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ABSTRACT Vehicle-to-X communication enables vehicles and other road users to exchange information in
order to increase traffic efficiency and safety. All participants build a decentralized ad hoc network that
can operate without the need for additional communication infrastructure. Two competing transmission
technologies are available for this purpose. The WLAN-based approach ITS-G5 and the cellular-mobile-
based LTE-V2X both enable the direct exchange of information between participants. Each of these
technologies has individual advantages and disadvantages that recommend a specific technology for specific
use cases. The hybrid usage of the two technologies in a common network can help to improve the reliability
of transmissions for safety-critical applications by providing suitable transmission features for every use
case, including dissemination range, latency, and channel throughput. The proposed hybrid V2X network
approach provides participants with various options for selecting the transmission path to better adapt to
the requirements of the specific use cases. The investigation is based on measurements of the transmission
properties of ITS-G5 and LTE-V2X in real traffic environments as well as on simulations of hybrid V2X
networks in a combined simulation environment for traffic and communication behavior. An important part
of this investigation is the development of suitable dissemination models that describe the transmission
behavior of both technologies. Initial results show that both technologies can be constructively combined
to improve the reliability of communication for safety-critical applications in decentralized V2X networks.

INDEX TERMS Hybrid vehicle-to-X, ITS-G5, LTE-V2X, V2V, V2X, VANET.

I. INTRODUCTION TO VEHICLE-TO-VEHICLE
COMMUNICATION
Vehicle-to-vehicle communication and communication
between vehicles and stationary equipment as part of
a communicative infrastructure offer the opportunity for
information exchange that enables individual participants to
complement and harmonize their individual knowledge [1].
On the vehicle side, this extension of the own sensor range
enables an improvement in the perception of the environment.
Conflicts with other road users can be detected earlier and
resolved if necessary. The infrastructure that is connected to
traffic control centers or traffic lights, for example, benefits
from a more holistic perception of the traffic situation and
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consequently the possibility of more targeted traffic con-
trol [2].

Information generated by the vehicles goes far beyond
the so-called ‘‘live traffic data’’ provided by map services.
This traffic data is either based on the cell phones of the
vehicle occupants or the location function of the route plan-
ning software used. This does enable trends, such as high
traffic volumes, to be identified. While this is significantly
better than the TMC system based on police reports, it cannot
identify the causes of traffic incidents. By using vehicle data
and special messages, causes (e.g., a broken-down vehicle)
can also be transmitted.

Vehicle-to-Vehicle communication, or V2V for short,
as well as Vehicle-to-Infrastructure communication, or V2I,
use the same communication technologies and form a com-
mon network. Both aspects, Vehicle-to-Vehicle and Vehicle-
to-Infrastructure, are therefore also denoted as Vehicle-to-X,
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FIGURE 1. Overview about the V2X network structure.

or V2X for short [2]. In addition to the term V2X, the terms
Car-to-X and C2X are also used in Europe [1].

Vehicles, as mobile participants, which represent the
majority of the endpoints in the communication architecture,
build a dynamic network that is characterized by permanently
changing members. The mutual relevance for the exchange of
information is time- and location-dependent and can there-
fore increase and decrease with the movement of the vehi-
cles. The participants consequently form a dynamic ad hoc
network, which is also known as Vehicular Ad hoc Network
(VANET) [3](Figure 1).

The use case of data exchange between vehicles and
between vehicles and infrastructure places certain require-
ments on the technologies to be used. In order to achieve a
reliable exchange of information, which is particularly nec-
essary when using the information for safety-critical driv-
ing functions, it is necessary to ensure, among other things,
a sufficient communication range for an acceptable percep-
tion, a low delay for fast dissemination, and a sufficient
data transmission rate for all participants [4], [5]. Safety-
critical applications are those that have a direct impact on
road safety. This includes collision avoidance by improving
mutual perception as well as warning of local hazards such as
obstacles on the road or accidents.

Furthermore, the functionality shall not be restricted even
at higher vehicle velocities [5]. Security mechanisms, such as
the signing and authenticating of messages, must ensure the
integrity of the message content to prevent misuse [6], [7].

For Vehicle-to-X communication, there are two relevant
communication technologies that can be used separately or
in parallel and in different architectural approaches. One
technology relies on WLAN-based direct communication
between participants; the other approach uses a cellular
mobile communication standard for data transmission. Both
approaches are first presented in the following section, fol-
lowed by a discussion of hybrid use.

A. WLAN-BASED V2X COMMUNICATION
The basis for reliable data exchange between road users and
transport infrastructure in Europe is the ITS-G5 standard,
which is based on the IEEE 802.11p WLAN standard. The
standard describes the network access (OSI model layers

TABLE 1. Usage of the V2X channels defined for Europe in ETSI EN 302
571.

1 and 2) of the V2X systems in a local, dynamic ad hoc net-
work [8]. The communication here takes place in a frequency
range of 5.9 GHz, with seven radio channels available, each
with a bandwidth of 10 MHz [9]. But not all of these chan-
nels are intended for safety-critical applications [10]. Three
channels can be used for safety-related use cases, two for non-
safety-related use cases, and another two for future use cases
(Table 1).

The further structure of the communication technology as
well as the structure of the messages and their processing are
described for Europe by various standards of the European
Telecommunications Standards Institute and the European
Committee for Standardization [11].

