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Abstract
Smart grids are nowadays considered to be the most promising electricity distribution framework,

leading to a greener and more cost-e�ective electricity consumption than before. Their technological
forefront consists in advanced communication systems allowing full-duplex communications till the very
edge of distribution networks, which also turn smart grids into platforms for a new variety of home
automation services. One key innovation in such a communication system consists in how meters access
the smart grid data network. Within this context, the Smart metering Utility Networks (SUNs) standard
has been recently developed. As an emerging technology allowing to deploy smart grid distribution
systems, SUNs are considered a relevant but yet largely unexplored research topic.

Within this work, a simulation tool for assessing the performance of SUNs is developed and employed
to study a typical scenario. In order to obtain a high coherence with real networks in terms of their
size and the reproduced OSI layers, a network simulator (ns-3) has been chosen as main development
environment. The focus is on the physical layer, which is typically represented by a coarse structure
in network simulators, lacking most of the relevant communication features. Since network simulators
typically do not allow to fully implement physical layer features as in scienti�c programming languages
(e.g. Matlab), we develop models re�ecting physical layer behavior onto the above layers. The main
engaged challenges regarding model construction are an adequate modeling of data units structure, channel
properties and transmission features, including advanced transmission techniques such as forward error
correction coding and multiple-antenna beamforming.

Simulation runs prove our tool to be reasonably valid and consistent with the analyzed technology.
Furthermore, they provide a basis for formulating design guidelines for reliable communication schemes in
the considered scenario. The developed models constituting the tool show a general structure that can be
employed for any wireless network simulator and, due to their proven validity, open paths to interesting
investigation and optimization work.
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Sammanfattning
Eldistribution genom smarta elnät spås en mycket lovande framtid då detta möjliggör en miljömed-

veten och kostnadse�ektiv elförbrukning. Tack vare detta framstående kommunikationssystem �nns nu
möjlighet till full-duplex-kommunikation från eldistributören hela vägen till utkanten av nätverket, vilket
även gör att smarta elnät kan användas som plattform för nya hemautomationssystem. Den huvudsakliga
innovationen med systemet är mätarens förmåga att återkoppla information om den lokala elförbrukningen
och -produktionen, något som inte tidigare varit möjligt. I detta sammanhang har Smart Metering Utility
Network (SUN)-standarden nyligen utvecklats. SUN anses som ett aktuellt forskningsområde eftersom
det tillåter utplacering av smarta elnät, dock är detta fortfarande ett outforskat område.

I detta projekt utvecklas ett simuleringsverktyg för att utvärdera SUN:s prestanda. Dessutom används
det för att undersöka ett typiskt scenario. Målet är att efterlikna nätverkets beteende sett till storlek
och simulerade OSI-lager, varför en nätverkssimulator (ns-3) har valts som huvudsaklig utvecklingsram.
Fokus har lagts på det fysiska lagret, vilket vanligen representeras av grova strukturer i nätverkssim-
ulatorer. Då dessa simulatorer inte kan ge samma detaljnivå av det fysiska lagret som vetenskapliga
programmeringsverktyg, exempelvis Matlab, utvecklas modeller som simulerar e�ekterna av det fysiska
lagret på de ovanstående lagren, eftersom de kan hanteras av nätverkssimulatorer. Dessa modeller om-
fattar dataenhetsstrukturer, kanalegenskaper och överföringsfunktioner, vilka även inkluderar avancerade
kommunikationstekniker såsom forward error correction och multiple-antenna beamforming.

Resultaten visar att det utvecklade verktyget fungerar enligt förväntan och stämmer väl överens med
SUN:s teknologi. Vidare bistår de med riktlinjer för att utforma tillförlitliga kommunikationstekniker
i det simulerade scenariot. Simulatorns modeller har en generell struktur och kan därför anpassas för
att simulera alla typer av trådlösa nätverk, och tillåter tack vare sin bevisade tillförlitlighet grund för
ytterligare utforskning och optimering.
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Chapter 1

Introduction

Over the last two decades, the increasing electricity consumption and distribution network reliability
needs have led to the urgency of redesigning electricity delivery systems, de�ning the concept of smart
grid infrastructure [1]. This new paradigm refers to a set of technologies allowing to obtain a safer and
more reliable electricity distribution system than the conventional one.

1.1 Smart grid distribution systems

Fig. 1.1 shows a simpli�ed sketch of how residential and commercial consumers are served through
the smart distribution grid concept. Here, we note that the distribution grid consists of a utility and
data network, which work jointly to deliver electricity that is generated both remotely and locally. One
of the described infrastructure key features lies in its data network. Unlike conventional grids, smart
distribution systems are characterized by a communication network which stretches up to the very edge
of the distribution grid (i.e. the residential and commercial utilities) and allows two-way communications.
From a communication system point of view, the main innovative concept behind this technology is
twofold. Firstly, online information about consumption levels and general status of the distribution grid
are available both at the energy provider and end-users. Secondly, the energy provider is able to remotely
control the whole distribution grid, while end-users are able to control and manage how electricity is
delivered to them.

The newly de�ned distribution paradigm is claimed to meet the desired requirements and provide
economic savings in the following areas [3, 2]:

- Energy source management. Electricity demand typically has high �uctuations [4]. In order
to enable a good quality of service, two kinds of energy sources are usually employed: �exible and non-
�exible. The former can adapt to large and rapid �uctuations in terms of demand, while the latter cannot.
In practice, this classi�cation regards how fast a power plant can vary its produced amount of energy in
order to adapt to consumers needs. In general, energy produced by �exible sources is more expensive
than non-�exible ones. Since the smart grid communication system allows status update intervals up
to the order of few minutes, the energy provider is able to forecast energy demands more accurately
than in conventional grids, resulting in more opportunities to employ non-�exible energy sources. As a
consequence, energy pricing reductions can be obtained for both provider and consumers.

- Maintenance operations. With such a system, maintenance operations can be simpli�ed and
reduced, thanks to the remote control over the grid.

- Energy consumption. Online grid status and consumption level availability at the end-user side
provide several interesting opportunities regarding how energy is consumed. To this extent, smart grids
make the consumer more accurately aware about their electricity consumption level and demand in real-
time, allowing for more sophisticated electricity consumption choices than in conventional grids. As a
consequence, peak-load shift gains and reduced consumption levels can be obtained (a study can be found
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Figure 1.1: A simpli�ed sketch of the smart distribution grid concept (freely adopted from [2]). As shown
in the �gure, data communication can reach the very edge of the network (i.e. residential and commercial
utilities).

in [5]). For instance, the user may decide to use highly energy-consuming appliances when the energy
demand, and therefore its price, is low. Such strategies may lead to savings on electricity bills.

1.1.1 Societal and ethical aspects behind smart distribution systems

Other than savings, smart grids also promises to bring improvements from societal and ethical points of
view. The �rst one regards economic sustainability. In this sense, the technologically improved system
allows a more e�cient use of energy, leading to reduced use of resources for the same quality of service.
In order to achieve this goal, the distribution framework is claimed to be bene�cial in the following areas
[3, 2]:

- Energy distribution �exibility. Online information availability and remote control over the grid
by the energy provider allows distribution of electricity in a dynamic and therefore more e�cient way, by
adjusting network topology and loads according to real-time consumer needs.

- Local energy generation. Since smart grids allow both data and electricity to travel in two ways,
more local energy generation opportunities (e.g. residential photovoltaic systems) can be integrated into
the grid and exploited in an e�cient and reliable way. The more electricity is produced locally, the less
needs to be transported. As a consequence, there are less losses due to long-distance energy transportation.
Concerning residential systems, consumers have a twofold advantage in incurring installation costs for
producing electricity by their own. Firstly, in case their system produces enough energy, they do not
have to buy any from the provider. Secondly, in case their system produces an energy surplus, the smart
technology permits to input it into the grid and sell it to the provider.

The second improvement regards ecological sustainability. Within this context, the new distribution
paradigm eases the employment of environment-friendly energy sources [2], which are typically not easy
to exploit due to their discontinuous availability. For instance, wind and solar energy sources strictly
depend on weather conditions. However, the improved distribution system allows to balance the grid load
according to renewable energy sources availability. Let us consider again a residential photovoltaic system
as an example. During a cloudy day, the system may produce a low amount of electricity, and therefore
need to receive some from the distribution grid. However, in case it suddenly becomes sunny, the amount
of produced electricity may increase. As a consequence, the demand of electricity from the grid decreases.
In general, thanks to the frequently exchanged status updates, the distributed electricity load to the

2
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Figure 1.2: A simpli�ed sketch of a data network architecture for smart grids. While the WAN covers a
large territory, NANs are designed to cover small areas in a capillary fashion.

consumer can be adjusted to counterbalance the renewable energy availability �uctuations. Consequently,
a smooth integration of renewable energy production is created, which may lead to a massive deployment
of renewable energy power plants. As a result, a large fraction of the produced energy would come from
sustainable sources.

The third and last improvement regards social sustainability. Here, the smart grid can be employed
together with home automation services to o�er a new variety of services, enabling safety end e�ciency
of living [6].

1.2 Smart grid communication systems and Smart metering Util-

ity Networks

Within this section, we focus on communication systems for smart grids. Fig. 1.2 shows a simpli�ed sketch
of smart grids data network architecture. As we note, the key architectural communication systems are
the Wide Area Network (WAN) and the Neighborhood Area Network (NAN), which have two di�erent
scopes. The WAN is a network covering a large territory and has the main aim of conveying information
to and from energy management systems. On the contrary, the NANs are designed to cover small areas
in a capillary fashion so that every electric utility can exchange information with the data network core.
Their main aim is to feed the collected data by the utility meters to the network. The connection between
the WAN and NANs is established by Access Points (APs). The latter are also known as data collectors,
as their main function is collecting status updates from electric utilities and forward them to the smart
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grid energy management system. From a communication perspective, the previously mentioned bene�ts
can only be achieved by having a communication technology serving the very edge of the distribution
network. For this reason, NANs are regarded as one of the key technologies for smart grid communication
systems.

NANs are typically implemented by employing Wireless Sensor Networks (WSNs), as these solutions
are nowadays considered more convenient in terms of costs, �exibility and rapid deployment than wired
systems [7, 8]. Within the last few years, the migration to the smart grid model has started, and several
vendors have produced their own NAN appliances and radio communication protocols [9]. In 2012, the
802.15 task group uni�ed all these solutions within the 802.15.4g [10] standard, de�ned as the Open
Systems Interconnection (OSI) physical (PHY) and Media Access Control (MAC) standard for Smart
Metering utility Networks (SUN).

In summary, the smart grid technology shows to have great potential both from the technological,
economic and environmental point of view. Therefore, smart grids and SUNs are regarded as research
topics of great interest.

1.2.1 SUN networks performance study

SUN technology is still at its early stages, compared to the well-known technologies implementing other
parts of smart grid communication systems[9]. For this reason, it is very interesting to study the perfor-
mance of NANs. By doing this we are able to: (i) create network surrogates for deployment purposes;
(ii) design and evaluate new protocols and technologies for development purposes; (iii) create duplicates
of existent networks for evaluating certain phenomena and take consequent action [11].

