed that allows 

5 The value of −100 dBm, which is in agreement with what obtained in off-

the shelf devices, corresponds to a signal to noise ratio (SNR) of −2 dB with 
a noise figure of 6 dB. A slightly higher value is used here for performance 
evaluation, as motivated in Section 4.3. Example reference is the Cohda MK5, 
4
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Fig. 3. Free-flow scenario and parameters used in the model.

to analyze the impact of the proposed solution on the collisions between 
transmissions from IEEE 802.11p and LTE-V2X coexisting in the same 
channel.

4.1. Scenario and assumptions

Given the low density, the free-flow scenario is reproduced by fo-

cusing on a single IEEE 802.11p transmission interfered by a variable 
number of LTE-V2X transmissions. The impact of the preamble inser-

tion is here assessed in terms of packet reception probability (PRP) of 
the IEEE 802.11p link, which is the technology most affected by the 
co-channel interference [4,7]. Other performance metrics are evaluated 
in Section 5 through simulations in denser scenarios.

The instant at which the IEEE 802.11p packet reaches the access 
layer transmission buffer is chosen randomly and not aligned with the 
LTE subframe structure; the time required for the transmission of a 
packet plus the preceding arbitration inter-frame space (AIFS) is as-

sumed to last for less than 1 ms.6 The performance is calculated in terms 
of PRP by varying the source-destination distance of the IEEE 802.11p 
link and the average number of LTE-V2X transmissions per meter per 
second.

The model is based on the following approximations:

• As depicted in Fig. 3(a), the highway scenario is approximated as 
a straight line, so the LTE-V2X nodes correspond to a 1-D Poisson 
point process (PPP) distribution (this approximation is used in sev-

eral similar works, such as [20–22]);

• Because the scenario is low density, only the strongest source of 
LTE-V2X interference is considered in each subframe (this approx-

imation is also adopted by several articles, such as [23]);

• Correct reception is modeled through a threshold model, which 
means that the packet is correct when the signal to noise and inter-

ference ratio (SINR) is above the threshold and is incorrect when 
it is below; fading effects are included in the threshold setting. 
The analysis is validated by simulations in which the channel is 
modeled in more details and includes log-normal large-scale fad-

ing (shadowing), and packet error rate (PER) vs. SINR curves that 
account for small-scale fading.

6 1 ms corresponds to approximately 700 bytes adopting the default MCS 2. 
Based on real-life measurements campaign elaborated in [19], Day-1 average 
packet size is around 350 bytes, and the portion of messages of size larger than 

700 bytes is very limited.

https://www.fccid.io/2AEGPMK5RSU/Users-Manual/User-Manual-2618067.pdf
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4.2. Model definition

Considering a 1-D scenario as depicted in Fig. 3(b), it is assumed 
that the IEEE 802.11p receiver is located at position 0. Without lack of 
generality, the IEEE 802.11p transmitter is located to the right of the 
receiver, at position 𝑑u, i.e. the distance between the transmitter and 
the receiver is 𝑑u. There are on average 𝜆 LTE-V2X transmissions per 
meter per second.

Since retransmission is not allowed in IEEE 802.11p, assuming inter-

ference of the generic LTE-V2X signal as white and Gaussian, the PRP 
can be written as

ℙPR = 1 − 𝑓PER (𝛾) (1)

where 𝑓PER (𝛾) is the PER derived from the average SINR, calculated as 
𝛾 = 𝑃R∕ 

(
𝑃N + 𝑃I

)
, 𝑃R = 𝑃11p𝐺t𝐺r∕𝐿(𝑑u) is the average received power, 

𝑃11p is the transmission power of IEEE 802.11p stations, 𝐺t and 𝐺r

are the transmitter and receiver antenna gains, respectively (assumed 
the same for all transmitters and receivers for simplicity), 𝑃N is the 
average power of noise, and 𝑃I = 𝑃LTE𝐺t𝐺r∕𝐿(𝑑i) is the average power 
of interference from an LTE-V2X node that transmits with power 𝑃LTE

at a distance 𝑑i from the receiver. For the sake of conciseness, in (1) 𝑑u

and 𝑑i are left implicit in 𝛾 .

The packet whose outcome is evaluated is generated in a generic 
instant, which results within the LTE subframe that we call the cur-

rent TTI. The next LTE subframe is hereafter called subsequent TTI. If 
the channel is sensed idle by the IEEE 802.11p station and the trans-

mission begins, depending on the generation instant the transmission 
either is performed entirely within the current TTI or ends during the 
subsequent TTI. Considering 𝑡pck as the duration of the IEEE 802.11p 
transmission, including the AIFS, and as 𝑡TTI the duration of one TTI, 
the transmission is entirely contained in the current TTI with proba-

bility ℙc =
(
𝑡TTI − 𝑡pck

)
∕𝑡TTI, and partially occupies the subsequent TTI 

with probability ℙsq = 1 −ℙc.

