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Abstract
Road safety is one of the biggest concerns of this century. Vehicular Ad Hoc Networks
(VANETs) were conceived for meeting this necessity of more security, and at the same
time offering a more efficient traffic management. VANETs have the peculiarity of high
speed and mobility nodes which are difficult to manage by the communication protocols.
Due to this context, two communication protocols are predominant in VANETs. On the
one hand, 802.11p framework, a protocol designed exclusively for this type of networks.
On the other hand, a heterogeneous network framework which combines the LTE protocol
with the previously mentioned 802.11p.

The aim of this thesis is to compare both types of networks. For such comparison, both
protocols are coded and simulated under real scenario and traffic conditions. To conclude,
the different network parameters are analyzed to justify which of the networks performs
better under different scenario situations.



Resum
La seguretat vial és un dels problemes més grans del segle en el qual vivim. Les xarxes
vehiculars ad hoc (VANETs) van sorgir per a cobrir la necessitat de més seguretat, alhora
de proporcionar una gestió més eficient del trànsit i de facilitar entreteniment al conductor.
Aquestes xarxes sense fils tenen la peculiaritat de que els nodes es mouen a unes velocitats
difícils de tractar per molts protocols. És aquí on apareixen les dues arquitectures que mil-
lor funcionament tenen a les xarxes vehiculars: per una banda tenim un marc utilitzant el
protocol IEEE 802.11p, un protocol dissenyat exclusivament per a aquest tipus de xarxes;
i per altre banda tenim un marc heterogeni emprant tant el protocol IEEE 802.11p com
el protocol de comunicacions mòbils LTE.

Aquesta tesis tracta de comparar el rendiment d’ambdós tipus de xarxa. Per a tal anàlisi
s’han programat els dos protocols i simulat les xarxes sobre un escenari real. Després s’han
analitzat diferents paràmetres de les xarxes i s’han comparat per a determinar quina d’elles
ens és més eficient a l’hora de desplegar una xarxa vehicular.



Resumen
La seguridad vial es uno de los problemas más grandes del siglo en el cual vivimos. Las
redes vehiculares ad hoc (VANETs) surgieron para cubrir la necesidad de más seguridad,
a la vez que proporcionan una gestión más eficiente del tráfico y facilitan entretenimiento
al conductor. Estas redes inalámbricas tienen la peculiaridad de que los nodos se mueven
a unas velocidades difíciles de tratar para muchos protocolos. Es aquí donde aparecen
las dos arquitecturas que mejor comportamiento tienen en las redes vehiculares: por un
lado tenemos un marco que utiliza IEEE 802.11p, un protocolo diseñado exclusivamente
para este tipo de redes; y por otro lado tenemos un marco heterogéneo utilizando tanto el
protocolo IEEE 802.11p como el protocolo de comunicaciones móviles LTE.

Esta tesis trata de comparar el rendimiento de ambos tipos de red, Para tal análisis se
han programado los dos protocolos y simulado las redes en un escenario real. Después se
han analizado diferentes parámetros de las redes i se han comparado para determinar cuál
de ellas es más eficiente a la hora de desplegar una red vehicular.



Index

1 Introduction 1
1.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Statement of purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Network 5
2.1 What is a VANET? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 IEEE 802.11p standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 802.11p PHY layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 802.11p MAC layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 LTE standard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 LTE PHY layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 LTE MAC layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.3 Heterogeneous networks . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 Traffic Modeling 15
3.1 Car following models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Cellular automata (CA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Simulation Tools 19
4.1 Software tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1.1 OMNeT++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.2 SUMO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.1.3 VEINS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.1.4 MATLAB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2 Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.3 Communication Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.3.1 IEEE 802.11p network . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.3.2 Heterogeneous LTE network . . . . . . . . . . . . . . . . . . . . . . . 33

5 Results 35
5.1 Throughput . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
5.2 Packet Delivery Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.3 Bit Error Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.4 Path Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.5 Received Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
5.6 Packets power distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6 Conclusion 53
6.1 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53





1 Introduction

Nowadays traffic accidents are an important issue to beware of in our society. In fact,
they are one of the most important death causes of the 21st century: about 1.24 million
deaths occur annually on the roads [1].

Vehicular Ad hoc Networks (VANETs) appeared few years ago to meet the need of im-
proving the traffic safety. They became interesting in the Intelligent Transport Systems
(ITS) field because of their applications in security, for instance the ability to notify the
cars in case of accident. In addition to that, these networks are also deployed to enhance
the traffic efficiency, since it is widely known that in the recent years the problems of
traffic congestion have been increased a good deal. Another application is the so called
infotainment, which provides to the final user a new experience in their vehicle.

VANETs, one type of Mobile Ad hoc Network (MANET), are real-time systems that
enable vehicles equipped with on-board units (OBUs) to communicate each other, known
as Vehicle to Vehicle (V2V), as well as with roadside units (RSUs) conducting a Vehicle
to Infrastructure (V2I) communication. Needless to say that this kind of networks has
to face a challenging environment given that the reaction speed is highly limited: the
OBUs are moving rapid and, in order to cover a safety issue, the messages have to be
sent with minimum delay. Due to this high mobility environment, we have to satisfy the
requirements of low latency and high data rates. Since this is a safety application it is not
possible to have a large error rate or collisions. VANETs have to be robust as their failure
can cause the loss of life. However, one of the advantages of the scenario is that we do not
have to worry about energy supply or processing power capability.

For analyzing a VANET, not only knowledge about communications is necessary, but
also some background on traffic mobility. It is important to know vehicles behavior if we
want to deploy a network for traffic safety applications. Traffic modeling has been studied
for many years, and there are different approaches like: car following models or cellular
automata models. Depending on their features, one will be better than the other for a
vehicular network simulation.

1.1 State of the art

There are several projects to optimize and standardize vehicular networks. In fact, in
1999 in the USA, 75MHz were allocated by the Federal Communication Commission in
the 5.850-5.925 GHz band for Dedicated Short Range Communications (DSRC). In Eu-
rope the spectrum for cooperative safety communications were allocated by the European
Telecommunications Standard Institute in the 5.875-5.925 GHz band.

Then in 2010 the IEEE standardized a family of standards called WAVE (Wireless Ac-
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1 Introduction

cess in the Vehicular Environment). WAVE is composed by the IEEE 802.11p [2] for
physical (PHY) and media access control (MAC) layers and by IEEE 1609 for network,
transport and application layers. As for the IEEE 802.11p, it is an amendment of the well-
known IEEE 802.11 standard (Wi-Fi) that addresses the VANET requirements explained
above. Indeed it is an adaptation of the IEEE 802.11a protocol to vehicular environments:
the OFDM subcarrier spacing is halved and the cyclic prefix (CP) and the symbol interval
are doubled. As a consequence we obtain a halved data rate of 3 to 27 Mbps. Also we
want that the signal spectrum to decay faster to reduce the adjacent channel interference.
Another issue this protocol has to face is the Doppler spread that causes inter-carrier
interference (ICI), which means that the channel is more frequency selective and faster
fading as usual.

Another way to deploy vehicular networks is by cellular technologies such as LTE stan-
dard by 3GPP. This standard performs way better than the IEEE 802.11p in terms of
throughput and power. It also has a higher data rate with 150 Mbps in the downlink and
50 Mbps in the uplink. Such enhanced features are due to the simplification of the network
architecture (despite the base stations are more complex than RSUs), so we would have
less eNodeB than RSUs to cover the same surface.

One disadvantage of 802.11p is that it might fail when covering dense urban areas due
to too many simultaneous users. In addition, the number of vehicles equipped with the
appropriate OBUs will be initially really low, so the security applications will be almost
useless. Taking this into consideration, it is a good alternative using cellular connection
instead of WAVE insomuch as it is common to find vehicles equipped with cellular tech-
nology. But here appears another problem, which is the overload of the network in case
of using, for example LTE, the most advanced cellular technology in the market.

To solve both 802.11p and LTE limitations heterogeneous vehicular networks has been
contemplated. These networks are a mix of the two protocols, but due to its novelty, there
is no standardized technology yet. In the literature there are different strategies devel-
oped, like using LTE but clustering cars into WLAN for exchanging positional data to
make travel planning easier or clustering the cars too, but managing them with a central
server, which warns clusters of incoming cars, fact that improves collision avoidance.

1.2 Statement of purpose

There are several coexisting radio access technologies that can meet the requirements of
the vehicular networking applications. Due to this fact, it is interesting to analyze the
strengths and weaknesses of the most suitable technologies to come up with the one with
better performance.

The aim of this thesis is to compare the two most viable technologies for VANETs:
802.11p standard network and a heterogeneous based on 802.11p and LTE networks in
terms of throughput, packet delivery ratio, path-loss, density of cars and more parameters.
By doing that, it will be possible to discuss which of the networks would be more suitable
to deploy in the real world, or in which way it would be possible to improve the current
technologies performance.
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1.2 Statement of purpose

For this analysis it will be simulated a vehicular network in the surrounding area of
the ICT cubes of the RWTH Aachen University, obtaining a realistic environment for the
simulation. In this scenario I am going to test both frames (802.11p and heterogeneous
802.11p-LTE). In order to be able to deploy this networks I will use: VEINS, the open
source vehicular network simulation framework, that uses OMNeT++, a C++ simulation
library and framework for the network setting, and SUMO, a road traffic simulator.

The main steps are, first of all, studying the protocols in current use for vehicular com-
munications and investigating about previous work that could be useful for the analysis.
Also a background in traffic modeling has to be acquired to know about cars behavior on
road. Then establishing the scenario using the libraries we get from VEINS and coding
the necessary to make the network work following the protocol we want to study. In
parallel, the car routes have to be set to make cars move on the map. Once the scenario
is running, we evaluate the protocols performance varying the parameters to analyze the
different scenario outputs. Doing that with both, 802.11p and heterogeneous framework,
we can compare their behavior in different situations. Then we are able to make a decision
saying which one is more suitable for each application or what kind of changes would be
interesting to apply in order to enhance the protocol performance.

This thesis is organized following the natural line of research, being the first chapters a
theoretical explanation to give the basis of the thesis’ framework. In the very first one, an
introduction to the work is given. In the second chapter, we will write the main aspects
of the VANETs and describe the 802.11p and LTE protocols. In the third chapter, it is
detailed the key traffic modeling techniques and their application in vehicular networks.
The fourth chapter is about the practical work we have been developed, this means the
network deployment, the scenario creation and the simulations itself. In the next chapter,
the results of the simulations will be detailed, contrasted with the theoretical part and,
needless to say, discussed. Finally, a conclusion of the thesis will be done in the sixth
chapter, giving a small overview of the whole project and explaining further research.
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2 Network

2.1 What is a VANET?
As we have mentioned, traffic safety is a big concern and research has been conducted
about how to improve it, not only brought to pass by the government, but also in the
private industry field. A good way to meet this problem is making use of technological
tools. Due to that fact, years ago researchers thought about having networks with cars as
network nodes. These networks are a specific type of mobile ad hoc networks (MANET),
and are called vehicular ad hoc networks (VANETs).

First of all, the wireless ad hoc network concept has to be clear. This is a kind of wire-
less network which nodes have the ability to route the data without the need of external
devices like routers or access points. So all the nodes have the same status in the network
and they are free to join and connect with other node. The point is to have a dynamic
connectivity in the network. Apart from the classic routing, ad hoc networks can make
use of flooding for forwarding messages (sending all messages you have in the inputs to all
nodes, similar to broadcasting the messages that one node receive).