Network performance assessment can be carried out by employing mathematical, empirical or simula-
tion tools [12]. Due to costs and complexity reasons, most of the performance evaluations are carried out
by means of simulation, which is the tool this work focuses on.

1.2.1.1 Wireless network simulation: two �simulation worlds�

Fig. 1.3 provides an insight about how each wireless network device is generally simulated. From the
top to the bottom of the picture, we note �ve distinct domains: packet, bit, symbol, sample and analog.
Each of them refers to the smallest unit that is modeled, and therefore can be handled, in the domain
they refer to. It may appear trivial, but it is worth noticing that the analog and sample domains are
typically not simulated as computers cannot provide an in�nite or very large amount of time points for
reasonable simulation time frames. As we note from the �gure, two di�erent types of tools are employed
for simulating di�erent parts of the stack. PHY domains (except analog and sample domains) are usually
simulated by employing scienti�c programming languages (e.g. matlab), while data-link and above layers
in the stack are usually simulated by employing network simulators. These two types of tools can be also
referred to as di�erent �simulation worlds� because they have di�erent aims and properties, which can be
seen as complementary. Scienti�c programming languages are considered to be very accurate but show
scalability and complexity problems when it comes to simulating the behavior of all the OSI layers and all
the users within a network. For this reasons their usage is generally restrained to PHY layer simulations in
a single point-to-point link. On the other hand, network simulators have good scalability and complexity
properties for large networks, but cannot provide a high detail level for the PHY layer, as the smallest
unit that they can fully handle is a data-link layer frame, denoted here as packet [12]. For this reason,
they typically implement coarse models allowing to determine whether a frame is successfully received or
not, and disregard almost all the aspects that are considered in single point-to-point link simulations.

1.3 Aims of the work

Within this work, our interest is oriented towards the lower layers of the OSI stack, as achieving reliable
radio communications represents one of the greatest challenges in every wireless network. NAN scenarios

4
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Figure 1.3: Typical simulation framework of a wireless network device, from an OSI perspective. It is
possible to note two di�erent �simulation worlds�, evaluating di�erent layers of the studied technology.
(�gure adapted from [12]).

are usually a�ected by dramatic attenuations since meters are typically located in basements of residential
buildings. Hence, it may be very di�cult for a sensor to reach the data collector or a neighboring sensor
due to severe wall and �oor attenuation. Moreover, communication di�culties due to attenuation generally
increase as urban density increases. Since such a scenario can heavily in�uence the behavior of network
and above OSI layers, it would be interesting to have a simulation tool for studying SUN performance,
which captures the behavior of radio communication schemes. On top of that, such a tool could constitute
a basis for studying transmission techniques ensuring reliable communications.

The main aim of this work is developing a tool to simulate the SUN performance which incorporates
detailed PHY layer and channel aspects such as interference, frame �ltering and advanced transmission
techniques. Furthermore, the developed tool is employed to study the performance of a typical NAN
scenario. Since the developed tool should be able to simulate an entire network and take all its layers
into account, network simulators are chosen as working tool. However, as previously mentioned, this
choice prevents us from having full access to the PHY layer. Therefore, a method for re�ecting PHY layer
and channel aspects into network simulators should be pursued. We can see this process as �guratively
�stretching� the network simulator so that it is able to cover the PHY layer as well. In literature, this
problem has been solved by employing two di�erent approaches [12].

The �rst one consists in employing a �brute force� method to make the two �simulation worlds� interface
with each other. This approach can lead to a high detail level, but it is not considered practical due to the
entailed extreme complexity, which results in scalability issues and development hindrances. A variation
to this approach consists in interfacing network simulators with PHY layer emulators, which results in a
decreased computational complexity. However, computational complexity with respect to plain network
simulation typically is fairly high [13]. In general, this approach is not considered mature enough to be
widely employed in network simulation.

The second approach consists in extending models re�ecting PHY layer and channel behavior into the
packet domain, which is fully manageable by network simulators. We refer to this method as extended
PHY layer modeling, and a more practical interpretation about it follows. Let us consider the packet
domain. From a perspective of how it in�uences the higher layers in the stack, its main task is accepting
or discarding incoming frames. This operation highly relies on PHY layer processes, which are usually
implemented through coarse models (e.g. depending only on the distance between sender and receiver).
The mentioned approach is equivalent to developing a module that can be named Link-to-System interface.
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Figure 1.4: A representation of the link-to-system interface (grey block). The set of extended physical
layer models, together with the input parameters, allow to determine the outcome of radio transmissions.

A representation of it is shown in Fig. 1.4. The module takes physical transmission and channel parameters
as input, and is capable of simulating the outcome of each PHY transmission and communicating it to the
packet domain. As a result, packet and above simulation domains are able to reproduce the behavior of
the simulated physical technology more accurately. This approach leads to a simulation tool which is not
as accurate as in the �brute force� approach, since the interface still cannot fully handle all the details (eg.
modulation/demodulation or coding issues) of the PHY transmission process. However, it is considered
extremely more computationally e�cient. For this reason, we choose the second approach for developing
our tool, as suggested in [12].

The following chapters are organized as follows. First, tools and methods employed to carry out
this work are introduced. Secondly, the contributions to achieve our goal are presented. Consequently,
simulation results are shown and commented. Lastly, the outcome of our work and some possible future
paths are discussed.
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Chapter 2

Tools and methods

This section aims to present the employed tools and framework. First of all, a brief introduction to
network simulation and a few popular network simulators is given. After presenting the chosen simulator,
follows a description of its structure and the module that we employ as basis of our work.

2.1 On network simulation

The main targets in simulation were presented in the introduction. However, as network simulators
represent our main development environment, a brief explanation about their working principles is given
from an architectural point of view.

The architecture of almost all the existent network simulators rely on the discrete-event simulation
model[11]. Within this model, the simulator provides state properties of the analyzed network at discrete
time instances. The discrete-event simulation model introduces three main abstractions[11, 12]:

- entity. This is the general abstraction for denoting any part of the system whose behavior is simulated.
Some examples of entity can be a communication link, an antenna, or a computer.

- simulation time. This variable represents the reference in time at which the state of the entities is
represented. As previously mentioned, it can assume a �nite number of values.

- List of pending future events. This abstraction represents the list of the scheduled events to be
executed. Every event execution causes a state change in the simulated system. The time reference at
which the event is planned to be executed is denoted as timestamp.

Given these abstractions, a discrete-event simulator works as follows. First, it considers the sorted list
of the pending events. It executes the �rst event and sets the simulation time to the its timestamp. After
this, the simulator repeats the same procedure for the next event in the list. The simulation terminates
when the pending events list is empty or the simulation time is over [11].

2.2 Simulator choice

Within this subsection, some popular simulation platform candidates are brie�y described. Consequently,
the simulator which appears to be the most suitable to our work is chosen, providing the main motivations
and drawbacks.

We choose to evaluate four of most popular simulators providing support for wireless networks, which
are:

- QualNet [14]. It is a commercial simulator based on a previously released open-source simulator
named GloMoSim [15]. Its main advantages are good scalability and avaiability of several user-friendly
analysis tools.

- Omnet++ [16]. It is not strictly seen as a simulator, but more as a general simulation framework.
However, it can employ several extensions such as MiXiM [17], in order to serve our modeling purposes. It
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can be employed by using its rich Graphical User Interface (GUI) and its tailored abstract programming
language [18], facilitating the user during the network development phase.

- ns-2 [19]. It is a object-orientend and open-source simulator developed by several contributors
within the research community. Within ns-2, the simulated entities behavior is implemented in C++,
while other details such as the network topology are set by using oTcl scripts [18]. It has been widely
used in the previous years, despite the lack of visualization tools [20].

- ns-3 [21]. It is a simulator whose principles are the same as ns-2. However, it di�ers from its
predecessor in the implementation, as the ns-3 is developed in pure C++ and integrates concepts from
other simulators, enhancing scalability properties [18].

Our choice is driven by the following factors:
- Popularity. More popularity entails a bigger user community, more documentation and more

re�ned simulation modules. As documented in [20], ns-2 has been widely used. Furthermore, it seems to
be employed considerably more often than QualNet and Omnet++. The ns-3 project has just started in
2006 [22], thus it may be fairly new to the research community. Moreover, as the ns-2 simulator is no
longer mantained and its successor is not compatible with it, the use of ns-2 is not advisable. However,
because its popularity, the research community might migrate to its successor, since it is the most similar
simulator to ns-2.

-Computational e�ciency. Some �gures like memory usage and computational time may be crucial
to practical simulation issues, especially for large networks. It has been proved that ns-3 outperforms ns-2
and Omnet++ in terms of such �gures [22, 18]. Furthermore, in the latter references, ns-2 is shown to have
scalability issues, while ns-3 represents a considerable improvement in this respect. To our knowledge,
there is no explicit test comparing the computational e�ciency of QualNet against the other candidates.
However, QualNet is considered very e�cient in terms of scalability[20].

- Availability. Simulator availability is also a matter to be considered. In our case, the only non-
freeware candidate is QualNet.

- Accessibility. Having access to the source code is a relevant issue, since it makes the simulator fully
customizable. In our case, all the evaluated simulators provide means for accessing their source code.

Among the introduced simulators, we choose to employ ns-3 due to its e�ciency, rising popularity and
availability. Moreover, we plan to overcome its lack of visualization tools by implementing matlab scripts
for displaying the outcome of our experiments.

2.3 A �rst glance at ns-3

The ns-3 simulator is a network simulator employed primarily for research and education purposes. It is
a C++ based tool, composed by a few hundreds of �les grouped in modules. Currently developed within
an open-source project, it is licensed under the GNU GPLv2 license [21].

After giving a brief introduction, we focus on the classes and structures the simulator o�ers for our
modeling purposes, introducing the entities that are employed for simulating spectrum-aware PHY and
MAC layers in general. It is worth to note that the MAC layer is only one part of the Data-link layer [23].
However, from this point on, we refer to the MAC layer rather than the whole Data-link layer as most of
the studied functionalities within this work refer to the former.

2.3.1 Conceptual overview

The simulation software can be represented as a stack, shown in Fig. 2.1a. This �gure shows how the
modules are interconnected and can be accessed by end-users. Starting from the bottom, the �rst layer
consists in the core module, which provides the basic functionalities such as event schedulers. The imme-
diately above layer is composed by the network module, concerning basic and fundamental functionalities
handled by any kind of network, such as addressing and packet management. These two modules together
form the ns-3 generic simulation core.
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Figure 2.1: (a) ns-3 simulation software organization. (b) A single-link network representation, with
emphasis on the ns-3 key abstractions.

On top of the generic simulation core, there is a layer which implements all the additional applications,
protocols and models. The developments within this layer can refer to a vast variety of communication
issues, such as propagation loss and routing. Here, it is possible to customize existent models, applications
or protocols and develop new ones from scratch. Furthermore, we introduce two additional instances in
order to complete the source code structure overview. The �rst one is the group of helpers, allowing
the simulator end-user to access and initialize the previously mentioned modules and employ them in a
simulation. The second one consists in the end-user programs such as test and simulation source �les,
which allow the user to initialize simulations, run them and collect their results.

