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Abstract—Vehicular communication is a core technology of In-
telligent Transportation Systems (ITS). Vehicle-to-vehicle (V2V)
communication still needs to develop resilience, such that com-
munication is safe and efficient, in time-critical applications.
The radio-based systems, such as cellular V2X (C-V2X) and
Dedicated Short Range Communication (DSRC), which are used
classically for vehicular communication suffer from performance
degradation in traffic scenarios where traffic is dense. In recent
years, Line of Sight (LoS) technologies such as Visible Light
Communication (VLC) are considered complementary technol-
ogy to Radio Frequency (RF). VLC utilizes the light-emitting
diodes (LEDs) headlamps and tail lights that are standard on
modern vehicles to exchange information with the predecessor
and subsequent vehicle. The information exchanged between
vehicles allows the ITS to create a safer and less traffic-congested
transportation system. Recent studies have used a combination
of DSRC and VLC to minimize the performance degradation
that RF suffers from. These studies have concluded that this
combination lowers the performance degradation that RF com-
munication technologies have. This survey paper highlights the
need to combine RF and LoS technologies to improve the stability
and reliability of V2V communication. Therefore, we discuss
the different LoS and RF technologies, and we present the
combinations that can be used for communication. Finally, we
propose a hybrid strategy that combines the best properties of
the individual technologies.

Index Terms—V2V, Intelligent Transportation Systems, C-
V2X, Dedicated Short Range Communication, Vehicular Visible
Light Communication, Autonomous Driving, Platooning, Coop-
erative adaptive cruise control

I. INTRODUCTION

The transportation industry has made vast improvements
to the technical capabilities of new high-end vehicles. Most
new vehicles are equipped with embedded computers that
make use of sensors to interpret the surroundings of the
vehicle. The sensor data is used to allow a vehicle to drive
semi-autonomous, and in the near future, fully autonomous.
Intelligent Transport Systems (ITS) will bring a solution to the
problems that are encountered when making a vehicle drive
autonomously. Autonomous vehicle platoons are an upcoming
ITS technology that will make it possible to drive semi-
autonomous. Platooning is a strategy that consists of partially
autonomous cars driving in a close formation with small
gaps between vehicles while communicating with each other.
Cooperative Adaptive Cruise Control (CACC), an extension

of Adaptive Cruise Control (ACC), will maintain a constant
distance with the predecessor and will use wireless communi-
cation to exchange information [1]. CACC will thus be used
for platooning strategies. CACC has shown improvements to
the throughput of traffic, lower fuel usage, and safety [1]-[3].

A platoon consist of multiple vehicles that will drive in
close proximity in a single lane, following a leader vehicle.
The leader vehicle will set the route and velocity of the
platoon. The others will follow this vehicle. To maintain a
platoon, vehicles will need to communicate and exchange
information such that the vehicles can make a correct decision.
To exchange the information, vehicles will send the data that
is measured by sensors to the other vehicles that are part of
the platoon. In recent years, there have been projects such as
ENSEMBLE [4] and SARTRE [5] to see if platooning strate-
gies can be used in a real-world scenario. In these projects,
they create complex and realistic scenarios to research and
validate platooning technology. To ensure the optimal use of
the platooning strategy, a robust and efficient communication
strategy needs to be used. With a recommended transmission
latency of 20ms [6], communication between vehicles needs
to be as optimal as possible. An error can cause a safe system
to become an unsafe one. Current proposals use RF commu-
nication based on DSRC or C-V2X. The DSRC technology
is based on IEEE 802.11p [7] while the C-V2X standard is
standardized by 3GPP [8].

To guarantee safety in a platoon formation, it is important
to use high update rates of at least 10Hz [9] between vehi-
cles [10]. When multiple platoons are in proximity on the same
freeway, the RF network can become congested substantially
increasing the possibility of packages being delayed or not
being delivered, making the CACC not able to communicate
with the other vehicles in its platoon. Due to congestion,
the safety of all the vehicles will diminish significantly. One
approach to solve this is by using directional communication
instead of omnidirectional communication. Hardes et al. [11]
found that using beam forming in platooning reduces the inter-
ference of other communications and thus providing a positive
effect. Another solution is using line of sight technologies
to communicate. VLC is a technology that utilises light to
transmit data to other vehicles. VLC can be used to send data
by utilizing the unused wavelengths from 380nm to 780nm of



the electromagnetic spectrum [9]. Due to the availability of
a large spectrum, VLC will be able to transmit in high data
rates. When using Vehicular Visible Light Communication (V-
VLC) it is possible to use the front and tail lights of modern
cars. The LEDs can be used at high frequencies that are not
detectable by the human eye.