VANETs have been developed for connecting a new kind of services set that has been
called Intelligent Transportation Systems (ITS). Vehicles will dispose of more and better
information of the traffic and they will be able to connect to services that will give an
improved travelling experience.

The International Organization for Standardization (ISO) is developing a group of stan-
dards on communications access for land mobiles (CALM). This family of standards in-
cludes the here studied wireless access in vehicular environments (WAVE) standards that
operates on the dedicated short-range communications (DSRC). Actually, this WAVE com-
munication is the technology that can perform the best between the ones contemplated in
the CALM group.

It is possible to take advantage of vehicular networks in more than one way. They are
useful to cover some lacks the traffic has or to improve those aspects where traffic weakens.
We can divide the VANETs’ applications as:

• Safety is the main application of these networks. They were devised for meeting the
lack of safety in traffic situations. There are a lot of things to be done for decreasing
risks in the roads, and VANETs can help in an enormous way. In case of accident,
one vehicle sends a message to the other vehicles warning them. As a result, the
other cars can lessen their speed or even change their route for a better one. It is
also applied for collision avoidance warning to the cars that are approximating to a
cross between two roads. This application is enabled by a set of detailed data both
from local sensor measurements and obtained from other nodes of the network. This
application requires low latency (≤ 100 ms) [3], short to long coverage distance (300
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2 Network

m to 20 km), minimum transmission frequency (10 Hz) and low/medium data rates
(1 to 10 kbps).

• Traffic efficiency is other of the main VANET applications. This comprises travel
planning, traffic management, navigation, fleet and asset management, logistics and
congestion reduction, all controlled by authorities. Also we can take profit of vehic-
ular networks for enhancing the ecological impact of vehicles by emission reduction.
Other interesting use of VANETs is smart parking, so it is handy having alerts of
empty parking space when you are looking for one. This application requires medium
latency (≤ 200 ms) [3], short to medium coverage distance (300 m to 5 km), min-
imum transmission frequency (between 1 to 10 Hz) and low/medium data rates (1
to 10 kbps).

• Infotainment is the third application that can be developed for vehicular networks.
This value added application consists on having entertainment on board giving to
the user a newer and better experience in their vehicle. This means, for example,
that the car can download interactive material from internet, or video guides for
tourism when visiting a new place or even synchronizing their music with the music
of the nearest cars. This application requires large latency (≤ 500 ms) [3], short
to large coverage distance, minimum transmission frequency (1 Hz) and medium to
large data rates (from 10 kbps to hundreds of kbps depending on the contents).

As commented, since VANETs are conceived in order to meet the requirement of having
more security in traffic fluxes, we have to bear in mind that a fail in the network will
carry severe consequences. It is easy to understand that if one car has an accident and
it sends a packet to the cars it has behind, the loss of this packet will be translated into
a fatal accident. The same would happen if one simple message (for example only with
position information to analyze the congestion of a highway) is corrupted and the receiver
interprets that there is an accident, it could cause a traffic jam. Another issue we have to
be aware of is that cars go fast when travelling, so due to this speed the connection has
to be rapid to not lose the transmitted packet.

Because of the features above, VANETs have to fulfill the following requirements:

• Scalable: the network has to have the capability to be rescaled and to handle a
growth of the work without losing its level of performance. It is related with the
variable amount of cars in the scenario, sudden accidents, . . .

• Robust: VANETs has to deal with errors during the execution, being able to continue
working when a mishap occurs. Not meeting this requirement is highly harmful, as
if one error happens and the network is not robust enough, this can be completely
shattered.

• Low-latency: it is clear that vehicular networks have to be really fast when sending
messages, so the delays between sending an alarm message and the arrival adding
the processing in the receiver has to be unnoticeable.

• High-throughput: it is important to have a high rate of successful message delivery
over our network. If the throughput was low, the network could saturate easily and
we would have problems, again, regarding the security of the users.
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2.1 What is a VANET?

• Cognitive: this concept is really interesting in our type of network. With the ability
of perceive current conditions, planning, deciding and acting on those conditions, we
are enhancing not only the traffic safety but the traffic management and efficiency
too.

All these requirements vary depending on the application we want to use. For instance,
if we focus on the traffic security application, low-latency, collision avoidance and high
delivery rate are essential although the throughput is secondary. On the other hand, for
infotainment applications, low-latency is not valuable while throughput is more significant.

Now if we take a look in these networks structure we can differentiate two types of
devices:

• On-board unit (OBU), which is the equivalent of the mobile station (MS) in cellular
systems. In fact they are the equipment the vehicles are equipped with, but some-
times we are going to refer to the OBU instead of the car. One of the differences
between the OBUs and the MS is that while MS connect each other through base
stations, OBUs are able to send messages directly OBU to OBU within the radio
coverage area. This is the so called vehicle-to-vehicle communication (V2V).

• Roadside unit (RSU), the base stations of the network. They do not have huge
processing capacity and are very simple. OBUs can connect with RSUs having a
vehicle-to-infrastructure communication (V2I). Roadside units are the access points
installed at the edges of the tracks and they are used in all the VANET applica-
tions. If we focus on the infotainment, which requires more amounts of data and the
communications are more time consuming, they play an important role.

Figure 2.1: VANET example with three OBUs and one RSU

One example will be the shown in Fig.2.1, where we can see a road with vehicles equipped
with OBUs connecting each other, as well as with the roadside unit. This would be a
simple scenario where cars exchange their positions in order to improve this road’s traffic
efficiency.
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2 Network

2.2 IEEE 802.11p standard

As we mentioned before, WAVE is the wireless technology that can carry a best perfor-
mance in vehicular networks. It is important to highlight that WAVE has not been tested
in the field, that is to say that there are no vehicles with the appropriate equipment form-
ing a VANET in our roads.

The protocol stack of this WAVE technology is represented in Fig.2.2. The physical
(PHY) layer the Physical Layer Management Entity (PLME) is defined by IEEE 802.11p.
The same protocol defines the medium access control (MAC) layer. This protocol will be
detailed later on this chapter. Also in MAC layer, and as a MAC Sublayer Management
Entity (MLME) extension, we find 1609.4, a protocol that supports multi-channel oper-
ations and channel switching procedures by providing frequency band coordination and
management. The Logical Link Control (LLC) is defined by IEEE 802.2 protocol to man-
age and ensure the integrity of data transmissions. Then, for network layer WAVE makes
use of IPv6 and for transport layer it uses UDP/TCP protocols. If we take a look at the
WAVE Short Message Protocol (WSMP), we can see that it is defined by two other IEEE
1609 protocols. 1609.2 is the protocol in charge of the security services for applications
and management messages. It defines secure message formats and processing and defines
the situations for using secure messages. 1609.3 is used for networking services, addressing
and routing. This protocol defines short messages for WAVE too, giving an alternative to
IPv6. Finally, on the top of the WAVE protocol stack, there is 1609.1, a resource manager
for OBUs interaction.

Figure 2.2: WAVE protocol stack

As every protocol with public use, this has to fulfill a number of regulation requirements.
All technologies have to been well legislated in order not to cause conflicts with other tech-
nologies. Regarding these requirements, WAVE protocols are located in the band designed
specifically for DSRC. In the United States this band is known as Intelligent Transporta-
tion Systems Radio Service (ITS-RS) and it is a 75 MHz of bandwidth band between 5.850
GHz and 5.925 GHz. In Europe, the European Telecommunications Standard Institute
(ETSI) had allocated the WAVE protocols in the 5.875-5.925 GHz band. We can observe
in the US spectrum in Fig.2.3 where the spectrum band is divided into six service channels
(SCH) including one channel for critical safety of life and one for high power public safety,
and into on control channel (CCH).
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2.2 IEEE 802.11p standard

Figure 2.3: Set of channels defined in the WAVE standard

In Japan, it is used the 5.770-5.850 GHz frequency band for DSRC applications. Hav-
ing the same spectrum all around the world is advantageous since this makes simpler the
collaboration and costs are reduced since same devices work in different countries.

Also transmission powers are regulated. There is a classification of four types of devices
depending on each transmission power, being the minimum of the range 0 dBm and 28.8
dBm the maximum [4]. Depending on the transmitted power together with the channel
conditions, we can obtain a bigger or a smaller coverage area. This will be analyzed in the
practical part of the thesis, but the protocol has to ensure coverage between 10m to 1km.

In this thesis we are going to focus on PHY and MAC layers, this means that the pro-
tocol we are going to study in a deep way is the IEEE 802.11p.

802.11p standard is an amendment of IEEE 802.11, also known as Wi-Fi. If we take
a look at the original standard, we are going to see that it is not an optimized one for
vehicular communications. One main drawback is that IEEE 802.11 is not useful for a
network where the nodes go fast due to its unallowable delays. We are going to see the
amendments in each layer hereinafter.

2.2.1 802.11p PHY layer

The PHY properties of 802.11p are based on the already widely used IEEE 802.11a. We
can observe in Tab.2.1 that IEEE 802.11p adopts OFDM on 10 MHz channels in the 5.9
GHz band, but typically, IEEE 802.11 utilizes 20 MHz channels. If we analyze more in
depth the channel, we are going to find out that also multipath has some effects in the
physical layer. Due to the vehicles movement, the objects of the scenario (buildings, trees,
other vehicles, mountains. . . ) it may happen that the transmitted signal is reflected. This
means multiple transmission paths at the receiver, which phase can cause constructive or
destructive interference. The fact is related to Rayleigh fading and frequency selective
fading. Multiple paths also lead to a slightly different arrival times, causing delay spread.
Because of this issue the symbol rate is reduced with a data rate reduction for each channel
using OFDM, that in the table we can see that this parameter is halved, and applying a
guard interval, in the table we can see this interval doubled in regard to IEEE 802.11a.

Doppler effect also has a great impact in vehicular networks. The frequency changes due
to Doppler depend on the relative motion between vehicles, and the propagation speed of
the signal. This frequency shift creates significant problems in the physical layer because
OFDM is very sensitive to carrier frequency offset, so we have to half the subcarrier spacing
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2 Network

(as it appears in the table).

Parameters IEEE 802.11a IEEE 802.11p
Bit rate (Mbit/s) 6, 9, 12, 18, 24, 36, 48, 54 3, 4.5, 6, 9, 12, 18, 24, 27
Modulation mode BPSK, QPSK, 16-QAM, 64-QAM BPSK, QPSK, 16-QAM, 64-QAM
Code rate 1/2, 2/3, 3/4 1/2, 2/3, 3/4
Number of subcarriers 52 52
Symbol duration 4 µs 8 µs
Guard time 0.8 µs 1.6 µs
FFT period 3.2 µs 6.4 µs
Preamble duration 16 µs 32 µs
Subcarrier spacing 0.3125 MHz 0.15625 MHz

Table 2.1: Parameters of 802.11a and 802.11p

In the standard, for the 52 subcarriers OFDM has, there are defined the different mod-
ulation schemes that OFDM allow: binary phase shift keying (BPSK), quadrature phase
shift keying (QPSK), 16 quadrature amplitude modulation (16-QAM) and 64-QAM. These
modulations are set according to the data rate and they are unchangeable. The forward
error correction (FEC) is implemented with 1/2, 2/3 or 3/4 code rates.