Communication for the dissemination of warnings in dan-
gerous traffic situations and conflicts is primarily organized
as a spatially limited broadcast without addressing individual
recipients. The transmitter of messages does not necessarily
require information about the surrounding communication
partners. Recipients receive all messages within their range
and decide for themselves whether they are relevant to their
own situation based on the content. Two types of messages
form the basis of the information exchange: the Cooperative
Awareness Message (CAM) and the Decentralized Environ-
mental Notification Message (DENM) [12], [13].

The CAM is sent by each mobile participant cyclically
at intervals of 1 to 10 Hz and informs the immediate envi-
ronment of its presence. Due to the position and driving
dynamics data contained in the CAM, applications such as
collision avoidance warnings can already be realized with the
CAM alone [14].

The DENM is an event-based message that is only trans-
mitted when a specific and defined hazardous situation arises.
The message is repeated as long as the corresponding situa-
tion exists and can be perceived by the detecting participant.
This type of message may be forwarded by receiving partici-
pants to enable distribution beyond the direct radio range [13].

In addition, there were a number of other message types
for special applications, such as the transmission of signal
information from traffic light systems or road topology, for
example, to the vehicle [2].

A direct addressing of individual participants in the form
of a unicast is also possible and may be of interest for applica-
tions like maneuver coordination between highly automated
vehicles, where the message content is only relevant for
specific participants [1], [11].

The European ITS-G5 standard and the corresponding
North American DSRC (Direct Short Range Communica-
tion) standard forWLAN-based communication have already
been intensively investigated for the planned market launch
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in the countries concerned, supported by national and inter-
national research projects [15]. WLAN is characterized by
low latency and sufficient availability at shorter ranges. Con-
versely, restrictions occur when there are longer distances
between participants and when there is a high volume of com-
munication on the channel [16], [17]. The respective quanti-
tative characteristics are highly dependent on the respective
application as well as the communicational and environmen-
tal conditions [5], [11], [17].While, for example, the collision
avoidance requires a low latency caused by the short distances
between the vehicles, an event-based weather warning is, to a
large extent, dependent on a large transmission range.

B. CELLULAR MOBILE COMMUNICATION
Communication via a cellular mobile data service is the sec-
ond alternative to exchanging data. Current standards such
as LTE 4G and 5G use mainly the Internet Protocol to
transmit any content [1]. The required hardware is already
often present in vehicles and integrated into the system archi-
tecture [3], [18]. The legal requirement to introduce eCall
(emergency call) in all newly developed vehicles means that
vehicles need to be connected to mobile cellular communica-
tion within the European Union [19].

However, the existing cellular mobile network does not
support direct information exchange between individual vehi-
cles in the immediate vicinity or to a neighboring infrastruc-
ture, such as a traffic light system. Participants are connected
to the base stations of their respective providers and do
not know the other participants in their environment, which
means they are unable to address them directly. The use of
a broadcast is not intended for individual participants here.
In order to exchange information, participants would have to
send their traffic and safety-related data to a central backend.
Here, the incoming information is evaluated, summarized if
necessary, and made available in a database. Other partic-
ipants must now actively request all data for their current
environments from this backend. In contrast to direct com-
munication, the path from one vehicle via the infrastructure
of the mobile network providers to a backend and back to
another road user is significantly longer. The resulting latency
is a problem, especially for time-critical applications. Since
critical information has no priority during transmission and
the communication path to the backend varies, the delay is
also only predictable to a limited extent [11], [20]. Further-
more, there is a dependency on an infrastructure, which can
also be owned by different providers.

Since 2015, however, another approach to mobile commu-
nications has been available. The 3rd Generation Partnership
Project (3GPP) is a cooperation of national and international
standardization institutes working on the further development
of mobile communications standards [21]. Since Release
12 of the 3GPP, device-to-device communication has been
introduced based on the LTE technology, which supports
direct communication between participants even without the
availability of base stations. In Release 14, among other

things, the use case of direct data exchange between vehi-
cles is considered [10], [22], [23], [24]. The term LTE-V2X
describes the requirements and use cases for LTE-based V2X
communication [23].

Two operating modes are available for LTE-V2X.
In Mode 3, the vehicles are within the range of an LTE
base station, which handles the resource management for the
radio channels that are used. However, the data exchange
between the participants takes place directly via the so-called
sidelink [25].

In Mode 4, no base station is available as a central com-
ponent. Vehicles have to select the resources for transmis-
sion from their own resource pool, which has been provided
beforehand [26]. The resources are divided into Resource
Blocks (RB) as usual for LTE, which subdivide the available
channel by time and frequency range [27].

LTE-V2X provides the usage of broadcasts for information
dissemination in security-critical applications, as is the case
with ITS-G5 [28]. This enables the local dissemination of
information in a direct way without having to know the
addresses of the surrounding participants. The sidelink now
also enables the realization of time-critical applications [22].

By enabling the targeted usage of individual RBs and
providing more flexibility in choosing frequencies, band-
widths, and modulation methods, LTE-V2X has the potential
to adjust the available resources of the radio channel more
accurately and efficiently to the respective situation than is
possible with ITS-G5 [29].