Since the position of the interfering LTE-V2X node and the TTI it 
uses are independent, the distribution of nodes using the current TTI is 
a 1-D PPP process with density 𝜆TTI = 𝜆∕𝑁TTI, where 𝑁TTI = 1∕𝑡TTI is 
the number of TTIs in one second. Similarly, the distribution of nodes 
using the subsequent TTI is also a 1-D PPP process with density 𝜆TTI, 
independent from the previous one.

By the properties of the PPP distributions, the strongest LTE-V2X 
interferer in the current TTI is in the position 𝑥 (positive or nega-

tive), thus at distance |𝑥| from the destination, with probability ℙd(𝑥) =
𝜆TTI𝑒

−2𝜆TTI|𝑥|. Similarly, the strongest LTE-V2X interferer in the subse-

quent TTI is in the position 𝑦 with probability ℙd(𝑦) = 𝜆TTI𝑒
−2𝜆TTI|𝑦|.

We call the maximum distance at which the interfering signal can 
be sensed by the IEEE 802.11p transmitter as protected range and de-

note it as 𝑑∗
𝑥
= 𝐿−1(𝑃 ∗

R,𝑥
), where 𝑃 ∗

R,𝑥
is the minimum received power 

to set the channel as busy. The area from 𝑑u − 𝑑∗
𝑥

to 𝑑u + 𝑑∗
𝑥

is called 
protected area (see Fig. 3(b)). A transmission from an LTE-V2X node in 
the protected area is detected by the IEEE 802.11p transmitter during 
the carrier sense procedure; hence, in the case the main LTE-V2X inter-

ferer of the current TTI is within the protected area, the IEEE 802.11p 
station defers its transmission.

Depending on the position of the main LTE-V2X interferer in the 
current TTI and the instant at which the IEEE 802.11p transmission 
ends (same or subsequent TTI), three cases are possible: (i) the LTE-V2X 
interferer is within the protected area, in which case the transmission is 
postponed to the first TTI during which the main LTE-V2X interferer is 
outside the protected area; this event occurs with probability ℙbusy and 
causes a PRP equal to ℙPR|busy; (ii) the LTE-V2X interferer is outside 
the protected area and the IEEE 802.11p transmission ends within the 
current TTI; this event occurs with probability ℙc-idle and causes a PRP 
equal to ℙPR|c; and (iii) the LTE-V2X interferer is outside the protected 
area and the IEEE 802.11p transmission ends in the subsequent TTI; this 
event occurs with probability ℙsq-idle and causes a PRP equal to ℙPR|sq. 
5

By the law of total probability, it is
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ℙPR =ℙbusyℙPR|busy +ℙc-idleℙPR|c +ℙsq-idleℙPR|sq . (2)

The probability that the channel is sensed busy by the IEEE 802.11p 
transmitter during the current TTI is

ℙbusy =

𝑑u+𝑑∗𝑥

∫
𝑑u−𝑑∗𝑥

ℙd(𝑥)𝑑𝑥 = 1
2

[
(1 − 𝑒−2𝜆TTI(𝑑∗𝑥+𝑑u))

+sign(𝑑∗
𝑥
− 𝑑u) ⋅ (1 − 𝑒−2𝜆TTI|𝑑∗𝑥−𝑑u|)] (3)

where sign(𝑥) is the sign function, returning +1 if 𝑥 ≥ 0 and −1 if 𝑥 <
0. The sign function and the absolute value in the second term of (3)

take into account the possibility that the protected area is partly in the 
negative axis (i.e., 𝑑∗

𝑥
> 𝑑u), or not. If the current TTI is sensed busy, 

the IEEE 802.11p station defers its transmission to the first TTI during 
which the main LTE-V2X interferer is outside the protected area. Given 
the independence of the distribution of LTE-V2X nodes in the TTIs, in 
this case the PRP is equal to

ℙPR|busy =
1∕2

1 −ℙbusy

[
(𝑒−2𝜆TTI⋅

(
max{𝑑i ,(𝑑∗𝑥−𝑑u)}

)
)

+(𝑒−2𝜆TTI⋅
(
max{𝑑i ,(𝑑∗𝑥+𝑑u)}

)
)
]

(4)

where max{𝑥, 𝑦} is a function that returns the maximum between 𝑥
and 𝑦, and 𝑑i is the minimum distance corresponding to the maximum 
interference to receive the packet correctly; note that while 𝑑∗

𝑥
is inde-

pendent on 𝑑u, 𝑑i varies with 𝑑u. The derivation of (4) is detailed in 
Appendix A.