There are some weaknesses in this protocol. For example, it does not take into consid-
eration the fact that the channel is non-stationary. This means that statistical properties
of the channel change over the time. At the working frequency, the channel impulse re-
sponse main contributions are: line-of-sight (LOS) deterministic scattering, and diffuse
scattering [5]. Because of that channel specifications, the protocol has to use estimators,
which performance is influenced by the diffuse components strength, and the SNR.

2.2.2 802.11p MAC layer
Now if we focus on the medium access control layer, in the original IEEE 802.11 protocol,
the first thing we observe is that there are three kinds of service set (SS):

• Basic Service Set (BSS): it is formed by stations (STAs) and includes an access point
(P) that behaves as a master STA.

• Independent Basis Service Set (IBSS): only formed by STAs, without infrastructure.
They are also called ad hoc networks.

• Extended Service Set (ESS): it is the union of two or more BSSs connected by a
distribution system (DS).

It is clear that IEEE 802.11p MAC layer implements an IBSS. When a STA acts as
the controller in an IBSS, it sends beacons periodically. These beacons are messages with
the service set ID (SSID) anther information. Once a STA has received a beacon, it can
synchronize its time and frequency with the other STAs that has received the beacon too.
Then it can communicate with the other STAs in the same SS. Since the scenario is in
constant movement, spending a large time doing this synchronization is unaffordable (es-
pecially for the receiver, whose error rate cannot be guaranteed, even with a high SNR,
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without good frequency correction). To solve this problem and minimize this message la-
tency, there exist the so called outside the context of BSS (OCB) mode. With this mode,
a STA can send and receive data without being part of a SS.

In IEEE 802.11p, the STA has to compete for the channel following the IEEE 802.11
carrier sense multiple access/collision avoidance (CSMA/CA) mechanism, either as a SS
STA or in OBU mode. MAC layer also makes use of frequency/time division multiple
access (FDMA/TDMA) but in the MAC layer extension for multi-channel operations
defined by the IEEE 1609.4 protocol.

2.3 LTE standard

Long-term evolution (LTE) protocol is the other most viable communication standard for
vehicular networks. When observing the requirements that vehicular networks have to
meet, some researchers find as a better approach using this standard by the 3rd Genera-
tion Partnership Project (3GPP) [6]. In this case this is not an amendment of an older
technology in order to adapt it to VANETs, it is integrally conceived for mobile networks,
so LTE is a good choice for the scenario we have in vehicular environments. In general
terms, LTE satisfies most of the application requirements in terms of reliability, scalability
and mobility support, whereas it can have larger delays than expected.

One of the advantages of LTE network infrastructure is that base stations nodes (eN-
odeB in LTE instead of RSUs) are located in higher altitudes than RSUs of IEEE 802.11p,
feature that improves dealing with the non-line of sight (NLOS) problem. Also, LTE has
an infrastructure-assisted scheduling and access control which contributes towards achiev-
ing the vehicular networks requirements.

This standard has also drawbacks. The main one is that in case of high cellular traffic
load (due to the presence of big amount of mobile phones or to a traffic jam), it is difficult
to deal with the delay requirements, something really important in safety applications.
Moreover, if LTE is used in vehicular networks, other user may experience degraded net-
work performance in their mobile phones due to the amount of vehicles sending messages.

The basic features of this standard are: it provides downlink rates of 150 Mbps (can
be as high as 300 Mbps), uplink rates of 50 Mbps (highest theoretical rate of 75 Mbps)
and QoS provisions permitting a transfer latency of less than 5 ms in the radio access
network [3]. LTE has the ability to manage fast-moving mobiles and supports multi-cast
and broadcast streams, an important attribute for vehicular networks. It also supports
scalable carrier bandwidths, from 1.4 MHz to 20 MHz.

The spectrum allocation depends on the country. For example, in Europe, the frequency
bands are centered in 800 MHz, 900 MHz, 1.8 GHz, 1.9/2.1 GHz and 2.5 GHz. However,
in US they use 700 MHz, 850 MHz, 1.7/2.1 GHz, 1.9 GHz and 2.5 GHz.

2.3.1 LTE PHY layer

The main feature of LTE PHY layer is its use of Orthogonal Frequency Division Multi-
plexing (OFDM) and Multiple Input Multiple Output (MIMO) data transmission.
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OFDM systems break the available bandwidth into many narrower sub-carriers and
transmit the data in parallel streams. Each subcarrier is modulated using varying levels
of QAM modulation, e.g. QPSK, QAM, 64QAM or possibly higher orders depending on
signal quality. In OFDM each symbol is preceded by a cyclic prefix (CP), which is used to
effectively eliminate inter-symbol interference (ISI) and the sub-carriers are very tightly
spaced to make efficient use of available bandwidth.

Also, there are two types of frame structure in the LTE standard, Type 1 and Type
2. Type 1 uses Frequency Division Duplexing (FDD), that means uplink and downlink
separated by frequency, and Type 2 uses Time Division Duplexing (TDD), that is uplink
and downlink separated in time.

To achieve high radio spectral efficiency as well as enable efficient scheduling (which is
explained in the LTE MAC layer section) in both time and frequency domain, a multi-
carrier approach for multiple access was chosen for LTE. For the downlink, Orthogonal
Frequency Division Multiple Access (OFDMA) was selected and for the uplink Single
Carrier - Frequency Division Multiple Access (SC-FDMA) also known as Discrete Fourier
Transform (DFT) spread OFDMA. ?? shows how downlink and uplink perform in terms
of users in the frequency domain.

Figure 2.4: OFDMA downlink and uplink in frequency domain

In OFDMA these subcarriers can be shared between multiple users. The OFDMA
solution leads to high Peak-to-Average Power Ratio (PAPR) requiring expensive power
amplifiers with high requirements on linearity, increasing the power consumption for the
sender. This is no problem in the eNB, but would lead to very expensive handsets.

2.3.2 LTE MAC layer

The MAC layer is the responsible for scheduling The scheduler, in LTE, is in charge of
link adaptation (selects optimal modulation, channel coding and transmit schemes), rate
control (resource allocation among users), packet scheduling, resource assignment, power
control (tries to provide de optimal SINR for a given data rate) and to perform hybrid
automatic repeat request (HARQ) for correcting errors.

There are several LTE schedulers, but in this study it will be only investigated the sched-
ulers for packet based services: maximum throughput scheduler, also known as maximum
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Channel Quality Indicator (max-CQI or Max C/I) and Proportional Fair (PF) scheduler
[7].

• Max C/I scheduler selects the users with better CQI allocating resources to the user
with best RF enhancing then the throughput of the cell. The users with low CQI
are denied scheduling instances so they have a degraded user experience.

• PF performs by sharing the cell throughput but as a function of RF conditions and
bearer priorities following a tradeoff between fairness and cell throughput. That is
fairer than Max C/I, but it is more complex to implement and the cell throughput
is not the optimal one.

2.3.3 Heterogeneous networks

In order to combine the perks of infrastructure-less access (like in IEEE 802.11p) and
infrastructure-based access (in LTE) domains, hybrid networks were conceived. These
heterogeneous networks mix the 802.11p network with the LTE network. It is suggested
that a combined network with IEEE 802.11p and LTE for can provide a higher perfor-
mance vehicular network in high load and high density scenarios. There are several ways
of combining this two technologies, and it is not standardized yet a unique and formal
method.

One proposed architecture uses LTE cellular networks to offload the location service
control traffic, while utilizing ad hoc network (IEEE 802.11p) for data traffic transfer [8].
Other different strategy that has been developed consists on using LTE for the vehicular
network but clustering cars into WLAN for exchanging positional data to make travel
planning easier [9]. A kind of variant of this last approximation is clustering the cars
too, but managing them with a central server, which warns clusters of incoming cars, fact
that improves collision avoidance [10]. In this architecture the vehicle closest to the next
intersection becomes the cluster head, and is the one that communicates with the server
via LTE.

VANETs make use of position-based routing to being able to identify the position in-
formation of any other node on the SS. The goal of using LTE for location service is to
reduce overhead and increase success rate of queries.

On the figure above we can appreciate both types of architecture we are analyzing in
this thesis. On Fig.2.5a we appreciate a vehicular network using IEEE 802.11p. This is the
basic VANET and both V2V and V2I over WAVE protocols family. OBUs are connected
to other OBUs and to RSUs, and these last ones are also connected to the Internet and,
through this, to a location server. One advantage of this scenario is that vehicles only
need one type of transceiver. Another benefit of this approach is that, due to the protocol
is entirely conceived for vehicular networks, the load of this network is reduced. But the
negative aspects of this first architecture are that in urban scenarios the RSUs have to be
placed in each intersection (because in non-line of sight conditions RSUs are not able to
connect to OBUs), so it is required a large number of roadside units. Additionally, since
OBUs need not only data but also location information, and both messages share channel,
the available bandwidth is reduced.
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(a) 802.11p network (b) Heterogeneous network

Figure 2.5: Comparisson between 802.11p architecture and heterogeneous architecture

On the other hand, in Fig.2.5b we can observe a heterogeneous network where V2V
communications are made over IEEE 802.11p, and location service is done over LTE. This
architecture has no RSUs, and instead, it has eNodeB, which are connected to servers
through the Internet. The advantages are that since this approach makes use of existing
cellular network, it does not require RSUs, with the associated cost saving. Also the
communication range of LTE is far larger than in 802.11p, so less eNodeB are needed
for covering larger areas in contrast with the former approach. Additionally, we offload
802.11p network from the overhead introduced by location service. A disadvantage is that
with this combined architecture, vehicles will need both types of network interface cards.
Moreover, packets through LTE network experience larger delays than in 802.11p.
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3 Traffic Modeling
Modeling the traffic is an important goal to simulate vehicular networks. Without a good
mobility model the simulations are lacking of realistic results, so it is capital to analyze in
depth this topic before presenting the simulation results of the thesis.

Traffic can be divided into highway traffic and urban traffic. The former is easy to model
since there is roughly any intersection, so we can predict the trajectory pretty well. The
latter instead, is a difficult scenario. Vehicles can go straight, make a turn or stop at an
intersection, being a complex two-dimensional motion. Moreover, signs, traffic lights as
well as the synchronization effect of traffic lights at the intersections have a huge impact
on traffic behavior (like queues, traffic jams and other events). So we can say that traf-
fic patterns exhibit a wide range of situations, so vehicles distribution is clearly no uniform.

The models studied in the literature can be classified into two main categories based on
their modeling approach: car following models and cellular automata (CA) models.

3.1 Car following models
Car following models are complex and hard to conceive. These models start from the
concept that one of the tasks drivers do, when driving, is following another vehicle. Due
to this fact, car following models assume that there is correlation between vehicles that are
quite near. It also assumes drivers as predictable control elements in the driver-vehicle-
road system.

When representing the traffic in a mathematical model it is convenient to establish the
three subtasks driving consists of [11]:

• Perception: the driver collects information about the environment and the state
of the road. For instance, the driver is sensitive to vehicle speeds, accelerations,
inter-vehicle spacing or collision time. This information will be used in following
steps.

• Decision making: the driver interprets the perceived information by sampling and
integrates it over time in order to provide adequate updating of inputs. This “fil-
tered” information is interpreted taking into account the driver’s previous experience
and this knowledge allows the driver to make a decision. This decision tends to be
automatic.