We should now introduce some key abstractions that give an idea about the employed general frame-
work for modeling communication entities. First of all, any entity capable of sending and receiving
messages is de�ned as a Node. In order for more than one node to carry out a communication, a medium
is needed. We de�ne such entity as a Channel. Lastly, there is one more key abstraction to be mentioned
in our framework: the NetDevice. This entity takes care of linking a node to a channel. As in real net-
works, a communication entity may have more than one NetDevice installed, allowing it to communicate
on di�erent channels.

We note that a vast variety of entities can be de�ned within ns-3, depending on standards. However,
the described basic abstractions can be identi�ed in any modeled communication network. From an OSI
stack point of view, we could see a node as a container for all the layers above MAC, and the NetDevice
as a container for the PHY and MAC layer. Fig. 2.1b shows a single-link network, emphasizing the ns-3
key abstractions.

2.3.2 General PHY and MAC layers modeling in ns-3

The set of classes for modeling spectrum-aware PHY layers is shown in Fig. 2.2. The lines in the diagram
show how the classes are related. This set represents a simple framework for implementing any kind of
wireless technology. For a more detailed description, we refer to [24].

The classes composing the introduced framework are:
- SpectrumModel. This class de�nes a data structure type and a few methods for initializing and

handling objects describing the physical spectrum that is employed in wireless communications. It allows
the frequency spectrum granularity to be set according to the desired detail level.

- SpectrumValue. This class mainly de�nes data structures and methods for initializing typical
frequency-dependent aspects of communication. It is mainly employed in transmit signals and prop-
agation losses Spectral Power Distribution (SPD), and allows for distribution of certain values along
certain frequency bands (de�ned by the SpectrumModelInitializer class).

- SpectrumPhy. This class is employed for simulating the physical layer device involved in data trans-
mission. Its main task is handling transmission and reception of PHY layer data packets.
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Figure 2.2: Simpli�ed set of classes for modeling spectrum-aware PHY layers. These classes constitute a
general framework for implementing any kind of wireless technology.

- SpectrumSignalParameters. The main purpose of this class is de�ning an entity for keeping track
of the physical peculiarities concerning a single transmission, such as its duration, transmit SPD and
packet data. The SpectrumSignalParameters object constitutes the entity that is dispatched between
SpectrumPhy entities when a device sends a message to another.

- PropagationLossModel and SpectrumPropagationLossModel. As the name suggests, these two classes
are employed for calculating the path gain between two communicating devices according to their respec-
tive location and other additional parameters, depending on the selected loss model. While the former
class operates on double values, the latter operates on SpectrumValue objects, as it is meant to represent
frequency-dependent loss models.

- SingleModelSpectrumChannel. This class is mainly employed to interconnect all the PHY entities,
represented by SpectrumPhy, and dispatch messages among them. It is derived from the Channel class,
and its second relevant task is hosting a propagation loss model object (either frequency-dependent or
not) and employing it for carrying out the link budget computation of each transmission.

Concerning the MAC layer, ns-3 does not o�er a general framework (as it does for the PHY layer),
since the MAC implementations may vary depending on the considered standard. The only two classes
that may be employed by every standard are the ones related to addressing. They are Mac16Address and
Mac64Address, which de�ne and handle short and extended addresses respectively.

2.4 802.15.4 network modeling in ns-3

The standard for SUNs (802.15.4g, [10]) belongs to the 802.15.4 group, which de�nes standards for Low
Rate-Wireless Personal Area Networks (LR-WPANs). Unfortunately, the chosen simulator does not o�er
any module regarding SUNs. However, it o�ers a module for modeling LR-WPANs according to the
802.15.4-2006 [25] standard, which has been released before 802.15.4g. Since most of the basic features
are the same for both standards, [25] constitutes a good framework for implementing our simulation tool.
Therefore, the ns-3 module referring to [25] is chosen as basis for our work.

The remaining part of this section gives a functional overview of [25], and brie�y describes the ns-3
module to which it refers.

2.4.1 Functional overview of the standard

Here, few details regarding 802.15.4-2006 are introduced by emplyoing a bottom-up approach.

10



PHY layer

PD-SAP

PLME

PHY

PIB

PD-SAP

RF-SAP

Figure 2.3: 802.15.4-2006 [25] physical layer reference model.
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Figure 2.4: 802.15.4-2006 Physical Packet Data Unit (PPDU) format (freely adapted from [25])

PHY Reference Model The 802.15.4 physical layer reference model is shown in Fig. 2.3, which is
freely adapted from [25]. As presented in the �gure, this layer can be accessed through two types of
Service Access Point (SAP) primitives from higher levels and one from the radio front-end. One part of
this layer is dedicated to managing the functionalities of the layer itself, and is denoted as Physical Layer
Management Entity (PLME). The latter entity contains the physical PAN Information Base attributes
(PHY PIB), which are required management attributes of the device such as employed Radio Frequency
(RF) channel and maximum number of symbols in a frame. The PIB attributes can be read and written,
depending on permissions, by using PLME-SAP primitives that can be called by the MAC layer. Lastly,
Physical layer Data SAP primitives take care of transmitting/receiving data and reporting link quality.

Physical Packet Data Unit (PPDU) format A representation of the Physical Packet Data Unit
(PPDU) is shown in Fig. 2.4, adapted from [25]. As mentioned in [25], the presented data unit is consists
of three main parts: a synchronization header (SHR), a PPDU header (PHR) and a payload. The �rst
part is composed by a preamble and a particular sequence, named Start Frame Delimiter (SFD), which
indicates that the PHR is following. The second part contains information about the payload, such as its
length. Lastly, the third part has variable length and contains the actual data to be transferred.

Clear Channel Assessment and link quality information Two important issues that are managed
in this layer are collision avoidance and link quality information. First of all, as this standard uses a
CSMA/CA access protocol, a technique for detecting whether the channel is free or busy is needed. This
method is called Clear Channel Assessment (CCA), and can be executed in three di�erent modes [12].
The �rst one is called Energy Detection (ED), and consists in assessing whether the received energy by
the device is above a certain threshold or not. The second option for carrying out a CCA is by performing
Carrier Sense (CS), i.e. detecting the presence of signals in compliance with the employed standard in
terms of modulation and spreading characteristics. Lastly, a combination of the aforementioned methods
can be used, by employing an AND or OR operator.

The second important issue that is managed is the link quality information. In this standard, this
information is represented by the Link Quality Indicator (LQI) parameter, which allows the PHY layer
to provide to the adjacent upper layer some feedback regarding link quality [12].
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Figure 2.6: 802.15.4 [25] MAC frame format. The grey �elds are mandatory, while the others can be
omitted.

Transceiver According to [25], the transceiver of devices complying with this standard can be in nine
di�erent states, which are de�ned and numbered as follows:

- BUSY (0x00): the CCA detected a busy channel;
- BUSY_RX (0x01): reception of a PPDU in progress;
- BUSY_TX (0x02): transmission of a PPDU in progress;
- FORCE_TRX_OFF (0x03): immediate switch o�;
- IDLE (0x04): The CCA operation detected the channel as idle;
- INVALID_PARAMETER (0x05): invalid PHY PIB set or get request;
- RX_ON (0x06): reception of PPDUs enabled;
- SUCCESS (0x07): successful response of an operation;
- TRX_OFF (0x08): disabled state;
- TX_ON (0x09): transmitter mode enabled;
- UNSUPPORTED_ATTRIBUTE (0x0a): unsupported PHY PIB set or get request;
- READ_ONLY (0x0b): PHY PIB set or get request referring to a read-only attribute.

MAC Reference Model The 802.15.4 MAC layer model is shown in Fig. 2.5. This layer is composed
by the common part sublayer and the MAC sublayer Management Entity (MLME). The MAC Commmon
Part Sublayer (MCPS)-SAP and the MLME-SAP are employed to exchange information with the adjacent
higher layer in the stack regarding data and management, respectively. Furthermore, communication with
the physical layer is provided by the already known PD-SAP and PLME-SAP.

MAC frame format The typical �elds employed by 802.15.4.-2006 MAC frames are shown in Fig. 2.6.
This frame is divided in three main parts: the MAC header (MHR), payload and Frame Check Sequence
(FCS) �elds. It is worth to mention that some �elds may be omitted, depending on the employed operation
mode and frame type. The mandatory �elds are:

- Frame Control (included in MHR): it contains information about the frame itself, such as version
and mode;
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Figure 2.7: PHY and MAC layer classes of the LR-WPAN module (ns-3).

- Sequence Number (included in MHR);
- Frame Check Sequence: employed for Cyclic Redundancy Check (CRC) error detection.
Furthermore, typical �elds that can be omitted are related to addressing, security header, and data

payload. For instance, a MAC data frame contains all the previously mentioned �elds, while an acknowl-
edgement frame contains only the mandatory ones.

As this overview is supposed to be functional to our contributions, we describe only the most typical
frame types. A complete survey regarding all the available MAC frame structures can be found in [25].

Medium access modes and frame �ltering Two relevant simulation modeling aspects are medium
access modes and frame �ltering. According to [25], the available medium access modes are slotted and
unslotted Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA). The �rst mode consists
in waiting for a randomly generated backo� time, based on a Backo� Exponent (BE), before carrying out
a CCA. If the CCA operation is successful, the frame is sent. If the channel is busy, the backo� phase is
repeated, unless the maximum number of backo�s is reached. In that case, the transmission is declared
as failed.

The slotted CSMA/CA mode provides a superframe which includes: a CSMA/CA contention period,
a contention-free period, and an inactivity period for low-power devices consumption. This mechanism
requires a synchronization, which is carried out through the use of a network beacon that acts as a frame
delimiter.

Concerning �ltering, three di�erent criteria for accepting or discarding a received frame are progres-
sively tested. First of all, the FCS �eld is checked. If this value does not correspond to the recalculated
one, the frame is discarded. The second level of �ltering regards the promiscous mode. If the latter is
enabled, the frame is immediately forwarded to higher layers. Lastly, the third �ltering step is based on
address matching.

2.4.2 ns-3 LR-WPAN module overview

At present, 802.15.4-2006 is not fully implemented in ns-3. However, the LR-WPAN ns-3 module provides
an implementation of the basic functionalities of the standard, and a framework for implementing the
advanced ones. Fig. 2.7 shows how PHY and MAC layers are modeled in the LR-WPAN module.

In the next paragraphs, more details are introduced by pursuing a bottom-up approach.
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Figure 2.8: A sequence diagram showing the main events and calls that are triggered during the successful
transmission of a PPDU (from a PHY layer perspective).

PHY layer Modeling The PHY layer classes provided by the LR-WPAN module, and their relation-
ship are shown in the right-hand side of Fig. 2.7. The elements included in this diagram are:

- LrWpanSpectrumModelInitializer and LrWpanSpectrumValueHelper. They employ the previously
mentioned SpectrumModel and SpectrumValue instances (see Fig. 2.2) in order to initialize noise and
transmit SPD as a function of the selected RF channel. Moreover, these classes are also employed in
Signal to Noise Ratio (SNR) estimation after PPDU reception.

- LrWpanSpectrumSignalParameters. This is a child class of SignalSpectrumParameters and, as its
parent class, it provides a generic representation of signals that are involved in the transmission. At
present, the PSD of the waveform is assumed to remain constant for the whole duration of the packet
transmission.