The higher layers of the communication stack, including
the message types and services, are not specifically defined
for LTE-V2X and can be adopted from the WLAN-based
ITS-G5 approach [22].

The cellular mobile-based approach can be used as an
alternative to ITS-G5 in the 5.9 GHz frequency range. Parallel
operation with ITS-G5 on different channels in this frequency
range is also conceivable [21].

However, it is also possible to locate the LTE-V2X com-
munication in one of the defined LTE bands. This option can
be used to exploit the benefits of lower carrier frequencies in
terms of range and reflection behavior.

Previous research found that flexibility in channel resource
allocation resulted in more efficient channel capacity utiliza-
tion, allowing for higher data throughput than ITE-G5 [30],
[31], [17]. A problem is the RB allocation procedure, which
may struggle with the high mobility in the V2X network [32].
In addition, LTE-V2X enables more flexibility in the selec-
tion of modulation methods, channel bandwidths, and avail-
able channels [33]. ITS-G5, on the other hand, shows advan-
tages in terms of communication latency within the mobile ad
hoc network, where transmission delays for both technologies
are strongly dependent on the utilization of the radio chan-
nel [31], [34].

With 5G, 3GPP has already standardized the next genera-
tion of mobile communications to follow LTE. It is already
in the rollout phase and is already available to users [35].
Vehicle communication with 5G is provided in 3GPP Release
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16 [36]. 5G-V2X does not replace the existing standards
for LTE-V2X but rather extends the functionality to new
applications, such as supporting automated driving functions
[37].

II. STATUS QUO
At present, there are only a few vehicles on the market in
Europe that can exchange information independently over
a common communication standard [38]. For the vehicle
manufacturers, however, such a communication standard is a
fundamental requirement for the introduction of highly auto-
mated driving functions [11]. The exchange of information
between vehicles is essential in this context, among other
things, for the coordination of driving maneuvers [11]. Auto-
mated vehicles need to be able to coordinate their respective
intentionswith other road users in order to achieve an efficient
traffic flow.

With the WLAN standard according to ITS-G5 and
the related, standardized protocols, a technology for
cross-manufacturer communication is already available,
which has also been investigated and evaluated in numerous
research projects [11], [15]. However, the investigations
showed that a high market penetration and a high number
of road users in a region e.g., in urban areas, may cause
problems with congestion on the communication channel,
which threatens the reliable transmission of information [39].
In addition, the transmission range of ITS-G5 at 5.9 GHz
is not always sufficient to inform all requested receivers,
depending on the application and the respective situation [24].
Nevertheless, due to its positive characteristics in terms of low
latency and the independence of base stations and cellphone
providers, WLAN-based communication is the central com-
ponent of safety-critical close-range communication between
road users in Europe [1], [11]. Road infrastructure systems
are already using this technology. In several European coun-
tries, traffic control and construction site warning systems are
already equipped with such radio systems [11].

However, it has also been shown that ITS-G5 alone cannot
meet all the requirements of the V2X use cases [34]. This
applies primarily to safety-critical applications and the sup-
port of automated driving functions, as this is where partic-
ularly high demands are placed on reliability. The problems
here are not only the overload of the radio channels by a large
number of participants but also the provided transmission
ranges [24].

LTE-V2X is a competing technology to ITS-G5, which
serves the same purpose. In several countries, it is under
discussion to realize a V2X network based on this technol-
ogy [23]. However, even LTE-V2X cannot meet all require-
ments on its own.

III. HYBRID V2X COMMUNICATION
In order to better meet the requirements of safety-critical
applications in terms of reliability, range and latency, and
also to take into account future applications such as highly

automated driving functions, a hybrid deployment of both
transmission technologies is proposed.

The use of both technologies in parallel should not only
result in increased redundancy, which again improves trans-
mission reliability. Each technology has certain features that
can be combined constructively to improve the availability
of safety-critical information. The concepts for dynamic and
situation-adapted distribution of the data flow are designed
to reliably disseminate information about danger spots and
possible conflicts between road users in order to increase road
safety.

Reliable information transmission and decentralized net-
work organization are particular challenges in highly mobile
ad hoc networks with constantly changing participants. Dis-
tributing the flow of information across different communi-
cation technologies to ensure reliable data transmission, for
example in the event of congestion on one of the channels
provided, increases the complexity.

Even before the introduction of LTE-V2X, heterogeneous
network structures for V2X communication were investi-
gated. In this case, however, the communication technolo-
gies were statically linked to specific use cases. ITS-G5
and DSRC, respectively, were used for direct and time-
critical inter-vehicle communications, while applications of
a more informative and non-time-critical nature were able
to exchange data over a standard cellular mobile connection
via the mobile phone provider’s infrastructure and associated
backend [40].

Since LTE-V2X provides a secondway of direct communi-
cation between V2X participants, approaches are also being
investigated that consider heterogeneous usage of transmis-
sion technologies in a hierarchical network structure. The
focus here is on clustering the vehicles into dynamic groups
with the goal of controlling the flow of messages in the
existing ad hoc network. For this purpose, each cluster has a
cluster head that organizes the cluster as a quasi-central sub-
network and acts as an interface to other clusters. Communi-
cation within a cluster can be handled via one transmission
technology, while the hybrid cluster head connects to the
network outside its own cluster via another technology, thus
acting as a cross-technology gateway [41](Figure 2).