• Control: the driver has the ability to execute control commands for leading the
vehicle.

It is difficult to find the way to create an accurate and realistic model, because there
are a lot of ‘human factors’ in these mentioned steps. In 1947, researchers started to look
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(a) Freeway model (b) Manhattan model

Figure 3.1: Sample maps of different car following models

for ways to model traffic [12]. One of the main difficulties is that the driver has no unique
transfer function; the driver is a different ’mechanism’ under different conditions. For
example, reaction times vary among drivers and even situations and it is hard to translate
them mathematically.

Car following modeling approach takes into account a stimulus-response relationship
(Eq.3.1) that describes the control process of a driver-vehicle unit. This equation expresses
the concept that a driver responds to a given stimulus with a λ proportional factor. The
stimulus function is composed of many factors (speed, acceleration, inter-vehicle spacing,
driver thresholds, vehicle performance. . .

Response = λStimuli(v, a, gap, driver) (3.1)
Because of these difficulties it is important to know which of the factors are the most

significant from a modeling point of view, and which ones are useless, or if there are factors
that can be neglected and still retain a realistic description of the situation being modeled.
Car following models assume that the two basic factors to take into consideration are the
distance with the vehicle ahead and to avoid collisions.

In the literature we can find several car following models, five of the most common ones
are [13]:

• Random Waypoint is maybe the most common model in research applications. Ba-
sically, each node chooses a random destination and moves towards it in a random
speed, and the node repeats this every time step. It is used that widely because
of its simplicity of implementation, but this model does not seem to capture the
mobility characteristics of spatial dependence, temporal dependence and geographic
restrictions. The following models are richer in this aspect.

• Reference Point Group Mobility (RPGM) is a model where vehicles form groups,
and where each group has a group leader (logical center) that determines the group
motion. Each vehicle contains its information like speed, acceleration or direction,
and this information is derived from the information of the group leader. One sce-
nario where RPGM has a high performance is in battlefield communications because
the soldiers and the commander form a logical group.
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• Freeway mobility model is a proposal to emulate the behavior that mobile nodes
has on a freeway. Useful for tracking a vehicle in a freeway. In this case, the model
has more restrictions than in random waypoint, such as the mobility is limited to
the road, the speed depends on previous speeds, safety distance between vehicles is
taken into account. In Fig.3.1a we can observe a sample of a map used by [13] in
their research.

• Manhattan mobility model is the equivalent proposal of Freeway mobility model,
but for urban scenarios where there are horizontal and vertical streets. Here we
have again a strong space and temporal dependence and a geographic restriction,
but nodes have some freedom for turning a street or moving in the same street. We
can see in Fig.3.1b that this model is only useful for basic urban traffic environments,
almost a perfect squared net.

• Krauss model [14] is the model used in Simulation of Urban Mobility (SUMO).
SUMO is the software used for simulating urban traffic in this thesis, and it is
because of that fact that it is interesting to have an overview of how this model
work. This is a stochastic model that follows the equation Eq.3.2, where simulation
time step ∆t = 0.1, Vdes is 3.3 and the stochastic error term εis set to zero to unify
the comparison. The main parameters to be optimized are response time T, braking
rate b and maximum desired speed V.

vn(t+ ∆t) = max{0, vdes − ε} (3.2)

vdes = min{vn(t) + a∆t, vsafe, V } (3.3)

vsafe = Vn−1 + xn−1(t)− xn(t)− s− vn−1(t) · T
(vn(t) + vn−1(t))/2b · T (3.4)

3.2 Cellular automata (CA)
A cellular automaton is a discrete computing model that provides a simple solution for
complicated systems and performs complex computations [15]. It is an idealization of
physical systems assuming, in principle, time and space as discrete. Each cellular au-
tomaton consists of a set of cells and a set of rules. The cells are the space division of the
system and each cell can be in one of some finite states, and the rules define the transitions
between one state to other of these cells. The rules are applied in each cellular automaton
in each time step so the whole system evolves with time. It is clear that depending on the
rules and the cells definition, the cellular automaton can be simple or really complex.

This traffic modeling approach, cellular automata, has been used in many traffic engi-
neering software packages like: TRANSIM, MMTS and RoadSim.

One simple example is a one-way road with a single car which is moving in one direction.
The lane is divided into cells, and each cell can be in either state 1 or 0 depending on the
occupancy of the cell. If the cell is occupied the state is 1 and if not, the state is 0. At
each time step the vehicle can move forward one cell or rest in the same cell. Each cell
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state depends on the occupancy of the cell itself and also on the occupancy of the previous
and posterior cells. If we extend the example with more cars, we see that a car cannot
move forward if the next cell is occupied. And we can also extend the whole example
taking into account the vehicle acceleration, motion rules and drivers behavior. Finally
we can extend by adding a new dimension. This two-dimensional scenario is only assumed
in intersections, where the vehicle can choose more than one cell. So finally, all CA models
are modeled following two kinds of rules:

• Motion rules: the set of rules for modeling the street segment between intersections.
They are simple and work, as commented above, by updating cells states.

• Intersection control mechanisms: they are a set of rules that are in charge of control-
ling the motion in intersections. This includes traffic-lights, signs, car crossing. . .

SUMO can also use CA models, but we have used Krauss model as mentioned before.
In SUMO, nlike the fundamental CA model explained until here, this simulates vehicle
movement based on space-continuous cellular automata in which only time is discrete.
With this feature, SUMO obtains then a better approximation to the real world traffic.
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Once the theory background has been detailed in the previous chapters, now it is time to
explain the main task of the project, which is the comparison between vehicular networks
based on IEEE 802.11p and based on heterogeneous LTE/802.11p. The practical part of
the thesis consists on various steps. First of all, it is basic to do the deployment of different
vehicular networks (in both 802.11p and heterogeneous frames). After that step, to collect
data of these networks. And finally, to analyze this data while obtaining some conclusions.

One important first step is planning the architecture of the network. This means choos-
ing an appropriate location for placing the base stations (this election is important if
we want an optimal scenario), planning which kind of scenario is required to simulate
(depending on number of cars, protocol stacks, frequencies. . . ) and choosing the more
suitable tools for developing this network (looking for the best simulators for our network
type in particular and for the traffic, as well as for the data analysis).

Then, when the overview is structured, I have used a group of software solutions that,
combined, they can carry out simulations with communication parameters and traffic pa-
rameters all together. This fact is really useful since then it is not necessary to do more
than one simulation in different software for a single scenario and trying to join all the
information afterwards, with all the related problems it involves. Then, by switching pa-
rameters such as number of vehicles I have established several scenarios or cases. This
range of different scenarios allows extracting different values of the same parameters to
see which scenario is apt for a good performance, or even to find the optimal conditions
to deploy a vehicular network.

When deploying the networks in the software I have used, it is necessary to build a set
of tools to implement the protocol you want. This means that it is crucial to study the
protocols in an appropriate manner for being able to build the protocol in a good way,
if not, the protocol of the simulation will be only slightly similar to the original and this
will not meet the requirements. Here also it is necessary to code the needed functions
to get the useful values for the analysis. Then, with MATLAB, I have worked on the
output values of the simulations in order to filter all the information and to get the rel-
evant plots, the ones that are necessary for carrying out the comparison between protocols.

All this work has been done bearing in mind the scientific method. This means, that
for the proper development of this part I have had to follow the natural steps the science
tends to follow:

Observation and formulation of a question: it is widely known that there is a need
to meet regarding traffic safety and more can be done for enhancing this field. It is for
that that a lot of researchers around the world study different approaches for improving
safety on roads. In my case I have come across with a project that deals with networks
to connect vehicles for safety applications, for traffic efficiency enhancement and for info-
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tainment. The observation consists of studying what is done until the moment (state of
the art). With this step, one realizes that there are two main frames to deploy the net-
work: with IEEE 802.11p standard or with a heterogeneous network of 802.11p and LTE.
So then we can formulate the question: which one of the standards is better for a VANET?

Hypothesis: by observing both vehicular networks frames, it is possible to state that,
in a first approach, IEEE 802.11p could be the optimal protocol for this kind of networks.
This is due to the fact that IEEE conceived the IEEE 802.11 amendment unique and
exclusively for VANETs. On the other hand, if we look deep inside the LTE standard, it is
observable that it has some interesting features. So, if we combine the best LTE features
to balance the drawbacks of IEEE 802.11p, the final mixed frame would be even better
than using only 802.11p. This means, that despite in the first glance, one can see 802.11p
as the best option, by taking into account the first scientific method step (observation) we
hypothesize that heterogeneous networks will have a better performance than a vehicular
network based only on IEEE 802.11p.

Prediction: once the hypothesis is set, we can predict if this will be true or if there are
other approaches that we have not contemplated before. In my thesis this step is not really
important since in the hypothesis we have taken into consideration the best protocols for
building a vehicular network.

Testing: this consists on carrying out experiments to check if the previous hypothesis
is correct or not. In this thesis case, for being able to do these tests, what I have had to
do is developing the different simulations (which are explained in this chapter and in the
following one).

Analysis: with the experiments done, it is time to check if the hypothesis were correct
or not. This final step requires retaking the theory studied in the first chapters and com-
paring both, the theory and the prediction, with the results of the tests. If the obtained
results make sense and they match with the expected results and the hypothesis is strongly
supported by evidence, we can go deeply inside on the same topic. If the results do not
match with the hypothesis, we have to change the hypothesis or revise the process. In this
thesis, since the networks are simulated and the simulations are not completely realistic,
the obtained results may not be the expected ones. It is important to bear in mind that,
if the results are not the estimated, this does not mean that the hypothesis is false.

4.1 Software tools

Developing a vehicular network with real OBUs equipment and real roadside units is re-
ally expensive, and if different scenarios are needed, the cost is multiplied. For this reason
and for its comfortableness, the wise way to deploy a VANET is by simulating it. By a
simulated network, not only you save money, but also you are able to customize the net-
work features easily. By changing a few code lines the network becomes another different
network. Also, if the purpose of deploying the network is for doing some research tests,
just like the network I need, having the ability to adapt the network is fundamental, since
you need to work on the net and improve it step by step until having the ultimate and
complete network.
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But not only network simulators are needed for developing an experiment of such dimen-
sions. Mathematical software is required too, for analyzing the results of the simulator.
In this case, MATLAB has been the one used. Also a traffic simulator is needed, since the
network has to be dynamic, and the nodes have to follow vehicle behavior. Here there is a
general idea about the main software tools one can find currently, and a deeper overview
of the tools I have used for the thesis.

There is a huge range of software made for simulating communication networks. There
are commercial simulators like:

• OPNET (Optimized Network Engineering Tools) is a software solution that provides
performance management for computer networks and applications and a graphical
editor interface to build models for various network entities from physical layer mod-
ulator to application processes [16].

• NetSim (Network Simulator) is an emulation tool for network design and network
planning, defense applications and network research and development. It is useful
for a wide range of topics such as cognitive radio, wireless sensor networks or WiMax
[17].

• OMNEST is an object-oriented discrete event network simulator framework. It is
ofently used for protocol modeling, modeling of wired and wireless communication
networks, architectural simulation of high-performance clusters. It is the commercial
version of OMNeT++ [18].