- LrWpanPhy. This child class of SpectrumPhy represents the main entity managing the PHY layer
of LR-WPAN devices. Firstly, it takes care of data transmission (by referring to the SingleModelSpec-
trumChannel class), data reception and transceiver state change. Secondly, it works as an interface to the
MAC layer by implementing the SAP-primitives that deal with physical operations for medium access,
such as CCA and PPDU transmission request.

- LrWpanErrorModel. The aim of this class is to estimate how likely a received PPDU is corrupted.
In order to achieve this, the class computes a value named Packet Error Rate (PER), which is based on
the received SNR. Model and assumptions employed by that LrWpanErrorModel can be found in section
E.4.1.8 of [25].

It is worth noticing that the LR-WPAN module does not de�ne any speci�c propagation loss model.
However, there exists several propagation models in ns-3 that can be adopted by any network type.

Fig. 2.8 contains a sequence diagram representing an example of successful PPDU transmission, in
terms of main events and triggered calls. We note that the physical transmitter and receiver entities are
denoted as A and B. Moreover, the EndTx and EndRx functions are scheduled to be executed after the
estimated duration of packet transmission. In order to decide whether the reception was successful or not,
a random value between 0 and 1 is generated and compared with the computed PER. This is a commonly
employed transmission evaluation approach in network simulators [12]. Lastly, the clouds in the diagram
represent calls that are invoked in the end-user program employed for simulating the transmission. These
are meant to be employed to schedule PHY layer events, and collect their corresponding results, such as
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Figure 2.9: A sequence diagram showing the main events and calls that are triggered during the successful
transmission of a MAC frame (from a MAC layer perspective).

the transmission outcome.

MAC layer Modeling The left-hand side of Fig. 2.7 shows the MAC classes included in the LR-
WPAN, which are:

- LrWpanMacHeader and LrWpanMacTrailer. These classes are used to create the MAC frame [25]
header and trailer, respectively. Moreover, the LrWpanMacTrailer class is also employed for generating
and checking the MAC frame FCS �eld. However, as network simulators typically cannot handle single
bits, their transmission channel model cannot inroduce single-bit errors in their received packets as it
would occur in a real system. As a consequence, the FCS-related calculations carried out by the LR-
WPAN module do not in�uence the performance, since they operate on the single bits composing the
message. In other words, since network simulators cannot provide full access to the bit domain (see
Fig. 1.3), the FCS algorithm check outcome at the receiver side is always successful, since it operates on
the bits of the original message. As stated before, the e�ects due to wireless transmission are re�ected
on each PPDU as a whole entity through the PER parameter. In case of reception failure, the PPDU
is discarded without being formally reported to the MAC layer, while in case of reception success, the
PPDU is assumed to be received with no errors.

- LrWpanCsmaCa. It takes care of medium access algorithms and communicates with the lower layer in
order to assess whether the channel is in idle state. At present, only unslotted CSMA-CA is implemented
in the LR-WPAN module.

- LrWpanMac. This class represents the main entity managing the MAC layer of LR-WPAN devices.
Firstly, it acts as an interface between PHY and MAC layer for data and management operations. Sec-
ondly, it handles the transmission queue, and takes care of MAC frames transmission. Lastly, it manages
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the medium access by employing a state machine capable of communicating access information such as
channel availability and device transmission status.

Fig. 2.9 shows a sequence diagram describing a successful MAC frame transmission. As in the previous
example, we denote sender and receiver nodes as A and B, respectively. Furthermore, we assume to
analyze an unslotted CSMA/CA direct transmission that does not require any acknowledgement. Lastly,
for complexity reasons, the representation of physical layer operations is simpli�ed. As we note in the
�gure, PHY and MAC layers of the transmitter exchange information throughout the MAC transmission
procedure in order to check that the channel is free and change transceiver state, other than performing
the actual transmission. Moreover, we note that the CCA operation is scheduled to be executed after a
random backo� time that is previously generated by the CSMA/CA mechanism. Lastly, as in Fig. 2.8,
the calls in the cloud-shaped boxes refer to methods that are invoked in the end-user program employed
for simulating the transmission.
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Chapter 3

Contributions

As previously stated, our goal is accomplished by developing an interface re�ecting PHY layer aspects into
network simulator systems. In literature (see [12, 26]), this approach generally accounts for two relevant
aspects: link quality and performance. Moreover, the interface output is employed for in�uencing the
packet error process, i.e. the one discarding or forwarding frames to higher layers. We note that the
LR-WPAN module complies with this structure, as shown in Fig.2.8.

Fig. 3.1 shows the architecture we aim to implement from an ISO/OSI perspective. In order to
develop a simulator wich incorporates the relevant physical aspects of SUNs, we employ the ns-3 LR-
WPAN module as a basis for developing the Link-to-System interface presented in the introduction. The
latter is capable of receiving simulation parameters such as device location and transmission features as
input, and re�ecting the PHY transmission impact into the MAC layer, where network simulators have
full control of the messages that are exchanged between simulated devices. This also a�ects even higher
layers in the stack, allowing to study the impact of SUNs from a high-layer perspective.

The Link-to-System interface is composed by two blocks: link quality measurement and link perfor-
mance estimation (shown in white in Fig. 3.1). For each PHY transmission, the �rst block computes its
corresponding link quality in terms of Signal to Interference plus Noise Ratio (SINR, shown as γ in the
�gure). The second block has the aim to map γ values to PER values, stating the successful transmission
likelihood. The PER value is then evaluated by an LR-WPAN method, which implements the same crite-
rion as in Fig. 2.8. Lastly, the transmission outcome is communicated to the MAC layer, which manages
the received frame consequently.

From an architectural perspective, the LR-WPAN module covers most of the MAC and PHY layers,
and has two practical aims. Firstly, it allows us to hook the Link-to-System interface to the Data-
link layer. Secondly, it constitutes a good ground for developing the interface since it de�nes some of
the key PHY layer entities and processes. For this reason, in most of the cases, our contributions are
implemented by rede�ning elements of the LR-WPAN module. Fig. 3.2 shows the developments carried
out to achieve our goal. We refer to this �gure throughout the chapter in order to introduce some
system implementation details. The remaining Logical Link Control (LLC) sublayer and above layers are
implemented by employing classes developed outside this work.

The general methodology for developing Link-to-System models is in�uenced by two limitations. The
�rst one regards network simulation software structures. In this sense, as shown in the previous chapter,
the basis we employ to implement our contributions (i.e. the LR-WPAN module) constitutes a fairly
coarse model, compared to typical scienti�c programming language-based models. As a consequence, it
does not allow for customization by employing sophisticated models like the ones we usually consider
in single-link simulations, unless most of the simulation structure is redesigned. However, as previously
stated, having a more re�ned model allowing for full access to the bit domain (see Fig. 1.3) would result
in a much higher computational complexity. The second limitation refers to the hardware technology
we aim to simulate. To the best of our knowledge, there is no research providing �ner PHY models for
802.15.4 devices network simulators than simple SINR-to-PER mappers. This lack of information seems
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Figure 3.1: General system architecture from an ISO/OSI perspective. Here, the Link-to-System interface
re�ects PHY layer transmission aspects into network simulator domains, thanks to the LR-WPAN module.

to be smaller for more commercially deployed technologies, such as 802.11, for which �ner bit and symbol
domain models have been developed and studied, including chipset classi�cations as well (see for instance
[27]). In general, it is possible to note this phenomenon also by comparing the LR-WPAN module with the
ones referring to other technologies. Moreover, we note that 802.15.4 PHY models for network simulation
are generally based on experimental studies, such as [28] and [29].

Considering all these reasons and the aim of developing a tool, we choose to develop rather simple
models (compared to the single-link simulation case), coherently with literature. Furthermore, we rely on
studies [30] performed to develop our tool. The latter document presents measurement and single-link
simulation results describing the performance of a typical SUN chipset.

The rest of this chapter is organized as follows. Firstly, general models related to link quality measure-
ment and link performance computation are introduced. Consequently, it is discussed how these models
are modi�ed in case multi-antenna beamforming or FEC transmission techniques are employed. Each
subsection describes the challenges related to adequate modeling, employed or developed models, and
their implementation in ns-3.

3.1 Link quality measurement

Fig. 3.3 shows the main link quality measurement models. A �rst block models transmission signals
and medium behavior, computes transmit powers, channel gains and noise. The second block models
the interference and computes γ, based on the previously computed values. We note that a more formal
classi�cation would identify some link quality measurement models as belonging to the channel or the
radio front-end, rather than the PHY layer. However, for simplicity purposes, we avoid carrying out this
further classi�cation.

The remaining part of this section presents the link quality measurement models and their implemen-
tation in ns-3, grouped coherently with blocks in Fig. 3.3.
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Figure 3.2: Simpli�ed class diagram representing the developments carried out to achieve our extended
PHY modeling aim. The classes in red are developed and attached to the LR-WPAN module within this
work.
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Figure 3.3: Link quality measurement block diagram. Some details about the modeled PHY transmission
properties are shown in the center of the �gure. They represent the transmit power, path gain and noise,
assuming that a node in a network, denoted asm, is receiving a PPDU from node 0, while other interferers,
denoted by index i, send out their own PPDUs.

3.1.1 Transmission signals and medium behavior

Transmission signals and medium peculiarities represent the main elements for expressing received signals
and noise power, which are employed in SINR computation. In network simulators, time-domain rep-
resentation of signals is normally neglected, due to complexity issues [24]. Instead, transmission signals
are represented by network simulator as constant pulses whose duration corresponds to data transmission
time, leading to limited modeling choices. In the same manner, a complete medium behavior time-domain
representation cannot be implemented in network simulators. For this reason, we use the link budget anal-
ysis notation for describing our models. Some examples of this notation framework can be found in [31].
Furthermore, for simplicity purposes, from this point on, all the quantities that are not stated as functions
of time are assumed to be constant throughout the time interval in which the analyzed process occurs.

Two approaches for modeling propagation losses caused by the wireless medium can be pursued:
deterministic or empirical [12]. The �rst one employs propagation theory basic principles to accurately
estimate propagation losses at a high computational complexity. On the contrary, the second one relies
on statistics related to certain variables describing the propagation environment, providing results at a
good computational e�ciency.

Within this work, transmission signals are represented through their SPD (as shown in [24]), as this
constitutes the only feasible option o�ered by the LR-WPAN framework. Concerning the channel model,
for computational complexity reasons, an empirical approach is pursued. In both cases, our contributions
are based on experimental studies carried out in [30].

Model Prior to this work, the LR-WPAN module is capable of expressing link qualiy in terms of SNR,
instead of SINR. For this reason, we employ the former as a starting point for describing our models, and
discuss interference models afterwards.

Let us assume to study the link quality of a two-nodes network. For this purpose, the main quantity
that we model is the SNR for each packet reception, which is the ratio between received power (Pr) and
noise (N) at the receiver. Considering that no additional indexes are needed since we are studying a
two-nodes network, the quantity can be analitically expressed by:

S

N
=
Pr

N
=
GPt

N
, (3.1)

where the received power is described as the multiplication between the transmit power and the path gain,
de�ned as Pt and G, respectively. As we note from (3.1), the path gain is de�ned as the ratio of received
power to transmitted power. Within this model, noise power is modeled as in [31], which constitutes a
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Table 3.1: Available RF channels and modulation scheme details.