The same PRP is obtained also if the reference transmitter is not able 
to sense the LTE signal in the current TTI and ends in the current TTI. 
Such an event, occurring with probability

ℙc-idle =
(
1 −ℙbusy

)
ℙc (5)

is therefore characterized by an PRP equal to

ℙPR|c = ℙPR|busy . (6)

In the event that the reference transmitter is unable to sense the LTE 
signal in the current TTI and ends in the subsequent TTI, which occurs 
with probability

ℙsq-idle = 1 −ℙbusy −ℙc-idle =
(
1 −ℙbusy

)(
1 −ℙc

)
, (7)

PRP is a function of both the interference in current TTI and that in 
the subsequent TTI. Note that the ability of the reference transmitter 
to sense or not sense LTE transmissions in the subsequent TTI is irrel-

evant, since IEEE 802.11p transmission has already been started when 
the LTE-V2X transmission begins. The exact expression is given in Ap-

pendix B and includes a triple integral. However, by approximating the 
interference as entirely caused by the LTE-V2X transmission that over-

laps the most with the reference transmission, we obtain

ℙPR|sq ≃ ℙPR|busy

2
+

ℙPR|unpr

2
(8)

having defined with

ℙPR|unpr = 𝑒−2𝜆TTI𝑑
∗
𝑥 (9)

the PRP in the presence of interference without the sensing procedure 
(thus, unprotected). The derivation of (8) and (9) is detailed in Ap-

pendix B.

As a consequence of (5), (6), (7), and (8), the PRP in (2) can be 
rewritten as

ℙPR ≃ℙbusyℙPR|busy +ℙc-idleℙPR|busy(ℙPR|busy ℙPR|unpr
)

+ℙsq-idle 2
+

2
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Fig. 4. Free-flow scenario. Impact of the preamble insertion on the packet re-

ception probability of one IEEE 802.11p transmission interfered by coexisting 
LTE-V2X transmissions.

=
(
1 −

ℙsq-idle

2

)
ℙPR|busy +

(ℙsq-idle

2

)
ℙPR|unpr . (10)

By using the results of (3), (4), and (9), (10) gives a closed-form 
expression of the PRP as a function of 𝑑u and 𝜆.

4.3. Results in the free-flow scenario

Fig. 4 shows the performance results obtained using the proposed 
model and assuming the settings listed in Table 2. The 𝛾 adopted in the 
analysis corresponds to the SINR of the PER vs. SINR curve used in the 
simulations with PER equal to 0.5. The WINNER+, scenario B1 model 
is used for the path-loss (as suggested by the 3GPP in [24]), which is 
approximated in the analysis as 𝐿(𝑑u)[𝑑𝐵] = 𝛼+10 ⋅𝛽 ⋅ log10(𝑑u), where 
𝛼 = 20.06 dB and 𝛽 = 4.

In the simulations used to validate the model and for the results dis-

cussed in the following sections, for each potentially received packet, 
the average SINR is calculated taking into account the average inter-
6

ference from all other nodes, with the useful and interfering power 
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Table 2

Main adopted parameters and settings.

Free-flow scenario

Scenario Highway, approximated as 1-D

Density Variable

Average transmissions Variable

Denser scenarios

Scenario 3 + 3 lanes highway, 2 km straight 
road [24]

Density Variable

Mobility Gaussian distributed speed, with 
average 70 km/h and std. dev. 
7 km/h

Packet periodicity Following CAM rules [25]

Common settings

Channels ITS bands at 5.9 GHz

Bandwidth 10 MHz

Transmission power density 13 dBm/MHz

Antenna gain (tx and rx) 3 dB [4]

Noise figure 6 dB [4]

Propagation model WINNER+, Scenario B1, line-of-sight 
[24]

Shadowing Variance 3 dB, decorr. dist. 25 m 
[24]

Packet size 350 B [19]

IEEE 802.11p

MCS 2 (QPSK, 1/2), 
PER=0.5@SINR=1.02 dB

Duration of the initial space 110 μs [26]

Random backoff [0 ÷ 15] ⋅ 13 μs [26]

Carrier sense threshold −65 dBm

Preamble detection threshold −98.8 dBm (see Section 4.3)

Congestion control ETSI DCC [27] (see Appendix C)

Sidelink LTE-V2X Mode 4

MCS 11 (16-QAM, 0.41), 
PER=0.5@SINR=5.15 dB

Subchannel size 10 resource block pairs [17]

Number of subchannels 5

Subchannels per packet 2

Configuration Adjacent

Keep probability 0.5

Allocation periodicity 100 ms [28]

Subchannel sensing threshold −110 dBm

Congestion control ETSI CC for LTE-V2X [29] (see 
Appendix C)

HARQ Blind retransmission if CC allows

calculated taking into account path-loss and correlated large-scale log-

normal fading (shadowing). Once SINR is calculated, the correct recep-

tion of each packet is statistically drawn by the PER vs. SINR curves 
shown in [4], which account for the impact of small-scale fading. More 
details can be found in [30].