But there are also quality open source tools that are a perfect alternative to the previous
ones. In this group we can find:

• NS3 (Network Simulator 3) that is a C++ based discrete event computer network
simulators, primarily used in research and teaching. Some features made this pro-
gram to be the most widely used open source network simulator. For instance, many
of the standard networking components and protocols are available and there is a
well documented code base. On the other hand, this simulator is not easy to use
because it has been extended by many developers so the architecture of NS is very
complex, and, since the nodes mobility ahs to be programmed manually, it is tough
to use it for VANETs [19].

• GloMoSim (Global Mobile Information System Simulator) a simulator coded in Par-
sec, a C-based simulation language. This simulator is packaged with libraries for
simulating multiple mobility models including Random Waypoint mobility model,
explained in the previous chapter [20].

• OMNeT++, is an open source discrete events simulation environment with a component-
based design. It is the commercial version of OMNEST, used in the research com-
munity. It is the one used in this thesis, so this software is more detailed explained
in this chapter.

One also can find several traffic simulators. There are different simulators for different
kind of traffic. In other words, if the simulation to analyze is macroscopic one simulator
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will be better than other optimized for microscopic simulations (microscopic simulation
means that each car, person, train... is simulated individually). The main ones are the
following:

• Quadstone Paramics is a microsimulation software. The software is used by gov-
ernment agencies, consultancies and universities for the purpose of simulating and
analyzing existing traffic and transportation problems. It is not an open source
resource [21].

• PTV Vissim (Verkehr In Städten Simulationsmodell, German for Traffic In Cities
Simulation model of the company PTV) is a microscopic multi-modal traffic flow
simulation software package. It uses a car following model for the vehicles movement.
For using this tool it is necessary to pay a license [22].

• MATSim (Multi-Agent Transport Simulation) is conceived for implement large-scale
agent-based transport simulations. It is possible to compare the simulation results
to real-world counting stations data. This framework simulates macroscopic traffic
and it is an open source tool [23].

• SUMO is another microscopic traffic simulation package. This provides continuous
simulations and there are several extensions for adding more features (like online
interaction with the simulation). SUMO is an open source tool, and is the one used
in this thesis, so a deeper overview is given further in the chapter.

As mentioned before, the simulation of VANET applications not only requires simu-
lating the wireless communication between the vehicles, it also requires simulating the
mobility of the vehicles. Unfortunately, these two aspects of vehicular networks simu-
lations have often been decoupled. There is an important trouble when merging these
two simulations regarding compatibilities: it is difficult to link a communications network
simulator and a traffic simulator and also being able to feed the mobility simulator with
network messages. For our application it is basic for the communications network to have
influence on the traffic in order to change the routes of the vehicles when an event happens.

The simplest way to obtain a VANET simulator is by implementing mobility models in a
network simulator, but in this approach it is really hard to make communications network
interact with the mobility. This means that this kind of simulators would be useful only
for infotainment applications, which do not require altering the node direction, speed
or acceleration. Luckily there are integrated simulators, which are the combination of
two sub-simulators, one for the communications applications and other for the mobility,
and they can communicate each other easily. This is fundamental for traffic safety and
efficiency applications. Examples of these integrated simulators are:

• TraNS (Traffic and Network Simulation Environment), which merges NS2 (a previous
version of the before mentioned NS3) for the communications network and SUMO
for the mobility. It has two ways of working. The first way consists on running first
the traffic simulation, then parsing the data of the SUMO vehicles and converting
it into a suitable format for NS2 and finally running the NS2 network. The second
way is by using an interface called TraCI that transfers data from SUMO to NS2
and vice versa in running time [24].
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• Veins (Veihcles in Network Simulation) couples SUMO and OMNeT++ through a
TCP connection. This bidirectional communication allows the network updationg its
nodes position and even creating new nodes that appear in the scenario or deleting
them if the nodes have reached their destination. This feature is really interesting in
vehicular networks, because traffic changes through the time. This is the used tool
in the project.

With this introduction to the necessary tools to carry out vehicular networks simula-
tions, we can explore the ones used in this practical part of the thesis while detailing
the important features of each tool and the changes that are necessary to do for a good
performance of the network.

4.1.1 OMNeT++

As mentioned before, OMNeT++ [25] is an object-oriented discrete event network simu-
lation framework, and among the others of the list, it is the one that fits the most with
this project because of its features. It is very efficient, it is not difficult to learn if one have
C++ knowledge it is component-model based and it is quite flexible (you can extend the
modules or combine them in a comfortable way).

There are different components in OMNeT++ environment. The main one is the NED
editor, which can edit NED files both graphically and in text mode. It is possible to
create compound modules with the graphical mode by connecting submodules and other
elements.

We can observe in Fig.4.1 an example of both graphic and text modes of a .ned class.
This class is the scenario of the simulation where we put all the submodules (like RSUs,
Connection Manager and Obstacle Controler). Each submodule is coded in another NED
file.

The Ini File Editor lets the user configure simulation models for execution editing the
.ini files. This files are a group of instructions and parameters settings. It features both
form-based and source editing.

In Fig.4.2 we can see the omnet.ini file of the project. In this document one sees a list of
the simulation parameters, and it is easy to modify the network by varying the values of
this list. In this thesis there have been modified the parameters such as beacon frequencies
and transmission power in order to create different scenarios.

Other important component is the simulation launcher that is a graphic frame where
the simulations can be displayed. It is useful for applications like vehicular networks,
because you can check the routes of the vehicles and if they change or not. Fig.4.3 shows
the graphical simulation of the thesis scenario. It is also possible to run the code in the
console, without a graphical representation of the network. Needles to say that running
in console is faster than in a graphical way.

OMNeT++ has its own data analyzer. It collects all the parameters specified in the
C++ code, and after the simulation it lists all these parameters in a file. Parameters
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Figure 4.1: Screenshot of the NED editor of this thesis project

can be scalars, vectors or histograms, and they can be represented in plots like shown in
Fig.4.4. This analyzer is called Scave and since it has not all the features needed for this
project, MATLAB will be used to graph the resulting parameters.

4.1.2 SUMO

SUMO [26] is an open source microscopic multimodal traffic simulation package. This sim-
ulator allows modeling intermodal traffic systems including road vehicles, public transport
and pedestrians. It supports online interaction with TraCI, and it is possible to simulate
time-scheduled traffic lights that can be imported or generated automatically by SUMO.
Another important feature is that SUMO does not have limitations regarding size and
number of simulated vehicles.

As we have explained in the last chapter, SUMO makes use of the Krauss following
model to model the traffic mobility. It can also use Cellular Automata model, but unlike
the fundamental CA model (explained in previous chapter), this tool simulates vehicle
movement based on space-continuous cellular automata in which only time is discrete.

It supports import formats like NavTeq, VISSIM and OpenStreetMap. This feature is
really useful because it is easy to download a map and then to get the routes of this map.
Also it takes into account the buildings of the location and their height, so when simulation
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Figure 4.2: Screenshot of the .ini file of this thesis project

Figure 4.3: Screenshot of the simulation of the 802.11p network

in the communications network simulator, it can consider the scenario characteristics and
have a more realistic performance. In my case I have downloaded the map of the location
as shown in Fig.4.5. With this map I have set the routes of the vehicle flows and create a
routes file that OMNeT++ uses this information to configure the nodes mobility.

For this project, OpenStreetMap [27] has been used to set the map of the scenario.
OpenStreetMap is a collaborative project to create free content maps. This maps are
created using data from mobile GPS, orthophotographies and other sources.

4.1.3 VEINS

VEINS [28] is the open source framework we use for running vehicular networks extending
and merging OMNeT++ and SUMO through a TCP connection (represented in Fig.4.6
with a blue arrow). The extension consists of improving OMNeT++ for being able to
send messages to SUMO through this TCP connection, and to receive feedback from the
traffic simulator in order to react and update the nodes/vehicles state.
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Figure 4.4: Screenshot of the result analysis of a simulation

I have used two different VEINS packages: one developed exclusively for IEEE 802.11p
standard, over which I have build the network, and the other one is a module called
VEINS LTE that has heterogeneous network tools. The first package has being tailored
for modeling vehicular networks. It has all the stack layers of DSRC/WAVE implemented
and they are a good base for editing them and building your own network. The second
package was developed for extending the first one and it contains two additional module
libraries: one module library for providing IP connectivity and models of links for Wi-Fi
(INET Framework), and one module library for simulating cellular networks using LTE
(SimuLTE).

VEINS is not only useful for allowing this network simulator and mobility simulator
merge, but also for providing some interesting features for giving to the simulations a
more realistic scope. One of these features is its two-ray interference model. This model
included in VEINS manages to capture path loss in the scenario produced by ground
reflection effects. Another module that I find it has to be mentioned for its importance
of this thesis’ simulations is the obstacle shadowing module. With this, we are able to
capture the effect of buildings (depending on their height) when blocking transmissions or
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Figure 4.5: Screenshot of the map used in the project in the SUMO environment

Figure 4.6: Modular structure of VEINS

weakening transmissions.

4.1.4 MATLAB

Not only simulating networks is needed in the thesis, it is also basic to analyze the results
of the networks for interpreting them, and then, being able to compare the different sce-
narios or networks. In this thesis I have to analyze parameters like throughput, packet
delivery ratio or received power, but the network simulator has, as output variables, pa-
rameters like received power, number of lost packets or sending packet time. Because of
that, it is necessary to implement the appropriate algorithms for extracting the desired
information.

There is a bottomless list of programs for analyzing data and doing mathematical calcu-
lations. For this assignment, the best software option is MATLAB [29], the widely known
software for mathematical coding. The main reason is the experience obtained during my
studies, so it is better to make use of the skills obtained through this year than starting
to learn a new mathematical tool. Apart from this, MATLAB is a helpful software for
plotting the results obtained from the simulations and it is convenient for processing the
raw output data of the network.

In MATLAB I have developed the necessary code for obtaining the Path Loss of the
messages sent in the different scenarios versus the delay in order to observe the channel
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condition and the multipath effect; the received power of the messages versus the distance
between nodes to see how the signal power is degraded against the noise power. In Fig.4.7
there is a sample of the framework where I have developed the code. In the center appears
a piece of the beginning of the code, where the menu and the first steps of the IEEE
802.11p analysis start.

Figure 4.7: Screenshot of MATLAB environment

4.2 Scenarios
The scenarios are really important because the realism or the quality of the data of the
simulation, depend a lot on them. A good scenario is that one with a localization with
different cases (to do a vehicular network simulation with, for example, only a car and a
RSU in perfect conditions it is translated into a lack of realism, which it is reflected in the
information you get: a useless list of values).

The location has been chosen taking into account several aspects. One of them is that
if you know the place, then you know how the traffic is there (fact that can help a lot, and
make things easier), the drawbacks of the locations such as the things that can produce
interferences in the communications. Other important feature is the variety. A scenario
without variety of situations is really poor and the conclusions you get from its results are
only useful in similar environments, and the conclusions I want to get have to be the most
general as possible.

In this theses case, I have chosen the surroundings of the ICT Cubes of the Faculty
of Electrical Engineering and Information Technology of the RWTH Aachen University
Fig.4.8. Since the Chair for Theoretical Information Technology, where I am writing the
thesis, is there located, it is wise to use this location as the map of the whole scenarios.
Needless to say that the map has to be the same in all different networks, if not it is
impossible to compare the results in an accurate way, since the location affects the values
of the parameters as commented before.