The advantage here is a network architecture that can
be implemented with a manageable number of hybrid
vehicles.

The main difficulty in clustering is finding suitable clusters
and their cluster heads. Due to the high mobility of the
participants, the clusters always represent only a temporary
grouping that has to be restructured again and again [42].
The organization of the clusters requires additional commu-
nication between the participants, which makes the use of
clustering reasonable only if the benefits of the information
dissemination for the cluster outweigh the disadvantages of
the additional communication effort. For this purpose, stable
clusters must be found. There are numerous concepts that try
to find suitable clusters of vehicles as well as suitable cluster
heads [43], [44], [41], [42].
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FIGURE 2. Example of Clustering in hybrid V2X network.

Another difficulty with this hierarchical approach is the
shift from the previous broadcast approach of the two tech-
nologies to a targeted addressing of participants, which is now
provided by the structure of the cluster. This means that the
flow of information may have to follow the cluster structure
over several steps, even if a more direct transfer between
participants in different clusters would have been possible
due to distance. This can become a problem due to the delays,
especially in time- and safety-critical applications. In addi-
tion, the higher number of individual messages compared to
the broadcast approach may also increase the local utilization
of the radio channel.

IV. DIRECT COMPARISON BETWEEN ITS-G5 AND
LTE-V2X
In the process of our investigations, measurements weremade
to determine the transmission properties of ITS-G5 and LTE-
V2X in direct comparison. For this purpose, different loca-
tions in the real traffic area were selected, which represent
different types of traffic and environmental conditions. These
included different urban situations in inner cities and periph-
eral urban areas as well as scenarios on highways and rural
roads.

The aim of this study was to determine and compare the
environmental and situation-dependent transmission proper-
ties of the two technologies. In addition, the results should
be used for the creation of transmission models to be used in
subsequent simulations to investigate larger and more com-
plex situations involving a large number of road users.

It is crucial that the measurements are not limited to the
physical layer and link layer, but also include the overlapping
technology-specific protocols. These have a direct influence
on the transmission behavior of the systems in real traffic
environments and must therefore be taken into account.

This approach makes it possible to compare the results of
the measurements in terms of range and latency directly with
the requirements of safety-critical applications. For hybrid
stations that support several transmission technologies, it is
crucial to be able to predict the characteristics of the individ-
ual technologies in the respective situation and to be able to
compare them with the individual requirements of the active
application case.

FIGURE 3. Measurement system with vehicle and stationary module.

TABLE 2. Properties of the V2X communication technologies for
measurements.

Two radio systems per transmission technology were used
for the measurements. One system was used stationary, while
the second was installed in a vehicle (Figure 3). The vehicle
was driven on roads in the vicinity of the stationary system.
Both systems continuously sent CAM messages, including
the position data of the systems. By recording the transmitted
and received messages in both systems, position-dependent
packet loss rates and latency times could be determined.

For the configuration of the systems, the parameters of both
technologies were selected to be as comparable as possible.
These are shown in Table 2.

As part of the measurement campaign, 29 measure-
ment scenarios were carried out at 8 different locations.
In total, more than 200000 transmitted messages were
recorded during the measurements. Thus, a comprehen-
sive database is available to compare the two technologies
directly in different environments and under different system
configurations.

Figures 4 and 5 show a direct comparison of the results
for both technologies using the example of a scenario in the
city center of Frankfurt, Germany. Here, as with the other
scenarios, LTE-V2X already showed an advantage in terms
of transmission range when used in the 5.9 GHz frequency
range. In the area of line-of-sight communication, this range
advantage was up to 200 meters. However, as the results
of other studies already suggested, the latency of LTE-V2X
was also significantly higher than that of ITS-G5. Here, the
advantage of ITS-G5 was up to 30 milliseconds. The results
were consistent across all measurements.

The results of the measurements regarding the location-
dependent packet loss rates can be used to derive dissemina-
tion models for the two technologies. Two approaches were
followed for the translation of the measurement data into a

VOLUME 11, 2023 30787



J. Stellwagen et al.: Hybrid Vehicle-to-X Communication Network by Using ITS-G5 and LTE-V2X

FIGURE 4. Measurement of ITS-G5 packet loss rates (PLR) in the city
center of Frankfurt/Germany.

FIGURE 5. Measurement of LTE-V2X packet loss rates (PLR) in the city
center of Frankfurt/Germany.

model, which can be used in a simulation to realize larger
scenarios.

V. MODEL BUILDING
The desired channel models are to be characterized by param-
eters that can be directly compared with the requirements
of V2X use cases, depending on the respective situation.
The models should make it possible to determine the trans-
fer behavior of the ITS-G5 and LTE-V2X technologies in
specific situations and environmental conditions and thus
to determine whether the respective technology meets the
requirements of a use case. This should make it possible to
select the appropriate transmission technology in a hybrid
V2X network for each application and situation.

Established stochastic models do not take environmental
conditions into account to the extent necessary for the repre-
sentation of transmission characteristics in a hybrid network.
Complex deterministic models, which would allow a more
precise description of a concrete situation, are too computa-
tionally intensive to be used in real time in a subscriber system
for the selection of the transmission path. In addition, mobile

subscribers generally do not have comprehensive information
about the surrounding situation.