To account for the fact that the preamble is more protected than 
the packet, it is assumed decoded correctly when the SINR is greater 
than the value in the curves used for data corresponding to 0.9 PER; 
this means approximately −0.8 dB SINR and thus a minimum received 
power of about −98.8 dBm to successfully decode the preamble in the 
absence of interference. This value is in good agreement with common 
IEEE 802.11p receivers. The protected range corresponds to about 55 m 
in the legacy case, due to 𝑃 ∗

R,𝑥
= −65 dBm, and about 390 m with the 

addition of the preamble, due to 𝑃 ∗
R,𝑥

= −98.8 dBm.

In Fig. 4(a), the PRP of the IEEE 802.11p link is shown by vary-

ing the transmitter-receiver distance with 1000 LTE-V2X transmissions 
per kilometer per second (which corresponds, for example, to 50 vehi-

cles per kilometer that generate a message every 100 ms and transmit 
it twice with blind retransmissions). The coexistence between the two 
standard (legacy) technologies is compared with that of LTE-V2X with 
the preamble insertion and standard IEEE 802.11p. Despite the approx-

imations adopted, analysis and simulations show a very similar trend. 

Looking at Fig. 4(a) and comparing the PRP with legacy and with 
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preamble insertion, the improvement due to the insertion of the pream-

ble is clear. The PRP improvement granted by the preamble insertion 
begins to reduce at almost 200 m, which roughly corresponds to the 
distance by which 𝑑i equals 𝑑∗

𝑥
− 𝑑u. This value impacts directly on (4): 

until 𝑑i < 𝑑∗
𝑥
− 𝑑u, the interferer is located in the protected area, thus 

the channel is sensed as busy and the transmission is deferred; when 
𝑑i > 𝑑∗

𝑥
− 𝑑u, the channel is sensed as idle and the transmission begins 

immediately, possibly with a collision.

In Fig. 4(b), the PRP at 200 m by varying the density of LTE-V2X 
transmissions is shown. Analysis and simulations still show a similar 
trend. By comparing performance with legacy and preamble insertion, 
the success of the proposed approach to reducing the effect of LTE-

V2X interference on the IEEE 802.11p transmission is again apparent. 
Implicitly, the results indicate a reduction in overlap between IEEE 
802.11p and LTE-V2X signals, which also improves LTE-V2X reliabil-

ity, as confirmed in the next section.

5. Impact in denser scenarios

In this section, the study is expanded to more complex scenarios, 
through the use of the open-source simulator WiLabV2Xsim [30].7 The 
main settings are detailed in Table 2.

The following metrics is considered for both technologies:

• Packet reception ratio (PRR), calculated as the average ratio between 
the number of vehicles at a certain distance from the transmitter 
that correctly decode a packet and the total number of vehicles at 
the same distance; PRR is calculated with a granularity of 10 m;

• Data age (DA), corresponding to the elapsed time from the gener-

ation of a correctly received packet and the subsequent correctly 
decoded by the same receiver from the same transmitter; this met-

ric includes the allocation delay and the correlation between errors; 
DA is evaluated for all transmissions within 400 m.

5.1. Considerations with either technology alone

The proposed method has no impact if IEEE 802.11p is the only 
technology present. In contrast, the addition of the preamble could, 
in principle, affect LTE-V2X behavior even when it is present alone. 
In fact, the inclusion of the preamble implies that a certain power is 
distributed over the entire bandwidth at the beginning of an LTE-V2X 
signal, regardless of the number of subchannels used by the rest of the 
signal (see Fig. 2). Therefore, at the beginning of an LTE transmission, 
the nearby LTE-V2X stations detect a small increase in power even in 
the subchannels of the same TTI that are not used. In turn, the added 
power on the unused subchannels could in principle affect the SB-SPS 
process of LTE-V2X.

However, the power increase in the unused subchannels is very 
small, as it is slightly more than 4% of the transmitted power in those 
actually used (slightly more than half of 13 OFDM symbols). The curves 
shown in Fig. 5, which refer to a scenario with 100 or 200 LTE-V2X sta-

tions per kilometer, both with and without preamble insertion, show 
that this effect is actually negligible.