Using VLC also has some downsides. When using the
headlights that are already installed on the vehicle, the ra-
diation pattern can not be changed and improved. To solve
this issue, Schettler et al. found that by using Adaptive Front
Light Systems (AFLS) the radiation pattern of a standard
headlight can be bypassed thus improving the LOS behaviour
of VLC [12]. Light is also more susceptible to fog and rain,
this needs to be taken into account when using VLC [13].

In this paper we developed an application that enables lever-
aging both VLC and RF technologies to ensure communication
between vehicles. We implemented the two communication
methods and evaluated the performances of the different
configurations. We also propose a basic hybrid strategy that
will allow for the protocol to decide which communication
technology needs to be used to improve the communications
reliability. We then compare results and evaluate the different
configurations.

II. COMMUNICATION TECHNOLOGIES

A. RF Based Technologies

1) IEEE 802.11p: The 802.11p standard, is a standard
created by the IEEE and is an amendment to the IEEE 802.11
standard [7]. 802.11p will add a vehicular communication
system, WAVE, to allow for data exchange between high-
speed vehicles and roadside infrastructure. In order to
communicate, it utilizes the licensed ITS band of 5.9GHz.
Since the communication link between moving vehicles
and roadside infrastructure can exist for a short time, the
802.11p standard has created a method that allows data
to be exchanged without establishing a basic service set.
Therefore, no authentication and association procedures need
to take place before communicating data. Consequently,
the stations and messages will not be authenticated by the
standard IEEE 802.11 standard. These functionalities will
need to be provided by a higher layer application. DSRC will
expand the IEEE 802.11p standard [14]. To ensure efficient
use in high density cases, IEEE 802.11p will use multiple
access mechanism (Carrier Sense Multiple Access protocol
with Collision Avoidance, CSMA-CA) to ensure that the
congestion of the network is optimized.

2) LTE-V2X: LTE-V2X is a new technology that is an
extension of 3GPP Rel-12 Device-to-Device (D2D) [8]. The
old Rel-12 technology is based on using LTE uplink trans-
missions and spectrum resources for direct communication
between devices. The new standard will expand on the direct
communication and will allow LTE platforms to communicate
between moving vehicles and infrastructure. It does this by
requiring the following specifications:

o Operating with or without a eNB, base station, coverage.
Users are allowed to directly communicate with each
other, without requiring cell coverage of an eNB.

« Standalone operation on a dedicated unlicensed carrier or
under licensed spectrum

o Enhanced D2D functionality for low latency and high
speed

These enhanced requirements are addressed in with the

release LTE Rel-14. In this release two new Sidelink trans-
mission modes where created [15], see Table I. In this
table, the two new modes are compared by scheduling method
and channel access. In scenarios where vehicles have poor
coverage or are moving on a freeway with many handovers,
the most relevant mode is mode four. With this mode we are
not relying on using an eNB. We will use this mode to compare
LTE-V2X with IEEE 802.11p.

TABLE I: LTE-Sidelink transmissions.

Scheduling method | Channel access

Mode 3 | eNB eNB-Controlled

Mode 4 | Distrubuted Sensing, with persistent transmissions

B. Comparing RF with VLC

As stated earlier, there are two main approaches for com-
municating between moving vehicles: RF and VLC. In recent
years, VLC has gained a lot of interest from the car industry
and research community. To standardize this technology, sev-
eral efforts have been made by the IEEE Standards Association
and more research papers have been published on this topic.
Although VLC has only recently seen more development, RF
has been the standard technology that is currently used by
vehicles to communicate.

In Table II we discuss the advantages and disadvantages
of RF and VLC. One of the main disadvantages of RF is
the network congestion that takes place when large amounts
of vehicles are in close proximity. When the network is
congested there is a higher probability that packets will be
severely delayed or completely dropped, which is a problem
for our applications that rely on a constant stream of data.
Due to the loss of packets, driving applications that depend
on communication to ensure the safety of the vehicle will no
longer function optimally.