Parameter Value

Data rate 2.4 - 19.2 kbps (50 KHz band), 2.4 - 96 kbps (250 KHz band)
Carrier Frequency (Bandwidth) 169 MHz (50 KHz), 869 MHz (250 KHz)

Modulation scheme GFSK
BT 0.3 - 1

reasonable model for systems in which very small time scale variations (order of µs) are neglected[12]. In
other words,

N = kT0BF, (3.2)

where k and T0 are the Boltzmann constant and the reference thermal noise temperature respectively.
The tunable parameters of this model are the bandwidth (B) and the noise factor (F ). Lastly, it is worth
to notice that we neglect the e�ect of antenna gains.

Regarding the SPDs, the simulated devices may use two frequency bands, shown in Tab. 3.1. Each
of them is assumed to employ a Gaussian Frequency Shift Keying (GFSK), in which the Gaussian �lter
roll-o� factor is represented by the BT parameter. The �rst one is located at 169 MHz, while the second
one is located at 869 MHz. These bands are 50 and 250 KHz wide respectively. In both bands, the
maximum allowed transmit power is 500 mW, as prescribed by norms cited in [30]. As the outside-band
power leakage investigation is beyond the scope of this work, spectral mask considerations are not involved
in power spectral density modeling. Moreover, for simplicity purposes, we assume all the power spectral
densities involved in the simulation to be constant within the selected channel bandwidths. Lastly, one
attenuation value per band is assigned.

Since rate and RF channel adaptation are beyond the scope of our work, we assume that these param-
eters can only be set at the beginning of each simulation, and remain constant until the end. Furthermore,
we assume that all the devices employ the same RF channel and rate.

The path gain we aim to model takes into account how the transmit signal power level is attenuated
during the transmission. It can be expressed as G = 1

L , where L is a loss function. At this point, we refer
to the latter function, even though the path gain notation is employed later on in this report. We de�ne
the function L as:

L = LpWS. (3.3)

As we note by examining (3.3), we aim to model three di�erent contributions: (i) pathloss (Lp func-
tion), (ii) wall attenuation loss (denoted byW ) and (iii) shadowing (denoted by S). The pathloss function
is modelled by a one-slope model proposed in [30], designed with the aid of a data �tting. If we denote d as
the distance between two communicating devices and f as their carrier frequency, the proposed pathloss
contribution, denoted by Lp, is computed through the following formula (in units of dB):

Lp(f)|dB = 20
(
log10(f)− log10

( c0
4π

))
+ 10n log10(d), (3.4)

where c0 denotes the speed of light in vacuum and n is the path loss exponent, whose value depends
on frequency and is de�ned in [30].

The wall attenuation loss (W ) is modeled using the expected wall attenuation factors proposed in [30].
Three di�ferent wall-loss scenarios (and their respective wall attenuation value) have been de�ned: (i)
residential, (ii) o�ce and (iii) skyscraper. Considering a communication link,W is computed based on the
following assumptions. First of all, every device that is added in this model can be outdoors or indoors. In
addition, we assume that there is one device per building. In conclusion, depending on the initialization
of the communicating devices, the simulator may consider up to two wall losses, in case both devices are
placed indoor. In case one is outdoors while the other is indoors, only one wall loss is considered. Lastly,
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S is meant to represent the typical random variations due to the environment, a�ecting the deterministic
path loss (see (3.4)). We model it as a lognormally-distributed random variable. Although shadowing is
a process which typically contributes to make the path gain �uctuate over time, we assume our channel
to be static, in order to have a simple system allowing for an easy implementation and evaluation. In
practice, at the beginning of each simulation, a realization of S is extracted for each link and then kept
constant. However, since shadowing is known to have a high correlation in space (as mainly caused by large
obstacles[12]) and the SUN devices are supposed to have a �xed position, we believe that a static channel
constitutes an adequate model for simulating basic transmission schemes. Furthermore, for the moment,
we neglect any path gain �uctuation over small time scales, typically introduced by fading phenomena.
In case more sophisticated transmission schemes (such as MIMO) are employed, our channel model is
slightly modi�ed. For more details, we refer to the last section of this chapter.

Implementation As previously mentioned while describing the LR-WPAN module, the classes tak-
ing care of the transmit and noise SPDs creation and storage are LrWpanSpectrumModelInitializer, Lr-
WpanSpectrumValueHelper and LrWpanSpectrumSignalParameters. Since the module implements the
802.15.4-2006 speci�cation [25], while the employed frequencies are developed only in the standard [10],
an extension of these classes is needed.

In order to de�ne the desired noise and transmit power spectral densities, two new classes are de�ned:
SUNSpectrumModelInitializer and SUNSpectrumValueHelper. While the former creates two available
frequency bands related to the channel we aim to simulate, the latter class creates the noise and transmit
power spectral densities according to the selected transmit power and RF channel options. Lastly, a new
class named SUNSpectrumSignalParameters is inherited from the class SpectrumSignalParameters. The
new class stores the LR-WPAN parameters and the transmit signal carrier frequency, so that the correct
power computation and propagation loss can be applied upon reception.

Concerning the path gain implementation, two new classes named SUNSpectrumPropagationLossModel
and SUNSingleModelSpectrumChannel are created. The former is inherited from SpectrumPropagation-
LossModel, while the latter is a child class of SingleModelSpectrumChannel (i.e. a class that interconnects
all the devices within a wireless network and dispatches PPDUs). The main aim of the �rst class is
de�ning the previously described loss model and employing it for calculating loss values. In addition, the
second class plays the main role in path gain modelling, as it creates and updates the system channel state
matrix upon device initialization and applies the propagation loss to the transmit signal upon reception.

In order to make the modi�cations fully compatible with the simulator a new class, named SUNPhy, is
inherited from the SpectrumPhy class. The di�erence between the new classes and the originally adopted
ones lies mainly in object types. Lastly, we note that SUNSpectrumSignalParameters is not derived
directly from LrWpanSpectrumSignalParameters, but from its base class, in order to make its methods
fully compatible with SUNPhy objects.

3.1.2 Interference and SINR computation

In a network where all the devices employ the same RF channel and messages may be exchanged pretty
frequently, interference may represent a further hindrance to reliable communications. For this reason, a
model taking co-channel interference into account is developed and implemented.

The approach to interference impact estimation has become more and more accurate, accordingly to
the sophistication level of network simulators [32]. While �rst approaches were very simple and strictly
bounded to link performance evaluation (e.g. employing power thresholds for the strongest interfering
signal to decide whether the transmission is successful), recent ones allow receivers to keep track of
interference accurately. In particular, new approaches allow the simulator to keep track of an unlimited
number of interfering signals for each reception process, by employing a cumulative approach. As a
consequence, a function stating the accurate SINR variations in time during the reception process can be
computed.

Prior to this work, the LR-WPAN module does not have any mechanism for taking interference into
account. In case an interfering signal is received, the associated packet to it is immediately dropped,
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without accounting for any degradation of the desired received signal. However, since interfering signals
during the reception process are evaluated, the LR-WPAN module constitutes a basis for implementing a
cumulative interference computation model. Hence, we choose the described approach, as it shows a high
accuracy. Lastly, we note that co-channel interference power can be accurately estimated during reception
processes by employing transmission signals and medium behaviour models (the interfering signals are
generated by the same type of device).

Model As co-channel interference is a phenomenon that can only be observed when more than one
node is carrying out a transmission, the two-nodes network example studied so far cannot be employed
to explain this model. Instead, let us assume to have a network composed by l nodes, in which node 0
carries out a PHY transmission and the link quality is observed from the point of view of node m (see
Fig. 3.3).

The quantity that we intend to model here is the SINR (denoted as γ in Fig. 3.3) during packet
reception, which di�ers from SNR in the sense that here the packet reception link budget computation
depends on the interfering transmission that may occur during the reception time. Due to already existing
similar structures in the simulator, we de�ne an SINR theoretical model as in [33], in which:

γm(t) =
S0

Im(t) +N
. (3.5)

While S0 and N refer to the received and noise power associated to the packet reception, Im(t) corresponds
to the received interference power during the packet reception process. Since it is de�ned as function of
time, the SINR at node m is also varying with time. If we denote the start and end of packet reception
by t1 and t2, respectively , we can express the interference contribution function as:

Im(t) =
∑
i 6=0

Pri(t) for t1 < t < t2, (3.6)

where i is an index representing the nodes in the network, and Pri(t) is the received signal power at node
m by all the nodes except 0, which is transmitting the packet received by node m. We note that all the
nodes other than m and 0 may carry out a PHY transmission at any time between t1 and t2. Since all
the signals in the system can be expressed by employing the aforementioned models, (3.6) is equivalent
to:

Im(t) =
∑
i 6=0

Pti(t)Gmi for t1 < t < t2, (3.7)

where Pti(t) represents the transmission power of possible interferers, which is non-zero only in case the
interferer is carrying out a transmission, and Gmi represents the path gain between interferers and node
m.

Implementation From a practical perspective, the interference model implementation should re�ect
the following features:

- for each device, keeping track of each interfering transmission from the beginning to the end of each
PPDU reception;

- evaluating the SINR changes impact in terms of received interference power and duration.
As previously stated, the LRWPAN module does not provide any mechanism for taking the interference

into account while a PPDU is received. However, there exists a group of classes within the Wi� ns-3
module o�ering the aforementioned features. They are named Event, NiChange and InterferenceHelper.
While the �rst one o�ers a structure for storing signal reception events, the second takes care of keeping
track of SINR variations measured by the receiver. The InterferenceHelper class employs internally the
other two classes, in order to provide means for:

- adding a new event every time a device starts receiving a PPDU, and marking the former as inter-
ference in case a PPDU reception has already started but not �nished yet;
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Figure 3.4: Link performance estimation block diagram.

- analyzing the PPDUs that are not marked as interference when their reception ends, and estimating
their likelihood of being received correctly based on the received noise and interference power (more details
are introduced in the next section).

In order to exploit the mentioned features, three classes denoted as Event, NiChange and Interfer-
enceHelper are de�ned. They consist in an adaptation of the aformentioned ones to the LR-WPAN
module. Except some technical details concerning how noise, error models and data access are taken
into account, InterferenceHelper and SUNInterferenceHelper classes represent two implementations of
the aforementioned interference model. Furthermore, it is worth to stress that every device has its own
InterferenceHelper instance.

3.2 Link performance estimation

Fig. 3.4 shows the main models responsible for link performance estimation. Starting from the left, the
�rst block has the aim to simulate the likelihood of a receiver to correctly lock onto an incoming frame,
expressed as Preamble Detection Rate (PDR) value. The neighboring block evaluates the synchronization
process with a similar criterion as the one to evaluate transmissions in Fig. 3.1 (more details are given
in the following subsections). In case the synchronization is unsuccessful, the received packet is dropped.
Otherwise, the associated SINR is forwarded to the next block, which is responsible for computing the
likelihood of receiving the whole packet correctly. We note that both mappers in the block diagram rely
on the same error model, which represents the core of the Link-to-System interface, allowing the simulator
to translate link quality values into performance parameters.