Models are needed that can be used by subscribers in
the hybrid network to select the best transmission path in a
specific situation, with the limited information available to
these subscribers. The models presented here are intended to
fulfill this requirement.

The transmission behavior is determined by the respective
situation and environment as well as by the system config-
urations of the transmitter and receiver. System parameters
such as transmit power, modulation methods, radio channel,
and antenna selection can be influenced by the station and
are therefore not the focus of this investigation for the time
being. The system configurations were initially kept static,
as described in Table 2. For the modeling, the dynamic con-
ditions of the respective situation are in the foreground.

The situation dependence that is to be taken into account in
the modeling includes, on the one hand, the dynamics of the
participating V2X stations, such as the speed of movement,
the direction of movement, and the distance between the
participants. In addition, there are environmental conditions,
such as buildings, vegetation, or geography, that can have
a significant influence on the transmission. Such obstacles
lead to shading and reflections of the emitted signals and are
decisive for the prediction of the transmission behavior.

Weather conditions and other road users in the vicinity
can also influence the transmission. In the underlying mea-
surements, however, these effects were so small that they
could not be clearly identified or quantified, so they were not
initially taken into account in the modeling.

A suitable value for characterization is the situation- and
environment-dependent packet loss rate (PLR). It is a mea-
sure of the successful transfer of information between par-
ticipants and can therefore be compared with the reliabil-
ity requirements of the respective V2X applications. The
packet loss rates are calculated here by comparing the stored
sent and received messages of the two systems. Situation-
dependent transmission ranges can also be recorded directly
from the results of the measurements and the packet loss
rates.

Another decisive value for the assessment of the respec-
tive transmission is the latency. However, the measurements
showed that the latency is not significantly determined by
the environmental situation in which the transmission takes
place. The decisive components of the latency between the
facility layers of the sender and the receiver arise during
the creation of the message at the sender and during the
processing on the receiving side. The modeling of a situation-
and environment-dependent latency on the basis of these
measurement results seems not possible, especially since the
tolerances in the measurement process of the latency are
much larger than the expected delay of the radio signal.
A high utilization of the radio channel, which should have
an influence on the latency, could not be realized in the
measurements and therefore cannot be taken into account for
the modeling.
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FIGURE 6. Distance-dependent packet loss rates in LOS situations for
ITS-G5.

TABLE 3. Parameters to describe the approximated function for ITS-G5
and LTE-V2X.

A. ANALYTIC APPROACH
In the analytic approach, the measurement results are first
separated according to line-of-sight (LOS) and non-line-of-
sight (NLOS) situations. The distribution of the measurement
data according to certain parameters is possible since, during
the execution of the measurements, it was ensured that only
one parameter was changed between the individual measure-
ment series. Thus, changes in the results of the measurements
can be clearly attributed to certain parameter changes.

In LOS situations, the transmission is characterized by a
non-covered main propagation path. Environmental condi-
tions such as buildings and vegetation do not significantly
influence the transmission. Thus, the transmission is primar-
ily determined by themovement dynamics of the participants.
In Figures 6 and 7, the packet loss rates of messages in LOS
situations are displayed depending on the distance between
the V2X systems.

In LOS situations, a curve can be approximated. This
curve, again, can be represented in a mathematical function
that describes the transmission behavior under the given con-
ditions. The function can be parameterized for the respective
technology (1). Table 3 shows the values that fit the measure-
ment data best. The graphs for the respective functions are
displayed as red lines in Figure 6 and Figure 7.

PLR(d) =


100 if d < c+ b
a · cos(b · (d + c)) + e if c ≤ d ≤ c+ b
0 if d > c

(1)

In the case of NLOS, however, the transfer is largely deter-
mined by the nature and extent of the obstacles between the

FIGURE 7. Distance-dependent packet loss rates in LOS situations for
LTE-V2X.

FIGURE 8. Distance-dependent packet loss rates in NLOS situations for
ITS-G5.

transmitter and the receiver. This applies both to the objects
that block the direct line of sight and to the surrounding
objects that allow the reflection of the signals. Figure 8 shows
the distance-dependent packet loss rates for NLOS situations
with LTE-V2X.

It can be seen that no clear structure emergeswithout taking
the environmental conditions into account. The data must be
further sorted by the nature and extent of the surrounding
conditions in order to obtain a more accurate representation,
which can then be represented in a function.

This also demonstrates the drawbacks of using the WIN-
NER model. This does not enable a more precise description
of the environmental conditions for NLOS, which can lead to
a significant mismatch between the calculated and measured
values.

A challenge in modeling is to find a description of the
environmental conditions that enables a sufficiently accurate
representation of the transmission behavior, but is based only
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FIGURE 9. Structure of the neural network.

on data that is available to the participants. Only in this way
can the models be used by the participants to determine the
transmission behavior in the given situation and subsequently,
to select a suitable transmission medium.

B. REPRESENTATION OF ENVIRONMENTAL CONDITIONS
The full complexity of the environmental conditions cannot
be represented in the model. On the one hand, the information
required for this is not available in this level of detail due
to the constantly changing environment. On the other hand,
a complex model of the environment would not enable real-
time usage, which is made possible by the use of the stochas-
tic approach.

The environmental conditions must therefore be repre-
sented by amodel, which can be described with a very limited
number of parameters. These parameters must be extractable
from an available data set, such as a navigation map.