TABLE II: Communication Technologies.

Advantages Disadvantages

Omnidirectional Not secure

RF | Long Range Network congestion

Pass through object Limited available spectrum

LoS Communication Short range

VLC

High data rates Vulnerable to ambient light

Low power consumption | Vulnerable to weather

Unused spectrum

The best solution can likely be found by combining VLC
and RF. VLC can make up for RF’s limited radio spectrum



Fig. 1: Only RF (This image shows the reachability of the
strategy, the message does not need to be resent by the
receivers).

o Oy Oy Oy

Fig. 2: Only VLC (Messages will be forwarded by receivers).

and the potential security attacks and RF can make up for the
limited range of VLC.

With these findings, we create four different approaches of
communication between vehicles that are driving in a platoon
formation [16], and in Table III we compare these approaches:

e Only RF: In this approach, only Radio Frequency to
communicate between vehicles is used (Figure 1).

e Only VLC: In this approach, only Vehicular Light Com-
munication to communicate between vehicles is used
(Figure 2).

e VLC - RF: In this approach VLC and RF are combined.
Vehicles will use both methods to send data (Figure 3).

o Hybrid VLC - RF: In this approach, all vehicles can use
VLC and RF. Contrary to the previous approach (i.e.,
VLC-RF), a protocol will determine what method will
be used to send data (Figure 3).

TABLE III: Communication strategies.

Advantages Disadvantages
Long range Not secure
Only RF Pass through object Network congestion
Limited available
spectrum
LoS Communication Short range
Only VLC High data rates Vulnerable to
weather
Low power consumption Multi-hopping
Direct communication Network congestion
VLC-RF Long Range Not secure
Redundant messages
Direct communication Not secure
Hybrid VLC-RF Long Range

III. USE CASE: PLATOONING
A. A Platooning overview

Autonomous platooning is a technology that builds on
Adaptive Cruise Control (ACC) where communication allows
a controller to follow the vehicle in front. The controller
will change the velocity to ensure that a safe distance can

Fig. 3: VLC - RE

be maintained. Each vehicle will be equipped with different
sensors that will allow the controller to make the correct
decision. With communication, the vehicles can inform the
other members of the platoon about the status of itself. As a
result, the platoon will drive safely. CACC has had multiple
large-scale projects in the EU and US, such as SARTRE and
PATH [5], [17].

To ensure that the controller has enough information to
make the correct decisions, the vehicles need to communicate
at a constant update rate. A study performed by Rashdan et
al. [18] found that 10Hz is adequate. The medium will not be
overwhelmed and the information is still up to date so that
the other vehicles can make a correct decision. These types of
messages are Beacon messages. They comprise the individual
states of a vehicle, i.e. velocity, location, and distance to the
vehicle in front. For this reason, the controller can ensure that
a safe distance is maintained.

The next type of message is an action message. These will
send requests to the leader for action. The following action
messages can be found in a platoon formation:

1) Join: An external vehicle will try to join the platoon
formation. To do so, it will send a request to the leader. The
leader of the platoon will decide if and where the vehicle can
join.

2) Merge: Platoon A will try to merge with platoon B. To
do so, the leader of A will send a message to the leader of B.
B will send a message back with information on how A will
need to merge.

3) Leave: A vehicle will leave the platoon. To do this, it
will send a Leave message to the leader of the platoon. They
will instruct all platoon members on how and when the vehicle
can leave.

B. Hybrid RF-VLC Solution

In this section we will propose an algorithm that will com-
bine the previously mentioned technologies, VLC and RF, to
ensure that we can utilize the advantages of both technologies
and thus increase the reliability of the communication.

The application will use Algorithm 1 to decide what tech-
nology is used to send the packet. The algorithm will use
two measured parameters, latency and update rate, to decide
what technology is the most optimal at that moment. These
parameters will be set based on the results of simulations
done with the individual technologies. When the platooning
application needs to communicate outside of the platoon, it is
able to set the destination of the packet to Outside. This will
set the sending technology to the specified RF.