The chosen location is quite rich in variety. On the north of the map there are higher

28



4.2 Scenarios

Figure 4.8: Map of the chosen location for the VANET deployment

buildings (student residences, flats. . . ) and on the south of the location you can find spot-
ted houses, which are shorter and more spread so they interfere less in communications.
Although it has some variety, it is not as diverse as desired, but there is no location where
we can find all kind of buildings (from skyscrapers to little houses), all kind of roads (from
highways to small pedestrian streets) or all kind of surfaces (from open parks to crowded
housing blocks).

The different scenarios have been developed to get different useful parameters, always
bearing in mind that the goal of the thesis is comparing two standards frames. The first
scenario classification is clear; we have two well differentiated frames: IEEE 802.11p based
network and heterogeneous network.

Fig.4.9 shows the RSUs disposition. It is observable that the one in the east has a high
line-of-sight with the vehicles of Melatener Str. and Höhenweg Str. This will be important
in the following chapter because there are good conditions for the communication between
this RSU and the nodes, but there is also a perfect line of buildings that originates mul-
tipath signal.

Since LTE base stations (eNodeBs) have a bigger coverage area than RSUs in IEEE
802.11p, when deploying the heterogeneous network, we have to reduce the number of
eNB. In Fig4.10 there is only one base station, but every time I have simulated the het-
erogeneous frame, I have deployed the eNB in 4 different positions each time (the same
positions of the 4 RSUs in 802.11p) and then I have checked the most interesting node. I
have done this because the thesis is not about finding the optimal deployment of the base
stations, nonetheless, it is interesting to have a good base station position to see more
attention-grabbing information.

The second scenario classification is by number of cars. First of all, the simulation is
done with only 8 cars in the scenario. It is wise in order to see a first approach because
analyzing only 8 cars behavior is enough in terms of amount of data and it is adequate
in terms of complexity. It is also simulated in both network frames (IEEE 802.11p and
heterogeneous) with 33 cars, a low density scenario. The goal of this scenario is to see
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Figure 4.9: Map with 802.11p elements deployed (4 RSUs)

Figure 4.10: Map with heterogeneous/LTE elements deployed (eNodeB)

how parameters decrease or increase depending on the number of vehicles in the network.
Then the simulation is done with 67 vehicles, a medium density scenario. Finally, the
simulation runs with a dense scenario with 100 cars. What it is pretended by varying
the number of vehicles on the scenario is to ascertain if the protocols perform well under
different traffic circumstances. The number of vehicles is a key factor when deploying a
vehicular network, because the amount of information to be shared increases progressively
with more nodes, so the network has to afford and manage the whole amount of data.
Not only is a problem of scale, but also of interferences. The more nodes in the scenario,
the more interferences in the network. As a consequence it is important to bear in mind
that an increase of the number of vehicles in the scenario will lead to an interference raise.
In case it is detected that the network (the RSUs that are part of the communications
network) is not well scaled, then it is needed to increase the number of RSU or decrease
the distance between them. This is a priority since the VANET is conceived for providing
safety applications and as we said in the introduction chapter, one failure in the network
can induce a fatal result.

With all of these scenario modifications, it is obtained as a result, a wide range of differ-
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ent scenarios where to analyze and compare the results. These are explained in the next
chapter.

In order to make the simulations richer, in all the scenarios, there are programmed two
accidents. With this kind of events it is possible to analyze the network performance in
case of emergency situation. If only normal conditions are simulated, it is easy to fall into
the error of thinking that the protocol works perfectly when it may be possible that it does
not operate as required in some situations. In Fig.4.11 we can see in the orange circles the
location of both accidents. They are in opposite direction, so the traffic flow which inter-
acts with the victim vehicle is different. When the mishap happens, the injured vehicle
alarms the previous ones. In terms of communications, this accident originates an extra
message load: there is a message exchange between all the vehicles within the accident
radius. The communication network is well prepared to process the accident message and
act accordingly by changing the vehicles routes or stopping until the problem is solved.
In the simulation, it is possible to see the cars altering their routes and following another
path (Fig.4.12).

Parameters IEEE 802.11p network Heterogeneous network
Frequency 5.89 GHz 2.4 GHz
Transmission power 25 dBm (RSU & OBU) 45 dBm (eNB), 26 dBm (UE)
Sensitivity -109 dBm -109 dBm
Packet length 558 bits 214 bits
Simulation time 200 s 70 s
Beacon frequency 1, 4, 8, 10 & 20 beacons/s 1, 4, 8, 10 & 20 beacons/s
Cars number 8, 33, 67, 100 cars 8, 33 cars
Schedulers - Max C/I, PF

Table 4.1: Simulation parameters of the networks

Figure 4.11: Accidents locations in the scenario
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Figure 4.12: Vehicle sending alarm messages to the other vehicles in an accident

4.3 Communication Networks

Regarding the standards implementation in VEINS, we can go more in depth to the set-
tings in the OMNeT++ code. There is a distinction between the IEEE 802.11p framework
and the heterogeneous LTE-based network framework, but there are also several general
values in common. The way these protocols work is the one detailed in the network chap-
ter. In this section there is only the protocols configuration in the practical part of the
thesis.

Almost all the parameters are defined in the .ini file. This is comfortable because you
can change easily these parameters without searching deep inside a lot of different classes.

4.3.1 IEEE 802.11p network

There are a lot of parameters to set in this simulation, but the main settings are those of
the protocol itself. These settings have to be accurately defined in order to simulate the
protocol the most equal to the theoretical definition as possible.

The central frequency is one of the most important parameter for a wireless standard.
This frequency in IEEE 802.11p is 5.89 GHz, as explained in the network chapter. This
frequency is determinant in the simulation settings, because it influences in most of the
communication events.

The transmission power of the vehicles (OBUs) and the base stations (RSUs) is from
25 dBm, a typical value for vehicular networks. In a first instance, this power allows
both OBUs and RSUs to communicate each other in line of sight conditions, and with a
reasonable maximum distance. The sensitivity is set to -109 dBm in order to filter packets
with high error rate.
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Packets in this simulation have 558 bits. This packet length is preset following the
theoretical information of the IEEE 802.11 amendment [2].

In this scenario, the simulation lasts 200 seconds. This is more than sufficient because
it is when all the vehicles have arrived at their destination, so we can collect all the sent
packets.

4.3.2 Heterogeneous LTE network
As in the previous framework, there are several parameters to be set. The ones that defer
from IEEE 802.11p network are the parameters related to LTE.

LTE has as a central frequency 2.4 GHz, and this is an important difference that has
an effect on the communication between nodes.

In LTE networks, base stations are more complex and powerful than the RSUs in
802.11p; this is reflected in their transmission power, which is higher than in RSUs. The
eNB transmit 45 dBm. On the other hand, vehicles transmit more or less the same power
than in 802.11p. The transmitting power of these nodes is of 26 dBm. It is used the same
sensitivity of -109 dBm for filtering packets.

The packet length of the heterogeneous network is only 214 bits; in this standard pack-
ets are shorter than in the first one.

In contrast to the simulation time in the previous framework, in the heterogeneous net-
work case, the simulation lasts 70 seconds. This is due to the LTE network shares more
information and this means more packets (there are more packets by far, so despite the
packet length is shorter here, the network shares more information). Since in the network
we listen to a lot of data, if we keep the simulation time at 200 seconds we would have an
untreatable amount of data. With 70 seconds instead, there is enough information to do
a suitable analysis.

Needless to say that in the heterogeneous network settings, different beacon frequencies
have been used. They have to be the same as in the 802.11p network for an appropriate
comparison. So the beacon frequencies used are 1 beacon/s, 4 beacons/s, 8 beacons/s, 10
beacons/s and 20 beacons/s.

Contrary to the first framework, with LTE we also have to set the scheduler to use. As
it is explained before, LTE is simulated with two different schedulers: MAXCI and PF.
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In this section the results of the simulations are going to be listed and discussed. The
goal of the thesis is to compare the two main frameworks for vehicular networks: IEEE
802.11p and heterogeneous networks with LTE. So the results and plots of these sections
are made in order to obtain a clear comparison between these two approaches and the
optimal application of each one.

Once the simulations of the different scenarios are done, following the previous chapter
steps, now there are some interesting data to analyze. The graphics that appear now on
are from typical parameters in the communications analysis, and each of the sections is
focused in one of that parameters. This helps to have a deeper view of each feature in the
protocols. To balance the lack of cohesion, a final section provides a wide overview linking
all the specific features.

5.1 Throughput

The first analyzed parameter is throughput. Throughput is defined as the rate of success-
ful message delivery over a communication channel over the total simulation time. It can
be measured in data packets per second (pps) or in bits per second (bps). The aggregate
throughput is the sum of all the data rates delivered to all terminals in the network. In
the following, it is analyzed the throughput per base station (average throughput of the
RSUs in 802.11p and eNodeB in LTE).

In a first approach, the number of beacons per second that RSUs sent to the vehicles
was 1 beacon/s. Then, this increased frequency was to 4 beacons/s, 8 beacons/s, 10 bea-
cons/s and finally with 20 beacons/s. This has been made with the purpose of analyzing
the behavior with more packets or less through the communications network.

Fig.5.1 shows the throughput of a IEEE 802.11p-based vehicular network versus the
beacon frequency. This is the number of beacons per second that the RSUs send to the
vehicles (explained in previous chapter). It is clear that the higher beacons per second,
the more throughput in the network, since the amount of messages (as a result the number
of bits) is increasing.

The plot is also done for four scenarios by number of cars. We cannot appreciate varia-
tion between the different cases because the location is small and the amount of cars is not
extremely large. It is true that if there are more vehicles in the network, the throughput
will decrease, but to be really noticeable the scenario wuld have to be embrace a whole
city. This fact means that the network affords high number of vehicles without increasing
its loss rate (consequently without decreasing the throughput).

In Tab.5.1 it is shown the accurate values of the throughput. We can check that the
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Figure 5.1: Throughput of the IEEE 802.11p network

throughput is quite close to the ideal throughput. The beacon packets in the IEEE 802.11p
network have 558 bits. If we compute the throughput in terms of packets per second we
can see that the throughput is nearly perfect in the scenarios conditions. It is important
to draw attention to the fact that not only beacons are transmitted, if not, all through-
put (pps) values bigger than the beacon frequency would have no sense. The packets of
the network include beacons from RSUs to vehicles and alarm messages from vehicles to
vehicles.

We can observe that the natural tendency is decreasing the throughput when increasing
the number of cars. It is logical, there are more lost packets when more vehicles are in
the same network. This is due to the fact that there are a packets increase: with more
vehicles trying to have access to the network, they will face congestion and interferences.
The theoretical maximum can be calculated knowing the maximum 802.11p rate. This
maximum rate varies from 3 to 27 Mbps. If we consider 27 Mbps as the maximum, the
threshold beacon frequency will be near 48.387 · 103 beacons/s. This value is extremely
large because the packets of this kind of networks are really small.