Such parameters are the general environmental situation,
like urban or rural areas, the extent and nature of obstacles
between the V2X stations, as well as expected dissemination
paths around the obstacles.

C. NEURAL NETWORK
Another approach for determining suitable channel models
is the use of neural networks (Figure 9). By preparing the
measurement results into training data sets for neural net-
works, models can also be formed to describe the transmis-
sion behavior of the technologies in the respective situations.
For this purpose, suitable input values have to be determined,
which describe the respective situation with parameters for
the transmission behavior. It must be taken into account that
these parameters are also available to the subsequent target
platform, such as a vehicle.

The parameters are composed of the environmental con-
ditions, the movement dynamics, and the distance between
the V2X stations. Here, also a suitable description of the
static environmental conditions must be selected, which can
be converted into input values for the neural network.

The neural network, which was used here, is intended to
estimate the packet loss rate in a variety of traffic situations.
The number of neurons in the input layer is based on the
respective number of parameters. These differ in the various
tests primarily due to different descriptions of the environ-
mental conditions. The output layer consists of a number
of neurons that are dependent on the requested resolution
of the PLR. The neural network also consists of two hid-
den layers. Back propagation is used as a learning method,
while the transfer function is realized with the Sigmoid
function [45].

The data from the measurements in different environ-
ments was compiled to create an input data set. These
records included both LOS and NLOS scenarios. The
situation-dependent PLR is known for all the data. This data
was used to train the networks.

Further measurement data, which was captured at other
locations but also took into account a wide range of environ-
mental conditions, was used as test data sets for the evaluation
of the neural networks after the training phase.

D. RESULTS OF THE MODEL BUILDUNG
The aim of this investigation was to find a method to create
a sufficiently accurate stochastic transmission model for the
two technologies, ITS-G5 and LTE-V2X. These models are
intended to enable a participant in a hybrid V2X network
to determine the appropriate transmission technology for the
transmission of its information. The results are evaluated
against the measurement data from the real experiments as
well as by comparing the analytic approach and the neural
network.

In the analytic approach, it was possible to determine a
mathematical description for the LOS situations of both trans-
mission technologies, which can describe their respective
behaviors. Since the transmission here is characterized by
an uncovered main propagation pathway, it was possible to
determine a function for each technology that enables a good
approximation for all traffic areas.

By inserting the distance values from the measurements
into the functions, PLR values were calculated, which again
could be compared with the measured PLR values. For ITS-
G5, the average deviation here was 3.56%. For LTE-V2X, the
average deviation was 6.88%.

For the NLOS situations, it was not possible to define
a mathematical description with a good approximation.
By excluding the environmental conditions, the best approx-
imations that could be achieved with a function had an
average deviation of 29.98% for ITS-G5 and 33.29%
for LTE-V2X.

Since the transmission in NLOS situations is determined
by indirect propagation paths, characterized by reflections
and shadowing, the environmental conditions play an impor-
tant role here. The integration of these environmental condi-
tions into a general function for each transmission technology
was not possible on the basis of the measurement results.
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FIGURE 10. Hybrid non-hierarchic communication with ITS-G5 and
LTE-V2X.

The determination of differentiated mathematical functions,
which describe specific NLOS situations in different environ-
mental conditions, is part of further investigations.

It was possible to create a common description for all
situations for each technology by using neural networks to
describe transmission behavior. By taking into account the
environmental conditions, such as the nature and extent of
the shadowing and possible reflection paths, a significantly
improved description was achieved for the NLOS situations.
For ITS-G5, the overall average deviation from the measured
PLR values of the test data sets was only 5.17%, and for LTE-
V2X, it was only 3.36%. The results included LOS andNLOS
situations.

VI. INTRODUCED APPROACH FOR HYBRID V2X
COMMUNICATION
The approach described here is based on a situation- and
application-oriented dynamic usage of the two transmission
technologies, ITS-G5 and LTE-V2X in a common network.
The flat architecture of a decentralized ad hoc network
already used by the individual technologies is to be preserved.
In addition, broadcasting will continue to be used for the
transmission of safety-critical information. This approach
differs from previous approaches in terms of both its dynam-
ics and its network structure (Figure 10).

The aim is to increase the reliability of information trans-
mission by ensuring that messages are disseminated as widely
and as quickly as necessary. On the other hand, the structure
of the technologies used remains unchanged, which facilitates
the expansion to hybrid communication.

Like the other hybrid approaches, this one depends on the
number of participants that can support both technologies and
thus act as an interface between them.

The choice of transmission path is determined by the avail-
ability of capacity on the radio channel in addition to the
availability of the respective technologies for the transmitting
and receiving vehicles. Furthermore, the requirements of the
respective application are taken into account in terms of the
required range and latency. The respective traffic and envi-
ronmental situations must also be taken into account.

Table 4 shows some of the application-specific require-
ments that the respective transmission technology has to
meet. Due to the different characteristics and performances of

TABLE 4. Examples of requirements for V2X use cases [37].

the technologies, a preferred technology can emerge depend-
ing on the application and situation. The relevant parameters
to be derived from this are primarily the transmission ranges,
the maximum permissible latency, the data rate, and the reli-
ability of the data transmission as a resultant measure. The
ETSI standards already provide limit values for individual
groups of use cases [28], [46]. In addition to the require-
ments arising from the applications, there are also require-
ments in the area of data security, such as those regarding
pseudonymization or authentication of messages, which are
also already described in the standards [47].