Algorithm 1 Sending algorithm

1: procedure FIND_TECHNOLOGY(D) > Destination D
2 update_rate > measured update rate
3 req_update,ate > required update rate
4: latency > measured latency
5: req_latency > required latency
6 result > the used technology
7 if D is Platoon then

8 if update_rate < req_update_rate then

9: result < RF

10: else if latency < req_latency then

11: result < RF

12: else

13: result < VLC

14: end if

15: else if D is Outside then

16: result < RF

17: end if

18: return result

19: end procedure

IV. SIMULATION SETUP

To evaluate the proposed setup and protocols we use the
OMNET++ network simulator combined with the VEINS
framework [19], its platooning extension Plexe [20], its VLC
extension VEINS-VLC [21], and the INET framework to
simulate the LTE-V2X communication [22]. We use a freeway
as location to do the simulations and on this freeway we
will place multiple platoons in different lanes. These platoons
will drive for a set amount of time. Each vehicle will send
a beaconing message at a constant interval. This message
includes the necessary data to allow for safe platooning. The
leader of a platoon will use ACC to maintain a constant
velocity and headway to the platoon in front. The other
vehicles in the platoon will use CACC to follow the leader.
The controller used is described in Rajamani [23].

TABLE IV: Platoon parameters.

Desired velocity 100km/h
AcC Headway 1.2s
Distance Sm
C1 0.5
CACC Wn, 0.2Hz
£ 1
Vehicles [5, 10, 20, 40 ,80, 160]
Scenario Platoon size 5
Lanes 4
Simulation time 10s

In Table IV, we list the most important parameters from
the platooning setup and the overall scenario. To test the
scalability of our communication strategies, we will change the
number of vehicles. In the different scenarios we will simulate
with 5, 10, 20, 40, 80 and 160 vehicles, corresponding with
1, 2, 4, 8, 16 active platoons.

In Table V we show the necessary parameters for the

TABLE V: Communication technologies parameters.

LTE CQI 7
Bitrate 6Mb/s
Transmit power 13dBm
DSRC | Fading model Nakagami (m = 3)
Path loss model Free space (o = 2)
Thermal noise floor -98 dBm
Bitrate 1Mb/s
Modulation OOK
VLC Sensitivity -114 dBm
Thermal noise floor -110 dBm

different communication methods. In this simulation we com-
pare the different technologies in a clean and open area. No
obstacles will be added. We only need to simulate for 10
seconds because this is representative enough for the highly
mobile scenarios that we consider for this paper. Therefore,
increasing the simulation time does not have any effect on the
results we gather.

V. RESULTS

In this section we will investigate the performance of the
different network technologies, previously described in II. The
result we display are the averages of all the vehicles inside the
same platoon unless otherwise stated. We will discuss metrics
that are important to the performance of the communication
between each vehicle. These parameters are the packet delivery
rate, latency and network quality. To ensure that a platoon can
operate optimally, the communication between vehicles needs
to be reliable, constantly updated and needs to contain the
current information.

A. Packet Delivery Ratio

Packet Delivery ratio (PDR) will measure the amount of
packages received compared to the amount of packages ex-
pected to be received. In a platoon, receiving messages is
vital to ensure that the vehicles that are part of the platoon
can make the correct decision. If packages would not be
received by vehicles that expect that data, it will make the
platoon unstable and unreliable. We expect a Packet delivery
rate 100%. Our results show that in case of RF technologies,
ie., IEEE 802.11p and LTE-V2X, the PDR is decreasing
with an increase in number of connected vehicles. IEEE
802.11p maintains the required PDR until 20 vehicles, whereas
LTE-V2X will already start losing packages with only 10
vehicles active. Both technologies have a significant drop in
PDR when even more vehicles are added. In contrast to the
RF technologies, VLC has a higher average PDR. Due to
interference that occurs with non LoS technologies, we can
see that LoS technologies maintain a close to perfect PDR
even when we increase the amount of vehicles. The combined
setups are able to maintain a higher PDR with more vehicles
active.