If we have a look at Fig.5.2 we can appreciate that throughput in LTE-based networks is
higher than in 802.11p. This is due to the fact that in LTE not only beacons are delivered.
Since LTE networks are more complex than WAVE networks, more packets for routing
or updating the vehicles positions are required. In fact, in the graphic we can see that
the bigger number of vehicles, the higher throughput, and in the 802.11p network it did
not happen. This is because the peculiarities of the LTE technology previously explained.
Knowing this and the maximum throughput of LTE (150 Mbps), we can set a maximum
number of cars. The relationship between cars and throughput at 1 beacon per second is
lineal, so knowing the throughput with 8 and 33 cars, we can extend it until reach the max-
imum throughput. The maximum number of cars at 1 beacon per second is 1,470,813 cars.
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Figure 5.2: Throughput of the heterogeneous network

Throughput 802.11p (pps)
Number of cars

Beacon frequency (beacons/s) 8 33 67 100
1 1.0025 0.9875 0.965 0.9675
4 4.0025 3.98875 3.93 3.97125
8 8.0025 7.9875 7.90125 7.9675
10 10.0025 9.99125 9.84375 9.975
20 20.0025 19.985 19.67375 19.96625

Table 5.1: Throughput values in packets per second of 802.11p network

Despite heterogeneous networks make use of more packets, these packets are smaller
than the ones in 802.11p. A packet of this network is of 214 bits. We can also compute
the approximated maximum beacon frequency for the heterogeneous network (fixing one
car at the scenario). If the maximum LTE rate is 150 Mbps and the relationship between
1 and 20 beacons per second is lineal, the maximum beacon frequency is 183,851.693 bea-
cons/s. This beacon frequency is clearly higher than the threshold in 802.11p network.

For this heterogeneous scenario, the performance gain in terms of throughput, as well
as in terms of packet delivery ratio, due to the infrastructure-assisted scheduling and cen-
tralized access control mechanism.

As in the network chapter is explained, the Max C/I scheduler is the one with better
throughput performance in a cell. In Tab.5.3 and Tab.5.4 the throughput with Max C/I
scheduler is always slightly better than the throughput wit PF, the scheduler that has a
tradeoff between fairness and maximum throughput.
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Throughput 802.11p (bps)
Number of cars

Beacon frequency (beacons/s) 8 33 67 100
1 559.395 551.025 538.47 539.865
4 2233.395 2225.7225 2192.94 2215.9575
8 4465.395 4457.025 4408.8975 4445.865
10 5581.395 5575.1175 5492.8125 5566.05
20 11161.395 11151.63 10977.9525 11141.1675

Table 5.2: Throughput values in bits per second of 802.11p network

Throughput heterogeneous (pps)
MAXCI PF

Beacon frequency (beacons/s) 8 cars 33 cars 8 cars 33 cars
1 3.8125 14.175 3.628125 14.2375
4 15.278125 56.82718 14.6375 56.96127
8 30.34375 113.6239 28.9625 113.8552
10 38.059375 141.965 36.3125 142.4103
20 76.234375 283.5214 72.565625 285.71904

Table 5.3: Throughput values in packets per second of heterogeneous network

5.2 Packet Delivery Ratio

The packet delivery ratio, as the name implies, is the ratio of data packets received by
the destinations to the data packets generated by the sources (Eq.5.1). This parameter is
often represented in percentage, and the greater value of packet delivery ratio means the
better performance of the protocol.

PDR = ΣNumberOfReceivedPackets
ΣNumberOfSentPackets (5.1)

Fig.5.3 shows the packet delivery ratio in percentage for the 802.11p network in function
of the beacon frequency and the number of cars. Regarding the number of cars, it is clear
in the graphic, that the more cars the less delivery rate. This means, more losses. These
losses are introduced by the collisions among vehicles in the network, this explains why
the delivery conditions are better when there are less vehicles.

If we analyze the packet delivery ratio against the beacons per second, we can observe
that the ratio slightly oscillates between different frequencies for a fixed number of cars.
This is because there are no more collisions and the messages keep the same error proba-
bility. It is obvious that not always it would be like that. When the maximum throughput
is reached it will have an effect in the packet delivery ratio, it will decrease due to the
worsening of the network conditions.

In Fig.5.4 we can appreciate the same results we find in 802.11p. The number of cars is
still important in heterogeneous networks, its effect is reflected in the ratio by decreasing
the probability of delivery when increasing the number of vehicles. The beacons frequency
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Throughput heterogeneous (bps)
MAXCI PF

Beacon frequency (beacons/s) 8 cars 33 cars 8 cars 33 cars
1 815.875 3033.45 776.41875 3046.825
4 3269.51875 12161.0165 3132.425 12189.7118
8 6493.5625 24315.5146 6197.975 24365.0128
10 8144.70625 30380.51 7770.875 30475.8042
20 16314.1563 60673.5796 15529.0438 61143.8746

Table 5.4: Throughput values in bits per second of heterogeneous network

Figure 5.3: Packet delivery ratio of the 802.11p network

does not affect the packet delivery ratio performance at these levels (again, if we were in
the threshold of throughput, it would have decreasing effects).

Another feature to be questioned is the effect of the schedulers. These ones have a
different performance in the packet delivery ratio. In this case, the scheduler with better
behavior is the PF one. This is because Max C/I is optimized for carrying out an optimal
performance in terms of throughput, but PF was conceived for being more fair. As a
consequence PF has fewer losses than Max C/I scheduler.

It is also clear that in the heterogeneous framework we obtain a better packet delivery
ratio. If we look at both graphics we will notice that LTE framework has a higher level
performance. Making a comparison between both protocols, we can state that hetero-
geneous networks can hold a larger amount of vehicles than 802.11p networks, using the
same beacon frequencies.
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Figure 5.4: Packet delivery ratio of the heterogeneous network

5.3 Bit Error Rate

Bit error rate (BER) is other key parameter in communications analysis. The BER is
the number of bit errors over the total transferred bits during a studied time interval
(Eq.5.2). These bits can have been altered due to noise, interference, distortion or bit
synchronization errors. BER is a unitless performance measure but it is often expressed
as a percentage. The BER is also an indication of how often a packet or other data unit
has to be retransmitted because of an error.

BER = ΣNumberOfErrors
ΣNumberOfSentBits (5.2)

The bit error rate can be evaluated by varying other parameters, and one of the most
relevant ones is the transmission power. For the different amount of cars the transmission
power have been changed until find a minimum in the BER, which is around PT = 20mW
as in Fig.5.5 appears. The point is that when power is increasing, the error decreases
because the communication conditions are enhancing. But there is an instant that, in
spite of transmitting more power, the errors start to increase too. This phenomenon is
produced because by increasing the transmission power, not only the received main signal
power increases but also the power of the interferent signals. This interference problem
makes that increasing the transmitted power is not always the best of the solutions for
enhancing a network.

This result is really useful when deploying a real network, because if we take a look at
the shape of the BER in our scenario, we observe that it has the same behavior pattern
whatever the number of cars is. As a result, the network can be optimized in bit error
terms only by transmitting the optimal power.
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Figure 5.5: Bit error rate for different transmission powers if the 802.11p network

5.4 Path Loss
One of the most interesting parameters in designing and analyzing links in a commu-
nications system is path loss. Path loss, L, is the attenuation of a signal’s power as it
propagates through space. This parameter is a function of several variables like frequency,
f, distance between transmitter and receiver, d, attenuation coefficient, α, or antennas
heights (mobile device height hm, base station height hb) (Eq.5.3).

LdB = 10 · log10(k(hm, hb, f)) + 10 · α · log10(d) (5.3)

When computing the path loss of a communication, we can find different models de-
pending on its accuracy or the scenario.

• In first place we have free space model (Eq.5.4). This is the simplest path loss
model and does not take into consideration the antennas heights. The attenuation
coefficient is α = 2.

LdB = 20 · log10(4πd)− 20 · log10(λ) (5.4)

• Then we have the flat Earth model (Eq.5.5). In this path loss model antenna heights
are considered, and by doubling an antenna height we increase 6 dB the received
signal power. In this model path loss does not depend on the frequency and the
attenuation coefficient is α = 4.

LdB = 40 · log10(d)− 20 · log10(hb · hm) (5.5)

• There are also empirical models, achieved by measuring campaigns. One of these
models is the so called Okumura-Hata (Eq.5.6), a model that applies corrections to
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suburban and rural environments. In this model a(hm) is a function that depends
on the city size and the frequency.

LdB = 69.55+26.16·log10(f)−13.82·log10(hb)−a(hm)+(44.9−6.55·log10(hb))·log10(d)
(5.6)

• Other family of models is the Ray Tracing models, which are conceived for studying
the reflected, diffracted and scattered copies of the transmitted signal. One of the
most used Ray Tracing model in simulations is the Two-Ray Model [30]. This models
is used when a single reflection dominates the multipath effect and the model is
represented by Eq.5.7.

LdB = 40 · log10(d)− 10 · log10(Gb)− 20 · log10(hb · hm) (5.7)

There are several approaches for the mentioned Two-Ray Model. It is commonly
used the Two-Ray Ground Model, which takes into consideration the main ground
reflection, but it is studied [31] that this approach is often the same as using free
space model, and besides it is more complex. Veins uses the Two-Ray Interference
Model that, for a more realistic treatment of the path loss, takes into account the
fact that radio propagation will commonly suffer from at least one notable source of
attenuation: constructive and destructive interference of a radio transmission with
its own ground reflection. This model is defined by Eq.5.8. In Eq.5.9 we can observe
the phase difference of interfering rays, where dlos is the length of the direct line
of sight propagation path, and dref is the length of the indirect, non line of sight
path via ground reflection. Eq.5.10 shows the reflection coefficient calculation, the
parameter that captures the attenuation of a polarized electromagnetic wave.

LdB = 20 · log10(4π d
λ
|1 + Γ⊥eiϕ|−1) (5.8)

ϕ = 2πdlos(hb, hm)− dref (hb, hm)
λ

(5.9)

Γ⊥ = sinθi −
√
εr − cos2θi

sinθi +
√
εr − cos2θi

(5.10)

To use this model results on a realistic simulation, with representation of the obsta-
cles the signals has to face to.

In the graphs it is also represented by colors the delay. The delay is the time taken by
a data packet to arrive in the destination (Eq.5.11). It often includes the delay caused by
route discovery process and the queue in data packet transmission, but since the commu-
nication in the scenario is RSU-OBU or eNB-UE, there are no nodes in between.

Delay = ArrivalT ime− SendT ime (5.11)

For the 802.11p network, we can see in Fig.5.6 the path loss effect in the 4 RSUs de-
ployed in the 8 cars scenario. We can observe different shapes, which are related to the
vehicles mobility through the simulation time. In the figure it is not clear at all the
routes that the vehicles follow, but it is possible to deduce that the first RSU has better
line of sight than the other ones. Its path loss is weaker in the first period of the sim-
ulation, and also in the seconds 110 to 130. The RSU disposition is in Fig.4.9 in chapter 4.
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5.4 Path Loss

Figure 5.6: Path loss plot of the 4 RSUs in the 802.11p network with 8 cars

If we take a closer look to the first RSU path loss (Fig.5.7) we appreciate that there are
three cars that depart from the closeness of the RSU. The loss is increasing with time,
fact that demonstrates that the cars are moving away. This is reasserted by the delay
increase, as the color scale shows. Other attention-grabbing occurrence is from second
60 on, where different power spots are scattered on the top. These dots are provoked by
multipath effect, since there are reflected signals in the buildings and in the ground, that
the vehicle receives with a higher delay.

Now, switching to the 67 cars scenario, and only analyzing the path loss of the first RSU
(Fig.5.8), we see the there are several cars approaching and moving away in the minimum
peaks. The multipath here is more visible because instead of spread spots, now we see full
bands.