Another aspect that can be captured by this approach is
the involvement of vulnerable groups away from vehicles,
namely pedestrians and bicyclists. It is very unlikely that
pedestrians will be on the road with an ITS-5G device in
the foreseeable future, due to the lack of hardware support
for the frequency range at 5.9 GHz. An LTE cell phone is
currently used by over 80%, with the number of users steadily
increasing [48]. By passing on position data and messages,
vulnerable road users can both be detected by vehicles and
warned by means of suitable apps. These apps can also sup-
port special scenarios and thus ensure an additional reduction
of the hazard potential [49].

The objectives of this approach are summarized as follows:

• Avoidance of overload situations on the radio channel by
splitting the communication over the available transmis-
sion technologies

• Improve the reliability of the transmission, particularly
in safety-critical applications, by taking the require-
ments of the application and the specific situation of the
participants into account

• Provision of redundancies and alternatives in the dissem-
ination of information

The measurements also examined whether problems arise
due to the coexistence of the two technologies in hybrid
operation if they both operate in the same frequency range
at 5.9 GHz. The usage of neighboring radio channels did not
show any limitations or negative effects on the transmission
behavior of the technologies. The interoperability of ITS-G5
and LTE-V2X in a hybrid network is thus given [50].

A joint use of both technologies on a common radio chan-
nel is excluded here, as the channel access procedures of ITS-
G5 and LTE-V2X differ and a number of competing channel
accesses can be expected. This increases the probability of
message collisions, which in turn leads to higher packet loss
rates. As the capacity of the concerned channel increases,
it becomes increasingly difficult to find free resources and
to use them successfully. For this reason, a joint use of a
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FIGURE 11. Structure of the simulation environment.

radio channel by both technologies at the same time is not
considered here.

The two technologies therefore use different radio chan-
nels. The hybrid stations connect the two sub-networks and
must support both technologies in parallel via different anten-
nas.

A. IMPLEMENTATION OF THE SIMULATION
In contrast to the measurement of transmission properties
described above, a comprehensive study of hybrid commu-
nication with a large number of participants in the real traffic
environment is not possible in this investigation.

In order to test the feasibility of hybrid communication
concepts and be able to assess their characteristics and behav-
ior in the traffic environment, a suitable simulation environ-
ment was set up. This is able to represent a critical number of
road users and their communication in a realistic manner. For
this purpose, an individual simulation environment was built
in order to be able to represent all required sub-aspects at the
required level of detail.

For all studies, the DLR (German Aerospace Center) tool
SUMO (Simulation of Urban MObility) was used to simulate
realistic traffic behavior. This microscopic traffic simulator
enables the representation of all considered road networks
and mobility types.

The simulation of the communication volume was realized
with the help of a Java application that implements both the
required parts of the protocol stacks of the two technologies
as well as the already mentioned transmission models (Fig-
ure 11).

The two parts of the simulation are connected by an inter-
face, which allows an exchange of information in both direc-
tions and mutual influence.

B. INITIAL CONCEPT
An initial concept was created, which realizes a heteroge-
neous network with the two technologies ITS-G5 and LTE-
V2X. The approach relies on ITS-G5 as the basic technology,
with direct communication via LTE-V2X as a complement.
Cellular mobile communications should be used dynamically
and dependent on the situation. LTE-V2X is used at one

FIGURE 12. Process of transmission technology selection in a hybrid V2X
network with ITS-G5 as basic technology supported by LTE-V2X.

channel in the 5.9 GHz frequency range and is intended to
compensate for the range weaknesses of ITS-G5 transmis-
sion, which uses another channel also in the 5.9 GHz fre-
quency range. The characteristics of a self-organized ad hoc
network without hierarchical structures prevail. This means
that both technologies, ITS-G5 and LTE-V2X, are used as
described in the standards, without any specific extensions.
The hybrid network uses only sidelink communication for
the exchange of information between the participants. The
decision on the transmission path to be used is made by each
hybrid participant. The process for selecting the transmission
technology in this approach is described in Figure 12.

It should be clarified how often and in which situations
LTE-V2X resources should be used. This should show under
what conditions a decentralized network approach, such as
the basis for ITS-G5, can also be used in a hybrid operation.

In addition, it should be determined for what reasons the
additional usage of LTE-V2X occurs e.g., an overload of the
ITS-G5 channels or a lack of transmission range.

A very decisive and interesting point in this investigation
is the equipment rate of the participants with the respective
technologies. In the real traffic environment, not all partici-
pants will be equipped with both transmission options with
the respective technologies. Thus, the successful distribution
of information will be strongly influenced by the selection of
the right transmission method.

This investigation took into account both the availability
of participants with appropriate transmission technology and
the utilization of available radio channels.

The investigated use case was the Cooperative Awareness
Service. This service enables the participants to perceive
each other and thus represents the basic application of V2X
communication. It is supported by both technologies, and
both can use the CAM message for this purpose.

The requirements of the applications, which were also
decisive in the choice of the technology, were taken into
account, as the situation-dependent ranges and latency that
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FIGURE 13. Simulated road networks.

are needed to transmit information in time are essential
to avoiding suspected collisions and dangerous conflicts
between road users.