The rest of the subsection is organized as follows. First of all, the SINR-to-PER mapper and the
error model behind it are introduced. Secondly, the synchronization issue is treated, discussing both
the aforementioned blocks. Lastly, we carry out a small study about how to relate the frame �ltering
functionalities to the link performance estimation. It is worth to mention that we choose to model the
PPDU and MAC frame so that their structure, shown in the previous chapter, complies with [25].

3.2.1 SINR-to-PSR mapper (and SINR-to-BER model)

The SINR-to-Packet Success Rate (PSR, the likelihood of receiving the packet with no errors, comple-
mentary to PER) mapper and its associated SINR-to-BER model are regarded as the core of the Link-
to-System interface, in the sense that they allow the simulator to compute a performance parameter that
can be employed to re�ect the PHY layer behavior to the MAC and higher layers. In addition, the error
model employed by the SINR-to-PSR (and SINR-to-PDR, as shown in the next subsection) is the part of
the Link-to-System interface, which is the most strictly bounded to the employed technology. Therefore,
our tool can be applied to other technologies, in case its error model is consistently modi�ed.

As interference models have become �ner and �ner, so have the SINR-to-PSR mappers. At �rst they
employed simple thresholds [32], while they nowadays employ mapping curves re�ecting the performance
of the simulated technology. However, one of the greatest challenges for these models is that the smallest
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unit manageable by network simulators is a MAC frame, denoted here as packet (see Fig. 1.3). This
imposes limitations on link performance modeling based on their quality. The most important limitation
refers to the bit domain, in which the simulator does not allow us to model each transmitted bit accurately.
In other words, the simulator cannot modify the value of single bits, as it actually happens in transmissions
over wireless channels. As a consequence, the system is capable of stating if entire packets are successfully
received or not, but not indicating the presence and position of single bit errors. The latter is considered
as a relevant aspect, since several protocols and error correction mechanisms at higher layers depend on
the position of errors [12]. For this reason, an approach expressing the PSR as a function of SINR has
been widely employed. Usually, this equation is computed by carrying out a �tting of experimental data,
like in [29].

However, a more detailed approach [33], which evaluates the e�ective information bits within a frame,
has been proposed as well. We denote this as the bit-oriented approach, as it relies on expressing the
e�ective Bit Error Rate (BER) as a function of the SINR. The latter relation describes how likely one bit
in our packet is corrupted, and it can be de�ned by using closed-form expressions, as the ones suggested
in [25] or [34]. Furthermore, it can also be computed by means of data �tting or simulations. Moreover,
if this approach is adopted, an additional model for computing the PSR as a function of the modeled
BER values referring to the single packet bits should be employed in order to estimate whether a packet
is corrupted or not. We denote these two models as the SINR-to-BER and the BER-to-PSR models
respectively.

It is worth to note that the �rst approach ensures less �exibility than the bit-oriented approach, as
it relates SINR to PSR values directly. Let us assume that a certain SINR-to-PSR curve is obtained
through an experimental study which is based on a certain technology and frame format. In case our
system adopts the same technology but a di�erent frame format, the accuracy of the previously employed
curve might be insu�cient. On the contrary, if the technology behavior is modeled on an e�ective-bit
basis, the resulting simulation tool can support more options. In addition, this may open paths to new
models for estimating some more detailed properties about PHY transmissions, without requiring network
simulators to manage bits directly, such as the number of single-bit errors. In this work, we choose to
adopt the bit-oriented approach, as it ensures a higher degree of �exibility.

Model Our error model employs a bit-oriented approach, therefore it is composed by a SINR-to-BER
and a BER-to-PSR model. First of all, we introduce our BER-to-PSR model in two di�erent fashions,
depending on whether we neglect any possible interference or not. Once again, it is worth to mention that
if a quantity is not stated as a function of time it means that it is assumed to be constant throughout the
time interval in which the analyzed process occurs.

Starting with the case in which we consider the SNR as the input to our corruption function, let
us de�ne l as a received PPDU size (including the SHR) in bits and BER(SNR) as the employed BER
formula, expressed as a function of the SNR value during the reception process. Furthermore, if we assume
that the corruption of every single bit is independent from the corruption of other bits in the PPDU, we
can compute the PSR associated to the received PPDU by using the following formula:

PSR = (1−BER(SNR))l, (3.8)

which represents a common modeling approach for wireless sensor networks (see for instance [29]), among
others. We note that for e�ective BER values greater than zero, (3.8) is capable of re�ecting the frame
length impact into the PSR value. The assumption we have just made can be seen as realistic if we assume
that the chipset we aim to model has an interleaver module, which tends to reduce the impact of bursty
error sources by redistributing the PPDU bit errors in a uniform fashion within the packet [12].

For the case in which the interference is modeled (i.e. the input value to our error model is the SINR),
the concept of SINR chunk should be de�ned. The latter is an abstract structure indicating how many bits
within a PPDU are received with a certain SINR value. The number of chunks associated to a received
PPDU corresponds to the number of SINR variations (computed by using (3.5)) during the reception
process. In this case, the main assumption we make is that the e�ective BER of each single bit depends
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only on its corresponding received SINR. Therefore, for each PPDU chunk k, we can de�ne a quantity
called Chunk Success Rate (CSR) as:

CSRk = (1−BER(SINRk))
lk , (3.9)

where SINRk corresponds to the chunk k SINR value, and lk represents the number of bits that are
received at the SINR value de�ned by SINRk. Furthermore, from our main assumption follows that the
PSR can be expressed as:

PSR =

K∏
k=1

CSRk, (3.10)

where K corresponds to the number of chunks within the received PPDU.
Lastly, we should describe the SINR-to-BER model, which is assumed to be the same whether we

neglect the interference or not. The employed model is developed in [30], where SINR-to-BER curves
re�ecting several transmission setups complying with Tab. 3.1 are obtained by means of simulation.
In case the interference is neglected, the same models are used and we assume that SINR = SNR.
Furthermore, in few special cases we employ SINR-to-BER measurements carried out in [30] as our BER
model to validate the pursued modeling approach (we refer to the next chapter for more details).

Implementation Prior to this work, the LR-WPAN module estimates the performance of each link by
employing a bit-oriented approach based on the closed expression from section E.4.1.8 of [25], which does
not take interference into account.

Our model is implemented in the newly developed classes SUNErrorModel and SUNInterferenceHelper.
The former class is created from scratch, and has a twofold aim. Firstly, it loads the SINR-to-BER model
data; secondly, it computes the success rate of a chunk (i.e. implements (3.9)). It is worth to mention
that, since the BER functions computed in [30] generally have a limited amount of mapping points, a
linear data interpolation in the log-domain is carried out in order to compute the estimated BER value
as a function of SINR. Furthermore, we should note that (3.8) is a special case of (3.9). For this reason,
the SUNErrorModel class is used for computing the PSR when the interference is neglected.

The latter class is employed when interference variations are monitored, and is an implementation of
the BER-to-PSR model (see (3.10)). In order to compute the CSRs, this class refers to the SUNErrorModel
class. As previously mentioned, the SUNInterferenceHelper class is an adaptatation of InterferenceHelper
to our modeled communication devices. The main di�erence between them is that, within the WiFi
module, the CSR computation depends on both the header mode and the chunk location within the data
unit. Therefore, an algorithm for examining the parts of the PPDU and its format is currently employed
in the InterferenceHelper class. On the contrary, in our case, the PPDU is currently modeled as a single
entity. For this reason, SUNInterferenceHelper currently computes all the CSR values by using the same
procedure.

The developed classes are connected to the PHY reception chain through the SUNPhy class.

3.2.2 Synchronization

PPDU synchronization is an issue that may heavily in�uence the performance of higher layer protocols
of a network, as already noticed for other technologies (for instance see [35]). This issue belongs to the
sample domain (see Fig. 1.3), and is typically neglected in network simulators, where the devices are
assumed to work under perfect synchronization conditions [12].

Moreover, since this functionality is performed at such a low domain of the PHY layer, we argue
that it heavily relies on the employed chipset, as shown also for other technologies ([36] constitutes an
example). To our knowledge, no 802.15.4 synchronization models that are suitable to our simulation
framework abstraction level exist in literature, therefore we refer to [30] as the main information source
to base our model on. Once again, it is worth to mention that our employed simulation architecture
allows us to access only the packet domain. For this reason, in order to model this procedure, we need
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to abstract from several processes underlying synchronization. This is achieved by developing a mapper
capable of de�ning the likelihood of a receiver to synchronize to the transmitted signal correctly based
on the received SINR. Due to the LR-WPAN module structure, we decide to neglect the capture e�ect
(see [27] for a de�nition), as it does not easily allow to evaluate concurrent synchronization attempts.
Therefore, as a device starts receiving a preamble, its transceiver goes into the BUSY_RX state, so that
no other preambles can be evaluated.

Model According to [30], there are two tunable parameters related to the SINR-to-PDR mapper: the
preamble and detector size. While the preamble is the previously mentioned PPDU �eld, the detector is
a sequence that is employed for detecting an incoming preamble, which precedes the SFD �eld and the
PPDU header. We denote these parameters as lp and j, respectively.

Our interpretation, based on [30], is that the longer is the preamble, the higher is the probability of
detecting it correctly. For this reason, we model this performance enhancement as an increased number
of possible attempts for the detection process. In particular, if we de�ne the number of possible detection
attempts A as:

A =

⌊
lp
j

⌋
. (3.11)

Furthermore, we denote the PDR for the case A = 1 as PDR|A=1, and we compute it by employing the
previously de�ned SINR-to-BER mapper, i.e. Eqq. 3.9 and 3.10, where we consider the �rst j bits of the
preamble. In case the result of 3.11 is a > 1, the PDR is computed as:

PDR|A=a = 1− (1− PDR|A=1)
a. (3.12)

The latter value is employed by the simulator to estimate whether the preamble is detected or not. As for
the transmission evaluation block in Fig.3.1, a random value between 0 and 1 is generated and compared to
the PDR value. In case it is smaller, the synchronization is successful and the packet proceeds to the SINR-
to-PSR mapper. Otherwise, the packet is immediately discarded due to unsuccessful synchronization.

Implementation The aforedescribed model is implemented by adding a new function to the SUNPhy
class, named EndPreambleRx. This function is scheduled in StartRx (as [37] suggests) and invoked by the
simulator once the preamble reception is over, and evaluates its detection likelihood. If the synchronization
is considered successful, the reception process continues by invoking the EndRx function. Otherwise, the
reception is aborted and the packet is dropped. Furthermore, the transceiver goes back to the RX_ON
state, so that other synchronization attempts can start.