In the heterogeneous network the path loss figure of the eNodeB is the same as the
presented for the first RSU of the IEEE 802.11p-based network. In order to give more
interesting results, now we analyze the path loss from the vehicle point of view. In this
case we can observe the path loss of the first car of the 8 cars scenario simulation for the
Max C/I scheduler in Fig.5.9 and the same for the PF scheduler in Fig.5.10. They are
pretty similar to each other and also to the first car of the 802.11p network. These figures
are remarkable to be studied with the vehicle route trajectory, shown in Fig.5.11.

The first 40 seconds of the simulation the vehicle is moving straight forward by Melatener
Strasse. The path loss on this time interval is quite uniform due to resemblances in the
line of sight conditions (there are buildings aligned with the eNodeB). We only appreciate
an increase of the losses in second 15 on, where the street has a convex shape. Then,
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Figure 5.7: Path loss plot of a RSU in the 802.11p network with 8 cars
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Figure 5.8: Path loss plot of a RSU in the 802.11p network with 67 cars

in second 40, there are losses slump because the zone is clearer of buildings (despite the
vehicle is more distant than in the previous instants). This loss decrease becomes stable
from second 50, where the vehicle is perfectly in line with the base station. At the very end
of the simulation, when the vehicle is just in the base of the eNodeB, we can appreciate
an instant minimum of loss.

Aside from the route analysis, the most interesting event we can observe in these figures
is the multi path effect. From the beginning, there are two parallel rays of received signal.
The one with more losses and also with more delay corresponds, as it is clear, to a multi
path received signal that is delayed because of the building reflection. From second 40
to second 55 we can see other ray, also product of multi path effect that coincides with
Tielmanweg travel. Other ray also starts in Tielmanweg route, but it continues until the
end. This last multi path signal is decreasing its loss faster than the uniform main signal
because the distance of the vehicle to the base station is diminishing so the reflections are
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Figure 5.9: Path loss plot of a car in the heterogeneous network with Max C/I scheduler
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Figure 5.10: Path loss plot of a car in the heterogeneous network with PF scheduler

decreasing rapidly.

Fig.5.12 shows all 8 cars path loss. It is observable that the first, the fourth and the
sixth cars follow the same routes, forming the first flow. Then the second, the fifth and
the eighth too, forming the second flow. And finally the third and the seventh have the
same routes, and they are the third vehicles flow. In the first flow, as well as in the second,
the vehicles do not follow exactly the same shape in the path loss. The variation is due
to a simulated accident of the first car of the flow in second 40, which makes changing the
route of the incoming vehicles. This vehicles deviate their preset path altering the first car
route, which is the specified one. Also to comment that the network does not fall when
the accident happens, so this fact means that the network is robust enough.

In terms of path loss there is no more difference in using one standard or other than
in having one base station or more. The main difference is that in 802.11p networks you
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Figure 5.11: Route of a sample vehicle in the heterogeneous network with its associated
time

can optimize the RSU dispositions better than in LTE with its eNodeBs, just because
in the deployment the more stations it has the more versatile it is. This is because the
path loss depends on the line of sight between transmitter and receiver, so if there more
transmitters, the chances of having a clearer LOS are higher.

5.5 Received Power

This is also one of the important parameters in communications analysis. Received power
(Eq.5.12) is the transmitted power, Pt, plus the gains of the transmitter’s antenna, GT ,
and the receiver’s antenna, GR, minus the path loss L, which has been explained in the
previous section. It is commonly defined in decibels.

PR(dBm) = PT (dBm) +GT (dB) +GR(dB)− L(dB) (5.12)

In the following graphs we can see that the received power decreases when the distance
between transmitter and receiver increases, we can see a negative exponential function
shape. It is because the more distance, the more path loss, and as a consequence, the
less signal power. In all of the simulations we obtain this down slope, and as a sample,
there is Fig.5.13. This figure shows the received power of the first car of the didactical
scenario (the one with 8 cars) of both, the 802.11p and the LTE network. For doing this
comparison we have altered the parameters of Tab.4.1 for sending in both transmitters a
power of PT = 25dBm, that is the power of the RSUs in the IEEE 802.11p network. By
doing this, we can compare with the same conditions both protocols and observe the effect
of having different frequencies (5.89 GHz in IEEE 802.11p and 2.4 GHz in LTE). We can
see in the plot that with LTE standard we receive more power than in 802.11p. This is
due to LTE has a lower frequency, so the attenuation by the path loss is lower.

Moreover, we have in Fig.5.14 and Fig.5.15 the third and the fifth cars. We can observe
that apart from receiving less power in 802.11p, the graphs also show that they receive
signal until a nearer distance. This happens because in 802.11p we have more base stations
(4 RSUs in our scenario) than in LTE networks (1 eNodeB in our scenario). As a result,
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5.5 Received Power

Figure 5.12: Path loss of all 8 cars in the heterogeneous network

the vehicles in 802.11p network jump to other base station every less meters than in LTE
network.

Another information we can extract from these plots is the coverage of both archi-
tectures. If our sensitivity was -60 dBm (instead of the -109 dBm we have used in the
simulation) we can observe that LTE framework has a pretty higher coverage area, being
3 times higher (Tab.5.5) in this particular example. Knowing that the received power
functions are exponential, the difference between coverage areas could be extremely high
in low sensitivities.

Standard Distance of the vehicle at PR = −60dBm
802.11p 60 m
LTE 180 m

Table 5.5: Comparison between 802.11p and LTE coverage

On contrast, by having more base stations, like in 802.11p, we have a better performance
in terms of line of sight. With LTE we could easily have sudden drops in the power function.
This became a tradeoff between having better line of sight or receiving more power for the
same transmitted power.
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Figure 5.13: Received power of the first vehicle of the IEEE 802.11p (with RSU1) and the
LTE networks

5.6 Packets power distribution
Additionally to the previous parameters, it is also significant analyzing the received power
of each packet. We recover the information of the transmitted power of the base stations
in the different frameworks. In IEEE 802.11p network, RSUs transmit at 25 dBm while
in LTE network eNodeB transmits at 45 dBm.

To mention that since the sensitivity was set at -109 dBm, in the histograms, do not
appear packets with less than this threshold power because they are discarded or lost.

Fig.5.16 shows the amount of packets ordered by its received power in the IEEE 802.11p
network in the 8 vehicles scenario and for a beacon frequency of 10 beacons/s. We can
observe that the histogram has nearly a Gaussian function shape, centered at 80 dBm.
We find a similar shape in Fig.5.17, the histogram for the same network in the 67 cars
scenario. These symmetric forms of the plots are due to the 4 RSU in the network, which
means that the base stations are spread among the scenario.

On the other hand, for the heterogeneous network, we are not able to detect such es-
thetic functions since there is only one base station. Instead we have peaks on the power
intervals. In the didactical scenario case of 8 cars (Fig.5.18) the major part of the packets
are distributed between -50 to -70 dBm and between -90 to -100 dBm in both Max C/I
(Fig.5.18a) and PF (Fig.5.18b) schedulers.

In the 33 vehicles scenario (Fig.5.19) we have more variety of packets because there are
more cars in the network, but since we still have only one base station, the histogram
shapes are not as Gaussian-like as in 802.11p network.
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Figure 5.14: Received power of the third vehicle of the IEEE 802.11p (with RSU1) and
the LTE networks

Figure 5.15: Received power of the fifth vehicle of the IEEE 802.11p (with RSU1) and the
LTE networks
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Figure 5.16: Packets-power histogram of 802.11p network for 8 cars scenario at 10 bea-
cons/s

Figure 5.17: Packets-power histogram of 802.11p network for 67 cars scenario at 10 bea-
cons/s
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5.6 Packets power distribution

(a) Max C/I scheduler (b) PF scheduler

Figure 5.18: Packets-power histogram of heterogeneous network for the 8 cars scenario

(a) Max C/I scheduler (b) PF scheduler

Figure 5.19: Packets-power histogram of heterogeneous network for the 33 cars scenario
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6 Conclusion

We have seen that traffic safety is an issue that needs to be solved, and VANETs are one of
the solutions to meet that necessity. This kind of networks has been the subject of study
of multiple projects. In this work two frameworks to develop these vehicular networks
have been introduced: IEEE 802.11p and heterogeneous network of 802.11p and LTE.

Both frameworks have been compared by doing simulations using VEINS, OMNeT++,
SUMO and MATLAB tools in a location of Aachen. These simulations show that, despite
both types of network have similar behavior, in the heterogeneous framework case we find
a better performance. The heterogeneous network enhances the IEEE 802.11p based net-
work by upgrading its weaknesses with LTE standard.

We have seen that analyzing the throughput, 802.11p delivers less data packets, which
means that there are less collisions and saturation in the network. On the other hand, LTE
can hold more messages because its maximum rate is several times higher than the maxi-
mum 802.11p rate. Regarding the packet delivery ratio we have seen that heterogeneous
networks perform better than the 802.11p framework. Also in terms of path loss LTE is
a wiser choice, since its lower frequency makes attenuation decrease. As for the received
power, it is true that eNodeBs transmit more power and with its associated lower path
loss we have more received power as a result. But with 802.11p we have better line of sight
conditions, which is more useful than sending a lot of power against an obstacle. 802.11p
has lower latency than LTE, this means that messages are received faster and this is a
really important feature in a vehicular network. As a last comment, the infrastructures
of a 802.11p network are cheaper than in a LTE network because RSUs (despite being
more in number) are less complex than eNodeBs. On the contrary, since there are already
deployed LTE networks, mobile networks operators prefer to use LTE standard instead of
802.11p.

Heterogeneous network is the one that shows better results, but more have to be done to
master this framework. One of the lacks of this approach is its restrictions with eNodeB.
RSUs are more versatile. Knowing this, one possible enhancement, which is already under
research, will be deploying RSUs in the heterogeneous networks. These road side units
will be hierarchically under eNodeB. This way, we will have more freedom for achieving
an optimal deployment. Moreover, vehicles will communicate with IEEE 802.11p not only
among them but also among RSUs.

6.1 Future Research

This topic, vehicular networks, is still under research, and there are no real implementa-
tions on the roads (there are physical experiments, of course, but a final solution is not in
the market yet). This means that there is a lot of work to do, a lot of research to carry
out and a lot of simulations and tests to perform.

53



6 Conclusion

For extending the thesis, it would be wise to testing the two frameworks in a bigger
scenario (like a whole city) to see how the protocols work in a more general point of view.
Analyzing the different type of traffics will be another good thesis focused on telematics.
Studying the difference between warning messages, road messages, video-streaming pack-
ets for infotainment or Internet browsing packets and the system requirements for each
type of traffic is only one example of a future work.

Other interesting topic will we researching about Wireless Sensor Networks (WSNs)
and its combination with VANETs, forming Hybrid Sensor Vehicular Networks (HSVN),
a kind of networks that opens a lot of possibilities for new applications.

Smart cities are also a hot topic. It would be remarkable doing some research about
vehicular networks in a smart city framework. For instance, a thesis topic could be mix-
ing an Intelligent Traffic Lights (ITLs) grid with a VANET to optimize the traffic efficiency.

A good point to study more in depth is the performance of the modified heterogeneous
networks using both RSUs and eNBs. One future project could be doing some research
about the topic, like doing similar simulations to the ones done in this thesis. When
analyzing this new framework, a new comparison could be done and it could be checked
if its behavior is more optimal.
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