B. Latency

Latency expresses the time it takes for a packet of data to
travel from a sender to a receiver. To ensure that a platoon can



react quickly to new information, the time needed to receive
a message needs to be as low as possible. In Béchardergue
et al. they find that the optimal latency of a package in a
platoon is lower than 20ms [6]. In Figure 5 we compare the
average latency of the technologies in two different scenarios,
i.e. number of vehicles. We do this by measuring the delay
from the leader of the platoon sending a beacon to the second
and last vehicle receiving this package. Our results show that
in case of VLC, the second vehicle has a latency of 12.3ms
which is within the requirements, whereas the last vehicle of
the platoon has a latency of 37.2ms, which is higher then the
requirement of 20ms. This is due to the multi hopping that
takes place to forward the message to the vehicles behind,
with every forward the latency will increase.

When we compare the RF technologies, i.e. LTE-V2X and
IEEE 802.11p, we see that only IEEE 802.11p has a latency
lower then the requirement. The second and last vehicle of the
platoon are in both scenarios able to maintain a lower latency.
LTE-V2X does not have a latency lower then the required
20ms, even when a small amount of vehicles are active. The
difference in latency between the two RF technologies is
due to the fact that IEEE 802.11p is using CSMA/CA. This
allows for a node to sense if a channel is active, and if the
channel is idle the node can send the message. LTE-V2X uses
a Semi-Persistent Scheduler (SPS), an SPS allows for each
station to schedule its own recourse blocks for transmissions in
time. To prevent collisions with other transmissions, LTE-V2X
schedules its messages more spread out. Due to this spreading
out of the messages, LTE-V2X has a higher latency compared
to IEEE 802.11p.

The results of combining IEEE 802.11p and VLC shows
us that in a scenario with 80 vehicles, the average latency is
higher at 21.29ms compared to the 14.3ms with only IEEE
802.11p. This is due to VLC being able to deliver packages
that would not have been received with only IEEE 802.11p
and thus increasing our average latency. When we compare
this to IEEE 802.11p and VLC using the strategy explained in
III-B, the results show that with a maximum average latency
of 9.4ms with 10 vehicles and 12.26ms with 80 vehicles, this
combination of technologies and strategy is able to achieve
the requirement of 20ms.

100%
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VLC

20% | —s— IEEE802.11p + VLC
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Fig. 4: Packet Delivery Ratio.
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C. Network quality

In the following section, we look at the network quality
of the different technologies. We do this by looking at the
measured time between received messages. As mentioned in
the setup we will send a beacon with a rate of 10Hz, we use
this value based on previous research [6], [9], which means
that the receiver expects a message every 100 milliseconds.
The measured delay will change based on the network quality.
The more interference, the higher the delay between messages.
In Figure 6 we see that LTE-V2X and IEEE 802.11p are not
able to sustain the required update rate when more vehicles
are in close proximity. When 20 vehicles are sending data,
the RF technologies are not able to send at the required rate
of 10Hz. Contrary to VLC, which was able to maintain a
stable update rate of 10Hz. The combination of IEEE 802.11p
and VLC shows a significant improvement over the individual
technologies. After 40 vehicles we notice a drop in the
frequency of received packets. With the hybrid strategy active,
the combination of technologies will be able to maintain the
required update rate with 40 vehicles but the performance will
still drop when more vehicles are active.

VI. CONCLUSION AND FUTURE WORK

In this work, we presented different communication tech-
nologies, i.e. IEEE 802.11p, LTE-V2X and VLC, in different
scenarios, and we studied at the scalability of these technolo-
gies when it comes to platooning scenarios. We then created
a basic hybrid strategy that combines different technologies to
improve the overall communication reliability.

To compare these technologies, we used the OMNET++ net-
work simulator with different extensions active, i.e. INET and
VEINS, to simulate how each individual technology compares
in a fast moving environment such as a vehicular one. Our
test setup enables swift changes of the test parameters, e.g.,
platooning size and used communication technology, which
enables for rapid testing.

As future work, we intend to improve the hybrid strategy so
that the algorithm can make better decisions. We can do this
by using Al to predict what technology is the most optimal for
each situation, using sensors to detect if there is a large number
of vehicles active. We also plan to test how our strategy will
work in an urban environment. Finally, we plan to test different
approaches with the different technologies, e.g. directional
communication with IEEE 802.11p [11], and Adaptive Front
Light Systems for VLC systems [12].
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