5.2. Performance of both technologies in terms of PRR and DA

The impact of preamble insertion from the perspective of both tech-

nologies is shown in Fig. 6, which compares, in a scenario with 100 
vehicles per technology per kilometer, the following cases:

7 The simulator is available at https://github .com /V2Xgithub /WiLabV2Xsim. 
Modifications made for this study will be included in future releases of the 
7

simulator and in the meanwhile provided on request.
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Fig. 5. Performance of LTE-V2X only, with the preamble insertion and without 
(legacy). Highway scenario, 100 and 200 v/km.

• IEEE 802.11p/LTE-V2X only: vehicles are equipped with the indi-

cated technology; this case is used as a benchmark, without inter-

technology interference;

• Coexistence legacy: IEEE 802.11p and LTE-V2X legacy stations share 
the channel;

• Coexistence legacy, periodic traffic: the two legacy technologies share 
the channel and the traffic generation is strictly periodic; in this 
case, to have a similar average number of packets per station per 
second, the generation interval of both technologies and the allo-

cation period of LTE-V2X are set to 200 ms;

• Coexistence w/preamble: the two technologies share the same chan-

nel and the preamble insertion is used.

The case with periodic traffic is used to investigate what happens 
if the SB-SPS of LTE-V2X is able to sense the use of the channel 
by IEEE 802.11p stations, which corresponds to the proposed inter-

technology interference mitigation in [4].

In particular, Figs. 6(a) and 6(b) provide the PRR varying the 
transmitter-receiver distance, with focus on IEEE 802.11p and LTE-

V2X, respectively. Looking at Fig. 6(a) and comparing the curves with 
IEEE 802.11p alone and coexistence legacy, it can be observed that 
the presence of LTE-V2X significantly reduces the PRR. Both the use 
of a periodic generation of packets and the preamble insertion allow 
a significant mitigation of the inter-technology interference. Similar 
considerations can also be inferred from Fig. 6(b) when referring to 
LTE-V2X, although the negative impact of IEEE 802.11p on the PRR of 
LTE-V2X is smaller than in the reverse case.

In Figs. 6(c) and 6(d), the complementary cumulative distribution 
function (ccdf) of the DA is shown by referring to IEEE 802.11p and 
LTE-V2X, respectively. These plots confirm the conclusions derived 
from Figs. 6(a) and 6(b), except for the case of periodic packet gen-

eration. In this case, periodic transmissions increase the probability of 
consecutive collisions, implying a higher DA. In fact, if we look at a ccdf 
of 0.001 (DA occurring with probability 0.001 or less), we notice that 
the largest value is the one corresponding to periodic generation.

Similar results are also observed by varying vehicle densities, not 
shown here for the sake of brevity. A comparison of coexistence with 
legacy and with preamble insertion for various densities can be ob-

tained by looking at the first two bars of the series shown in Fig. 7 (i.e., 
blue and red bars). In Figs. 7(a) and 7(b), the maximum distance with 
PRR greater than 0.9 is shown by varying the density of the scenario; 
we can observe that the use of the preamble (red bars) guarantees per-

formance higher than the legacy case (blue bars), with the exception 

of IEEE 802.11p with 150 + 150 v/km, where they behave similarly. 

https://github.com/V2Xgithub/WiLabV2Xsim
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Fig. 6. Comparison between: (i) single technology with 50 v/km; (ii) coexistence of 50 IEEE 802.11p and 50 LTE-V2X v/km without any modifications; (iii) 
coexistence of 50 IEEE 802.11p and 50 LTE-V2X v/km without any modifications but with periodic traffic; (iv) coexistence of 50 IEEE 802.11p and 50 LTE-V2X 
v/km with the preamble insertion.
Figs. 7(c), and 7(d) show the minimum DA with probability less than 
0.001. Again, the use of the preamble (red bars) leads to a lower DA for 
both technologies compared to legacy coexistence (blue bars), with the 
sole exception of IEEE 802.11p with 150 + 150 v/km, as explained in 
the next subsection.

5.3. Considerations on the CBR

In Table 3, for each density and simulated case, and for both tech-

nologies, the average number of messages generated and the average 
channel busy ratio (CBR) are reported. The CBR indicates the portion 
of resources that the generic node currently estimated as being used, 
with more details provided in Appendix C. In the case of LTE-V2X, the 
average number of transmissions per packet is also shown in Table 3.

If attention is focused on high density scenarios (i.e., 150 +
150 v/km), it can be observed that in the case of preamble inser-

tion, congestion control (CC) reduces the average messages generated 
in IEEE 802.11p to less than 3 per station per second; this eventually 
8

causes the DA to increase, as observed in Fig. 7(c).
6. Impact in congested scenarios

As already noted with reference to the first two bars of the series in 
Fig. 7 and deepened in Section 5.3, when the vehicle density increases, 
LTE-V2X stations tend to use most of the resources, the preamble tends 
to be insufficient to mitigate the coexistence issues, and eventually the 
IEEE 802.11p traffic is reduced by its CC mechanism.