3.2.3 Frame check sequence

Up to the previous subsection, we have introduced models for estimating the likelihood of a successful
PHY transmission. According to our models, and network simulators in general, functions are employed
to decide whether packets should be dropped at the MAC layer because of errors. In real systems,
the received frames are dropped only if some error detection mechanism discovers them. However, in real
systems, errors are introduced on single bits, which cannot be managed by network simulators. Therefore,
we rely on the aforementioned functions. One of the most common error-detecting codes is the FCS, which
constitutes the mean for detecting errors at the MAC layer of 802.15.4 devices, among others. Within the
previous chapter, it has been noted that the FCS algorithm is implemented but does not have any e�ect
over the reception process. Indeed, packets containing data errors are currently dropped and not reported
to the MAC layer. Therefore, they cannot be distinguished from messages that are dropped due to other
reasons, such as synchronization or sensitivity issues. It would be interesting to bridge the gap between
the FCS error-correction mechanism and the models we have developed for modeling errors in the received
frames, in order to be able to obtain more accurate packet loss statistics. In order to achieve that, we
can simply claim that the FCS mechanism detects some errors whenever the Link-to-System interface
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outputs a PER which then, compared with a random number (transmission evaluation mechanism shown
in Fig.2.8), marks the transmission as unsuccessful.

By adopting this procedure, we neglect any chances of detection failure by the CRC method. However,
we claim this phenomenon to happen so unfrequently in our typical scenario that it is a reasonable
approximation to neglect it. We provide an intuitive proof of this statement, based on the data word
minimum Hamming distance that our CRC polynomial is not always able to correct. This statement
relies on two main assumptions. Firstly, we assume to employ the CRC CCITT-16 [38] to protect all the
PPDU �elds except the SHR (see Fig. 2.4). Secondly, we assume that the CRC algorithm we employ is
capable of detecting any error within the protected PPDU part. By employing a CCITT-16 polynomial to
protect a data word ranging from 18 to 1024 bits, the minimum distance that may lead to some undetected
errors is 4 [39]. It is worth to note that the mentioned data word interval covers all the PPDU sizes that
can be generated according to [25]. For simplicity purposes, we assume that everytime four or more bits
within our protected data word are corrupted we obtain some undetected errors. This assumption is
stricter than what happens in real scenarios (see [38] for an example), but helps us to compute a CRC
failure probability upper bound. Therefore, if we rely on our error model and denote e as the number of
corrupted bits within a frame, we obtain that in the worst case:

PCRCfailure = P |e=4 = BER4(1−BER)14, (3.13)

since the data word with minimum length leads to a higher probability of having a �xed number of
errors. If we now assume that our network employs a typical setup so that BER = 10−3, we obtain that
PCRCfailure ≈ 9.86× 10−13, showing that the CRC failure is highly unlikely to occur in our scenario.

The aforedescribed procedure is implemented through two main modi�cations related to the PDDataIndi-
cation SAP-primitive. Firstly, the EndRx function in SUNPhy is modi�ed so that whenever a packet is
considered corrupted, the latter is reported to the MAC layer through the PDDataIndication function.
Furthermore, a new SUNMac class inspired to the LrWpanMac one is de�ned. Within this class, the
PdDataIndication function is modi�ed so that it carries out the level 1 of frame �ltering as explained in
our model. Lastly, due to compatibility issues, the class SUNCsma is created based on the LrWpanCsma
class. We note that the LrWpanMacHeader and LrWpanMacTrailer classes can still be employed by the
newly developed ones without compatibility problems.

After introducing all the contributions constituting our basic system, we can now show how they are
merged all together by presenting some more implementation details. Since the most complex entity in a
communication system operating at the PHY layer is the receiver, we present the pseudocode implementing
the PHY reception chain, shown in Alg. 3.1. The latter is implemented by employing three functions.
While the �rst is executed when a transmission starts, the second and the third one are executed when
the preambe and the whole PPDU are completely received, respectively.

3.3 Advanced transmission techniques

As previously stated, reliable communication represents one of the greatest challenges of SUNs. For this
reason, two advanced transmission techniques aiming at achieving an increased reliability are here mod-
eled. The �rst is Forward Error Correction (FEC), while the second one is multiple-antenna beamforming.

Considered the network simulation approach, these techniques are modeled so that their impact is
accounted for in the link quality measurement or performance estimation blocks, which is why there is
not any block explicitly referring to FEC or beamforming (see Fig. 3.1).

The remaining part of this section is organized as follows. First of all, FEC is discussed, followed
by multiple-antenna beamforming. As explained in the following subsections, the former is modeled
by modifying the link performance estimation block, while the latter is modeled in the link quality
measurement block.
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Algorithm 3.1 Implemented receive chain pseudocode.

function <StartRX>(<SpectrumSignalParameters>)
if (TransceiverState == RX_ON AND SetTransceiverState function is not running) then

InterferenceHelper: add signal reception event (Size, Duration, ReceivedPower)
if (ReceivedPower >= ReceiverSensitivity) then

InterferenceHelper: notify reception start
schedule EndPreambleRX function
. %comment: the SINR computation and end of reception noti�cations are carried out in

EndReception%
end if

else if TransceiverState == BUSY_RX then
InterferenceHelper: add signal reception event (Size, Duration, ReceivedPower)

. %comment: this event is considered interference because is added after a start of reception was
noti�ed%

drop Packet
else

drop Packet
end if

end function
function <EndPreambleRX>(<SpectrumSignalParameters>)

calculate number of attempts
. %comment:(11) is employed%

calculate SINR for the �rst detector size (j, Section 3.2.2) bits
InterferenceHelper: notify reception end
PDR computation
if (RandomNumber < PDR) then
. %comment: successful synchronization, the receiver starts keeping track of interference again%
InterferenceHelper: add signal reception event (Size, Duration, ReceivedPower)
InterferenceHelper: notify reception start
schedule EndRX function

else
. %comment: synchronization failure, the signal is added as interference for future reception process%

InterferenceHelper: add signal reception event (Size, Duration, ReceivedPower)
drop Packet
if (pending TransceiverStateChangeRequest) then

execute the request
elseState SetTransceiverState(RX_ON)
end if

end if
end function
function <EndRX>(<SpectrumSignalParameters>)

SINR and PSR computation
InterferenceHelper: notify reception end
if (RandomNumber < PSR) then

successful level 1 �ltering (successful FCS check)
else

unsuccessful level 1 �ltering (unsuccesful FCS check)
end if
forward Packet to the MAC layer (through PDDataIndication SAP request)

end function
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3.3.1 Forward Error Correction

FEC is a means of providing a more robust communication by encoding the frame content. Contrary to
CRC codes, FEC codes allow the receiver to correct some bit errors. However, they generally add more
redundancy than CRC codes, and result in a decreased e�ective transmission rate. Among the existing
techninques, binary convolutional coding stands out as it is implemented in many practical systems and
constitutes the basis for more advanced codes. This technique relies on a scheme which generates a
redundant sequence based on the input and some de�ned generator polynomials. In order to recover the
original message from the redundant sequence, the well-known Viterbi algorithm [40] is applied. Moreover,
two main characteristics allow us to carry out a further classi�cation of FEC codes. First of all, they can
be categorized as systematic or non-systematic. If it is possible to recognize the unmodi�ed input message
after the encoding operation, the code is referred to as systematic. Otherwise, the code is classi�ed as
non-systematic. Secondly, all the FEC codes can be recursive or non-recursive, depending on whether the
output of its encoding scheme is fed back as input. As we focus on modeling the impact of FEC codes in
network simulators rather than studying the codes themselves, we a brief introduction has been provided.
For more information, we refer to [41].

Since coding and decoding operations are carried out at the bit domain (see Fig. 1.3), if a simulator
is capable of managing single bits, a FEC encoder and decoder can be implemented within the simulation
framework. On the contrary, if the simulator work can manage only packets, which is our case, some sort
of abstraction has to be created. In literature, the e�ect of FEC codes is either represented by an SINR
shift or a di�erent performance mapping curve. In the �rst case, we employ the same system for mapping
SINR values to PSR values as if FEC was not enabled, and we introduce a constant SINR increase lead
by the coding gain. In the second case, the SINR value is not increased but the system for mapping
SINR to BER values is modi�ed in order to re�ect the increased chance of receiving the message correctly,
o�ered by FEC codes. The latter approach allows the simulator to introduce di�erent coding gains for
di�erent SINR values. As the performance of FEC codes typically varies based on the SINR value, the
latter method is claimed to achieve more realistic results than the former [12].

Within this work, we aim to simulate the e�ects of a 1/2 rate non-systematic and non-recursive
convolutional code complying with [10], by modifying the link performance estimation block so that it
re�ects the impact of FEC codes. This is achieved by employing SINR-to-BER mapping curves obtained
in [30] by means of single-link simulation are employed.

Model According to [10], the employed code has constraint length 4, and the polynomials it employs
are de�ned in (3.14).

G0(x) = 1 + x+ x2 + x3

G1(x) = 1 + x2 + x3
(3.14)

The system simulated in [30] to obtain the mappers is shown in Fig. 3.5a. The �rst module of the
chain is a bit stream generator, which is used for deriving the SINR-to-BER curves in the link performance
estimation section. The generated stream is fed to a Binary Symmetric Channel (BSC), whose erasure
probability corresponds to the BER that the error model would give as a function of the SINR at the
receiver. The following block implements a hard Viterbi decoder, which recovers the message. For di�erent
transmission setups and SINR values, simulations are run and the BER of such a system is estimated.
An example output BER is shown in Fig. 3.5b. By looking at the �gure, we are able to con�rm that
the improvement o�ered by FEC schemes varies as the SINR value changes. In addition, it is possible
to perceive an �all-or-nothing� tendency [12] in the FEC codes performance, in the sense that they allow
us to obtain an improvement only if the SINR value is above a certain threshold. On the contrary, for
low SINRs, we see that it is easier to recover a message when it is not coded than in the opposite case.
However, the SINR range referring to this phenomenon leads to a fairly high BER, which in turn leads
to unreliable communication regardless FEC is employed or not.

Lastly, due to implementation complexity, we assume that the FEC code protects the whole PPDU
(including the preamble). This assumption di�ers from [9], as the SHR is not encoded in the former.

30



Bit stream

generator
Encoder BSC

Hard decision

Viterbi decoder

SINR-to-BER

mapper

Perr

SINR

(a)

(b)

Figure 3.5: (a) System employed for obtaining the mappers describing the FEC performance. (b) Example
SINR-to-BER mapper for coded and uncoded transmission (data rate: 2.4 kbps)
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Implementation In order to be able to use the aforementioned model, two changes in the SUNPhy
class are carried out. First of all, data structures and functionalities for selecting and loading mappers
referring to FEC transmissions are implemented. Secondly, a mechanism for increasing the time interval
for transmitting a PPDU according to the employed FEC scheme is implemented. Lastly, some SINR-to-
BER curves measured at the output of the system shown in Fig. 3.5a are added to the SUNErrorModel
class.

3.3.2 Multiple-antenna beamforming

Multiple-Input Multiple-Output (MIMO) systems are wireless communication links in which both trans-
mitters and receivers are provided with more than one antenna. This kind of systems is designed in order
to employ transmission techniques capable of enhancing link rate and reliability [42].