Two scenarios were investigated in different traffic areas.
One scenario describes a grid-shaped urban road network
with an area of about 1000 by 1000 meters. The second
scenario combines different road areas, such as country roads,
motorways, and suburban regions, with a total area of 2000 by
2000 meters. In both scenarios, a total of 300 vehicles were
simulated with V2X systems (Figure 13).

First, the communication behavior with pure ITS-G5
participants was considered in reference studies. For each
transmission of a CAM message, it was checked whether
the transmission occurred within the temporal and spatial
requirements, which are defined in the respective situation
by the use case of collision avoidance. The requirements
are defined by whether information can reach an addressed
recipient in time to be able to react to a situation without
endangering it. The requirements are individual for each
situation and depend primarily on the participants’ speed and
their distance from each other.

Following the baseline study, the number of hybrid par-
ticipants gradually increased, while the number of pure ITS-
G5 participants was reduced to the same extent. Thus, the
total number of participants remained unchanged over the
individual simulation runs. Simulations were performed with
30, 60 and 90 hybrid participants. The results for meeting the
requirements of the participant collision avoidance applica-
tion are shown in Figure 14.

The latency and range requirements have improved with
the increasing number of hybrid participants. It should be
noted that the difficulties in meeting the latency requirements
are primarily due to the significant utilization of the radio
channel. The effect of the hybrid participants here results
from the additional usage of the LTE-V2X channel, which
is only slightly utilized.

The simulations also showed that ITS-G5 at 5.9 GHz was
not always able to meet the requirements of the range or the
distribution area, especially in non-line-of-sight situations.
This applies in particular to NLOS situations where, due
to environmental conditions, a sufficient distribution area
could not be reached to alert other participants in time of

FIGURE 14. Fulfillment of the transmission requirements related to the
number of hybrid stations.

FIGURE 15. Simulated transmission ranges for ITS-G5 and LTE-V2X.

an imminent collision. Figure 15 shows the transmission
ranges for the two scenarios, broken down by the technologies
involved and by LOS and NLOS. LTE-V2Xwas actually able
to provide useful support if the targeted participants had this
technology at their disposal. However, it also turned out that
only a few additional LTE-V2X resources had to be used for
this application, as ITS-G5 was already able to successfully
cover most of the communication.

It was not possible to determine a fixed threshold for
the number of required hybrid vehicles because this number
depended heavily on the individual situation. Depending on
the position of the hybrid vehicles in the simulated V2X
network, an increase in the number of these vehicles in most
cases brought with it an increase in successful message prop-
agation and thereby, a rise in reliability.

VII. CONCLUSION
We were able to demonstrate that both technologies, ITS-G5
and LTE-V2X, despite sharing the same field of application
and a very similar architecture in some respects, have their
own advantages and disadvantages, which can have a decisive
impact on the transmission of safety-critical messages and
thus on the fulfillment of the requirements of the respective
applications.
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It has also been shown that a hybrid non-hierarchical
approach, retaining the previous ITS-G5 and LTE-V2X net-
work architectures, has the potential to increase the reliability
of the transmission of safety-critical information.

By choosing the transmission path that is best suited to the
specific situation, both the utilization of the radio channels
and the requirements of the respective application cases can
be better taken into account. The usage of broadcasts and
connectionless transmissions, which do not require explicit
routing of information and an additional communication vol-
ume for the organization of sub-networks (clusters),remains.

The additional cost of using two transmission technologies
in hybrid vehicles is mitigated by the fact that the hard-
ware required for cellular mobile communications is already
widely available in the vehicle e.g., for Internet-based ser-
vices or e-call [19].

In our view, the results justify further consideration of
this hybrid approach. The two technologies should not be
considered exclusively as competing technologies, which,
if blended, could create interoperability problems. Rather, the
potential for such joint usage should be further explored.

VIII. NEXT STEPS
However, this investigation was only a first step, looking at
a single use case. Further use cases as well as the different
forms of transmission need to be considered more extensively
in order to create a complete picture of the capability of the
hybrid approaches. Especially in the field of LTE-V2X, the
flexibility in the choice of a frequency range and the alloca-
tion of resources offers possibilities for further investigations.

However, the structure of a hybrid network can also be con-
sidered in different ways. So far, the focus has been on sup-
porting ITS-G5 with LTE-V2X, as ITS-G5 is established as
the primary transfer technology in the European Union [11].
However, the approach of equally used technologies or a net-
work primarily designed for LTE-V2X is still to be explored.

The algorithms for selecting a transmission technology
from a participant’s point of view can also be defined dif-
ferently and based on different parameters. The investigation
of such algorithms is also a very important part of the further
considerations.

The next applications under investigation will be the
event-based warnings of hazardous locations and situations
that use the DENM message to distribute this safety-critical
information. This group of applications places even higher
demands on the transmission range, especially in large areas
of danger, which should make using LTE-V2X even more
important here.

Finally, the next generation of cellular mobile-based V2X
communication has to be investigated in the context of hybrid
usage. 5G-V2X is intended to extend LTE-V2X for use cases
that require particularly high data rates and high reliability
requirements. Highly and completely automated driving is
critical for future safety-critical applications [37].
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