Therefore, additional approaches added to preamble insertion to 
prevent LTE-V2X stations from occupying most of the channel in con-

gested scenarios are considered and compared. Results are obtained via 
simulations, with the settings summarized in Table 2 and in terms of 
PRR and DA.

The implemented approaches, which are all in addition to preamble 
insertion, are as follows:

• No HARQ: in LTE-V2X, the use of blind retransmissions is inhibited; 
this prevents LTE-V2X stations from performing two transmissions 
per packet, thus making the traffic generated by the two technolo-
gies similar;
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Fig. 7. Comparison of the coexistence of IEEE 802.11p and LTE-V2X vehicles, without any modifications or with preamble insertion, in the latter case without or 

with additional limitations.

• Half pool: LTE-V2X stations can only use part of the subframes; this 
approach, also discussed in [7], is allowed in LTE-V2X thanks to 
the concept of pool of accessible resources; a pool of 25 subframes 
every 50 ms is assumed (corresponding to 50%)8;

• Modified LTE-V2X CC: the CC defined in [29] is modified to reduce 
the use of the channel by LTE-V2X; in particular, all thresholds that 
control channel occupation are halved, as detailed in Appendix C. 
We adopted exactly half for all thresholds as a simple solution. 
The optimization of the CC mechanism is beyond the scope of the 
present paper and left for future work.

8 The so-called method C in [7] assumes that the LTE-V2X nodes somehow 
estimate locally the proportion of stations equipped with each technology and 
consistently set the pool; therefore, setting the pool to 50% is the ideal output of 
that process in the scenario of this paper; this method is the only one in [7] fully 
compatible with current deployments and it has been shown to provide the best 
performance among those not requiring a centralized coordination; comparison 
9

of the methods is given in [7] and is outside the scope of the current work.
The impact of the three approaches in terms of generated messages 
and channel occupation is observable in Table 3, while the PRR and DA 
are shown in Fig. 7.

Regarding no HARQ, Table 3 shows that it reduces the number of 
transmissions per message in LTE-V2X to one, and this allows IEEE 
802.11p to maintain about 4.9 average messages per station per second 
even with 150 + 150 v/km. This also enables a significant improvement 
in the PRR of IEEE 802.11p, as shown in Fig. 7(a). At the same time, 
LTE-V2X cannot exploit one of its features, which results in a significant 
performance loss even when it is not needed.

Turning to half pool, it allows both technologies to maintain the same 
average messages per station per second even with the highest vehi-

cle density (see Table 3). However, as can be seen in Figs. 7(a)-7(b), 
the PRR of IEEE 802.11p improves only when vehicle density is low. 
Moreover, the PRR of LTE-V2X is always less than the legacy case and 
the one with the preamble insertion. This is due to the fact that al-

though LTE-V2X stations leave half of the subframes free to be used by 

IEEE 802.11p, the average number of LTE-V2X transmissions performed 
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Table 3

Average number of messages (Msg) and average CBR (CBR) for IEEE 802.11p and LTE-V2X. In LTE-V2X, the average number of transmissions (Ntx) per 
packet is also shown.

50 + 50 v/km 100 + 100 v/km 150 + 150 v/km

IEEE 802.11p LTE-V2X IEEE 802.11p LTE-V2X IEEE 802.11p LTE-V2X

Case Msg CBR Msg Ntx CBR Msg CBR Msg Ntx CBR Msg CBR Msg Ntx CBR

IEEE 802.11p only 4.87 0.055 4.84 0.107 4.89 0.166

LTE-V2X only (w/preamble) 4.86 2 0.17 4.83 2 0.316 4.88 2 0.446

Coexistence legacy 4.88 0.192 4.79 2 0.3 4.89 0.358 4.81 2 0.52 4.89 0.496 4.85 1.99 0.684

Legacy w/ periodic generation 5 0.21 5 2 0.343 5 0.405 5 2 0.617 5 0.532 5 1.87 0.770

W/preamble 4.88 0.401 4.79 2 0.322 4.61 0.635 4.81 2 0.542 2.73 0.781 4.85 2 0.626

W/preamble, no HARQ 4.88 0.245 4.79 1 0.242 4.89 0.426 4.81 1 0.438 4.87 0.568 4.85 1 0.598

W/preamble, half pool 4.88 0.343 4.79 1.97 0.308 4.89 0.491 4.81 1.98 0.516 4.89 0.579 4.85 1.98 0.662

W/preamble, modified LTE CC 4.88 0.351 4.74 1.72 0.294 4.89 0.399 4.15 1.11 0.422 4.89 0.493 3.81 1.02 0.564
within the subframes of the allowed pool is doubled, with a negative ef-

fect in both technologies.

The last solution, namely the modified LTE-V2X CC, shows the best 
performance for IEEE 802.11p under high density conditions. The per-

formance reduction of LTE-V2X, compared to the legacy case or the one 
with preamble insertion alone, is similar to the other two approaches, 
with a DA which is better than no HARQ for low vehicle density and of 
half pool in all the cases.

In general, it can be observed that an improvement in one technol-

ogy corresponds to a performance loss in the other. However, adopting 
the preamble insertion with a modification of the CC mechanisms of 
LTE-V2X allows in low traffic conditions to achieve near-maximum per-

formance in both technologies, and in conditions of increased traffic 
provides a better balance between the performances of the two tech-

nologies, granting fair access to the channel to IEEE 802.11p and LTE-

V2X stations.

7. Conclusion

In this work, focusing on a scenario where IEEE 802.11p and LTE-

V2X sidelink Mode 4 coexist in the same geographical area and in the 
same channel, we have studied the insertion of the IEEE 802.11p pream-

ble at the beginning of the LTE-V2X transmissions to mitigate mutual 
interference between technologies. The insertion of this preamble does 
not require modifications to IEEE 802.11p and is therefore compatible 
with current deployments in Europe. In addition, it also implies only 
minor changes to LTE-V2X. To access the impact of this proposal on 
the performance of the two technologies, we first obtained an analyti-

cal model in free-flow scenarios. The result is a closed-form expression 
that demonstrates the significant reduction of collisions due to inter-

technology interference. The study has been then extended to denser 
scenarios through the use of an open-source simulator, confirming the 
effectiveness of the proposal. Overall, the solution based on preamble 
insertion reduces performance losses caused by co-channel coexistence, 
without affecting the performance of individual technologies in areas or 
time intervals without coexistence. It has also been shown that mitiga-

tion loses effectiveness in particularly high traffic conditions. For such 
situation, three different approaches have been compared in addition to 
the preamble insertion, among which the one that acts on the conges-

tion control algorithm of LTE-V2X has proven to be the most effective.

Specific studies are also planned for future work. In particular, one 
aspect is the impact of the preamble insertion when high priority traffic 
related to emergency road situations is assumed in IEEE 802.11p (e.g. 
DENM); that traffic class has a sensing interval before the transmission 
that is shorter than the gap between LTE-V2X transmissions, and may 
therefore perceive a higher benefit when the channel is indicated as 
busy by the preamble. Another case which deserves additional work 
is the effectiveness of the proposal with the larger packets expected 
for future services such as collective perception messages (CPMs) and 
10

maneuver coordination messages (MCMs).
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Appendix A. Derivation of (4)

Since the main interferer is in this case outside the protected range, 
the PRP is

ℙPR|busy =
1

1 −ℙbusy ∫
ℝ−{𝕊}

𝑓PER

(
𝑃R

𝑃N + 𝑃LTE𝐺t𝐺r∕𝐿(𝑥)

)

×ℙd(𝑥)𝑑𝑥 (11)

where 𝕊 is the protected area, i.e., from 𝑑u − 𝑑∗
𝑥

to 𝑑u + 𝑑∗
𝑥

and ℝ −
{𝕊} indicates from −∞ to ∞ except 𝕊. The term before the integral in 
(11) is a normalization due to the assumption of having the LTE-V2X 
interferer outside the protected area and the integrating represents the 
conditioned PRP for the possible positions of the interferer.

Approximating, as indicated in Section 4.1, the 𝑓PER (𝛾) to a thresh-

old curve, the SINR threshold corresponds to a maximum interference 
value above which the packet is lost, which in turn corresponds to the 
minimum distance for the interferer 𝑑i. Given this approximation, (11)

can be written as

ℙPR|busy =
1

1 −ℙbusy

⎡⎢⎢⎢⎣
−max{𝑑i ,(𝑑∗𝑥−𝑑u)}

∫
−∞

ℙd(𝑥)𝑑𝑥

+

∞

∫
max{𝑑i ,(𝑑∗𝑥+𝑑u)}

ℙd(𝑥)𝑑𝑥
⎤⎥⎥⎥⎦

(12)

which leads to (4).

Appendix B. Derivation of (8) and (9)

In the case the current TTI is sensed idle by the IEEE 802.11p trans-

mitter and the transmission ends in the subsequent TTI, the PRP is equal 

to

https://github.com/V2Xgithub/WiLabV2Xsim
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ℙPR|sq = 1
1 −ℙbusy

1

∫
0

⎡⎢⎢⎣
∞

∫
−∞

ℙd(𝑦)

⋅
⎡⎢⎢⎣ ∫
ℝ−{𝕊}

ℙd(𝑥)𝑓xy(𝑥, 𝑦, 𝜏)𝑑𝑥
⎤⎥⎥⎦𝑑𝑦

⎤⎥⎥⎦𝑑𝜏 , (13)

where

𝑓xy(𝑥, 𝑦, 𝜏) = 𝑓PER

⎛⎜⎜⎝
𝑃R

𝑃N + (1 − 𝜏) 𝑃LTE𝐺t𝐺r

𝐿(𝑥) + 𝜏
𝑃LTE𝐺t𝐺r

𝐿(𝑦)

⎞⎟⎟⎠ (14)

and the variable 𝜏 indicates the portion of the packet transmitted during 
the subsequent TTI. Assuming that the interference is entirely caused by 
the LTE-V2X transmission that overlaps more with the reference trans-

mission (i.e., that in the current TTI if 𝜏 < 0.5 and that in the subsequent 
TTI if 𝜏 ≥ 0.5), (13) can be approximated as

ℙPR|sq = 1∕2
1 −ℙbusy

⎡⎢⎢⎣ ∫
ℝ−{𝕊}

𝑓PER

(
𝑃R

𝑃N + 𝑃LTE𝐺t𝐺r∕𝐿(𝑥)

)

× ℙd(𝑥)𝑑𝑥
]

+ 1
2

∞

∫
−∞

ℙd(𝑦)𝑓PER

(
𝑃R

𝑃N + 𝑃LTE𝐺t𝐺r∕𝐿(𝑦)

)
𝑑𝑦

=
ℙPR|busy

2
+

ℙPR|unpr

2
(15)

where

ℙPR|unpr =

∞

∫
−∞

ℙd(𝑦)𝑓PER

(
𝑃R

𝑃N + 𝑃LTE𝐺t𝐺r∕𝐿(𝑦)

)
𝑑𝑦 . (16)

Directly, (15) corresponds to (8). Furthermore, from (16), applying the 
threshold model for the PER vs. SINR, we obtain

ℙPR|unpr =

−𝑑i

∫
−∞

ℙd(𝑦)𝑑𝑦+

∞

∫
𝑑i

ℙd(𝑦)𝑑𝑦 (17)

which leads to (9).

Appendix C. Congestion control

In Section 5, the CC mechanisms described in [27] and [29] are used 
for IEEE 802.11p and LTE-V2X, respectively.

C.1. IEEE 802.11p

Distributed congestion control (DCC) detailed for ITS-G5 in [27]; 
each station measures the portion of time during which the received 
power is greater than -85 dBm, within intervals of 100 ms, called CBR 
and here denoted as 𝛿CBR-11p; denoting as 𝑡g the generation interval 
between one packet and the next as indicated by the higher layers from 
[25], the interval used between consecutive packets is calculated as 𝑡Δ =
max{𝑡g, min{1, 𝑡g ⋅ 4000 ⋅ 𝛿CBR-11p−0.62

𝛿CBR-11p
}}, where min{𝑥, 𝑦} is a function 

that returns the minimum value between 𝑥 and 𝑦. If the CBR goes above 
0.62, the generation interval is increased in order to reduce the channel 
occupation.

C.2. LTE-V2X

CC detailed in [29]; each station measures every 100 ms the por-

tion of subchannels with received power greater than −94 dBm, called 
11

CBR and here denoted as 𝛿CBR-LTE; based on this and using the settings 
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for the cooperative awareness messages (CAMs), the average num-

ber of subchannels that can be used per second by the station, called 
channel occupation ratio (CR) and here denoted as 𝜌CR-LTE, is con-

strained to 𝜌CR-LTE < 0.03 if 0.3 < 𝛿CBR-LTE ≤ 0.65, 𝜌CR-LTE < 0.006 if 
0.65 < 𝛿CBR-LTE ≤ 0.8, and 𝜌CR-LTE < 0.003 if 𝛿CBR-LTE > 0.8. The way to 
reduce the load is not specified in the standards and various options are 
possible (e.g., varying the MCS or power). In the simulator, we assume 
that in order to comply with the constrain on the 𝜌CR-LTE, first blind re-

transmissions are avoided, and then, if not sufficient, the same equation 
used for IEEE 802.11p is applied to the generation interval.

C.3. LTE-V2X with modified CC

Same algorithm with stricter constraints; in particular, all num-

bers are halved, which means that 𝜌CR-LTE < 0.015 if 0.15 < 𝛿CBR-LTE ≤
0.325, 𝜌CR-LTE < 0.003 if 0.325 < 𝛿CBR-LTE ≤ 0.4, and 𝜌CR-LTE < 0.0015 if 
𝛿CBR-LTE > 0.4.
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