To our knowledge, MIMO systems have been so far explicitly modeled in newtork simulators only
within the Long Term Evolution (LTE) �eld [43, 44]. However, we should note that the LTE technology
typically employs rates that are much higher than the ones our system employs (see Tab.3.1), which
usually results in a need of spatial multiplexing techniques. The latter consist in transmitting several
data streams simultaneously by exploiting the presence of multiple antennas[12]. Since our system should
be kept simple, we choose to rely on beamforming, which consists in carrying out linear processing of
the vector signals assuming one data-stream per link. In practice, the phase and the amplitude of the
vector signals is modi�ed both during transmission and reception stages, so that a higher received power
than in SISO systems can be obtained. The outcome of this process strictly depends on the employed
beamforming technique, and the channel state matrix between the transmitter and receiver. There also
exist techniques for achieving reliabillity by employing multiple data-streams. However, these are not
considered as their impact could not be easily modeled in our simulation environment (it is worth to
remember that transmission signals are modeled as constant pulses, and their associated informative
content is represented by a raw string).

As explained in [42], MIMO systems can process signals before sending them over the channel, and
after receiving them. We refer to these techniques as transmit and receive beamforming respectively. The
transmit beamforming is based on Channel-Side Information at the Transmitter (CSIT), usually obtained
through channel estimation techniques. The receive beamforming operation can rely on channel knowledge
or over-the-air received signal knowledge to perform a power redistribution that aims at obtaining a higher
received power than in a SISO system. In general, MIMO systems can also be used to suppress interference.
However, our models for beamforming do not take interferers into account. The choice of transmit and
receive beamforming vectors is carried out based on particular techniques, which take into account MAC
source and destination address of packets. In other words, beamforming can be seen as spatially directing
signals from message senders to recipients, increasing the overall path gain with respect to SISO systems.

Model The 2-nodes system we use to describe our model, inspired by a MIMO capacity computation
through Singluar Value Decomposition (SVD) beamforming example [45], is shown in Fig. 3.6. However,
in our case, a simple single-stream beamforming is carried out (i.e. beamformers are constituted by a
vectors, instead of a matrixes). For clarity purposes, we de�ne vectors as underlined lowercase variables
and matrixes as uppercase variables, except if stated otherwise.

Let us denote the number of transmit and receive antennas in our system by Nt and Nr respectively.
Furthermore, the over-the-air transmitted and received signals are denoted by x ∈ CNt and y ∈ CNr ,
expressed in complex-baseband form. We describe their relation, i.e. the MIMO channel contribution,
according to [45], which is:

y = Hx+ w, (3.15)

where w ∼ CN(0, NINr ) and H ∈ CNr×Nt represent the noise contribution and the channel gains for all
the links connecting the message transmitter to its receiver. We note that the noise power N , which is
a scalar value, is de�ned by the previously mentioned (3.2), and the time indexes are here dropped for
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Figure 3.6: MIMO beamforming representation (adapted from [45]).

simplicity, as our main aim is studying how beamforming in�uences channel and noise characteristics.
Moreover, the properties of H are introduced later in the text. For the moment, we only assume that it is
known to both the transmitter and receiver. Let us denote the signal that we aim to transmit and recover
through the described MIMO system as d ∈ C and d̂ ∈ C respectively. Moreover, we denote the transmit
and receive beamforming vectors as v ∈ CNt and u ∈ CNr , thus the over-the-air transmitted signal can be
expressed as x = vd. Since we give a power redistribution interpretation to beamformers, we impose the
power of x (denoted as Px, scalar) to be equal to the input signal power Pd = E{|d|2}. As a consequence,
Px can be expressed through the following equality chain:

Px = E{x∗x} = E{v∗d∗dv} = v∗E{d∗d}v = v∗vPd = Pd, (3.16)

where ∗ is the Hermitian operator, and the last equality represents the imposed condition. As the total
over-the-air power should not di�er from Pd, we derive that the transmit beamformer should have unitary
norm, i.e. ‖v‖2 = 1. An analogous derivation can be carried out for the receive beamformer.

We can express the relationship betweeen d and d̂ through the following formula:

d̂ = u∗Hvd+ ñ, (3.17)

where ñ = u ∗ w is the SISO equivalent noise contribution, which has the same distribution as w (i.e.
ñ ∼ CN(0, N), see the appendix of [45] for a proof). We now de�ne the SISO equivalent channel as:

H̃ = u∗Hv, (3.18)

which is the key parameter of our MIMO simulations. The aim of our framework is computing H̃ for each
occurring transmission and employing it to compute the link budget between transmitter and receiver.

Regarding the beamformers, we make three techniques available both at the transmit and receive side:
- Naïve beamformer. All the etries of it have the same value. Since we impose the unitary norm

constraint, we obtain that the transmit beamformer has value v = 1√
Nt

1Nt
. An analogous result can be

obtained for the receive beamformer.
- Antenna Selection (AS). This technique allocates all the transmit power to the antenna connecting

the strongest link.
- SVD. This technique employs the well-known SVD factorization and chooses as beamformers the

eigenvectors associated to the greatest eigenvalue. It is known to be the technique for deriving the
optimal beamformers, i.e. the ones leading to the highest achievable beamforming gain.

We should now describe how we intend to model the MIMO channel. Firstly, we assume that it remains
constant throughout a packet transmission. Secondly, since we assume the antenna arrays dimension to
be much smaller than the distance between transmitter and receiver, all the links are characterized by the
same large-scale amplitude gain [12]. Therefore, we model the channel between two nodes through the
following formula:

H =
√
GX, (3.19)

whereG is the path gain de�ned for SISO systems, andX ∈ CNr×Ntrepresents the MIMO links �uctuations
in terms of amplitude and phase shift given by fading. Two possible models are de�ned for X. Both of
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them adopt the block-fading approach, in the sense that they assume that a di�erent X is generated
for every transmitter-receiver link and PHY transmission process, and kept constant for the transmission
duration [12].

The �rst model we employ is de�ned as an ideal model, in the sense that the spacing between antennas
of each node is enough to consider the entries of X as independent from each other. It is worth to
mention that this assumption can only be made if the spacing between single array elements is at least
half wavelength [45]. Let us denote the entries of X as xij , where i and j stand for rows and columns,
respectively. In this case, we assume all xij to be independent and identically distributed, and xij ∼
CN(0, 1). Furthermore, we assume Re{xij}, Im{xij} ∼ N(0, 0.5), where Re{xij} and Im{xij} are not
correlated, so that the fading mean power is 1. This artifact makes possible to model the impact of fading
without a�ecting the path gain previously de�ned for SISO systems [12].

The second model we employ aims to representing X by semi-empirical means. A group of small
scale fading contribution matrixes is computed in [30] by using the estimated propagation loss models to
extract small signal �uctuation matrix realizations. Since the block-fading approach is adopted in this
case as well, a new matrix is randomly picked from the group at each time a transmission is initiated.

Lastly, we should mention which information is available for computing beamformers. At the transmit
side we assume to have a perfect knowledge of H, while we leave two options to the receive side. In the
�rst case, the receiver has a perfect knowledge of H, while in the second one, a perfect knowledge of y is
assumed. We note that the second model, together with SVD receive beamforming and naïve transmit
beamforming leads to an optimal signal power distribution e�ect, which is equivalent to the Maximal
Ratio Combining (MRC) technique applied to a Single Input Multiple Output (SIMO) channel. It is
worth to mention that channel estimation is beyond the scope of this work.

As previously stated, our aim is computing H̃ and employing it for link budget computation purposes.
Therefore, we note that the e�ective received power can be expressed as:

Preff
=
∣∣∣H̃∣∣∣2 Pt. (3.20)

By inserting (3.18) (and then (3.19)) into (3.20), we obtain:

Preff
= |u∗Hv|2 Pt =

∣∣∣u∗√GXv∣∣∣2 Pt = |u∗Xv|2GPt. (3.21)

The latter formula can be employed to compute SNR and SINR.

Implementation Our models are implemented by developing the mimo-beamforming-tools module, and
carrying out some modi�cations in two classes: SUNSpectrumPropagationLossModel and SUNSingleMod-
elSpectrumChannel. The newly developed module provides a general framework for generating transmit
and receive beamformers. Furthermore, it implements the aforementioned beamforming techniques. In
the Naïve and AS cases, a full implementation of the algorithm is developed. On the contrary, the SVD
beamforming is implemented by relying on a linear algebra library [46]. Furthermore, new functional-
ities are added to the �rst class, allowing it to generate block-fading MIMO channel according to the
aforementioned model (see (3.19)).

Within the second class, a dimension increase of the multi-dimensional channel state matrix is imple-
mented, in order to store MIMO channel values. Furthermore, a new structure which stores the large
scale path gains G is added. Lastly, a system for obtaining the source and destination address of each
scheduled transmission and (3.18) are implemented.

It is also worth to make some considerations about multi-nodes MIMO systems implementation.
Thanks to the SUNSingleModelSpectrumChannel class, whenever a node starts a transmission, a recep-
tion event is triggered in all the other nodes. Upon transmission, the CSIT is employed for creating the
transmit beamformer, which is then passed to all the reception processes, together with the transmit SPD.
Then, during each reception process the receive beamformer and SISO equivalent channel are computed.
The latter is computed through formula 3.18, where H and u are determined according to the transmitter-
receiver MIMO link, while v is determined according to the link between the actual message source and
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destination nodes. Further information can be found in Alg. 3.2, which shows the implemented transmit
and receive chains in case multiple-antenna beamforming is employed. By employing such a framework,
we are able to spatially direct the signal towards the intended message addressee, so that the signal is
received with a higher received power than in the SISO case.

Algorithm 3.2 MIMO beamforming transmit and receive chain pseudocode.

function <StartMIMOTX>(<Packet>)
create SpectrumSignalParameters based on PHY transmission settings
if (SetTransceiverState function is not running) then

if (TransceiverState == TX_ON) then
if (MACDestinationAddress == BroadcastAddress) then

v = ComputeTxNaiveBeamformer
. %v is the transmit beamformer%

else
PHYDestinationAddress lookup based on MACDestinationAddress

. %comment: PHYDestinationAddress is an abstraction employed for directing the signal spatially%
H = GetMIMOChannelGainMatrix(PHYSenderAddress, PHYDestinationAddress)

. %comment: H is de�ned in (19)%
v = ComputeTxBeamformer(H, SelectedBeamformingTechnique)

end if
for all (PHYAddresses != PHYSenderAddress) do

H = GetMIMOChannelGainMatrix(PHYSenderAddress, PHYAddress)
call StartMIMORX(H, v, SpectrumSignalParameters)

. %comment: the content of StartRx is shown below%
end for

else
drop Packet

end if
else

drop Packet
end if

end function
function <StartMIMORX>(<SpectrumSignalParameters, H, v>)

if (TransceiverState == BUSY_RX) then
u = GetCurrentlyEmployedRxBeamformer()

. %u is the receive beamformer%
else

u = ComputeNewRxBeamformer(H, v, SelectedBeamformingTechnique)
end if
ReceivedSPD = CalculateRxSpectralPowerDensity(TxSPD, H, v, u)
call StartRX in Alg. 1 (basic receive chain)

end function
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Chapter 4

Results

In order to assess the validity of the contributions described in Chapter 3, we carry out some tests in
which we employ the developed tool for estimating the performance of some SUN topologies. In this
way, we are able to show how the tool itself works, and give some conclusions about the performance of
SUNs. As shown in literature [12], network simulation results have often been presented together with
experimental results, in order to establish a certain degree of credibility. For this reason, we carry out an
additional test, in which some of our results are validated against available measurements.

This chapter is organized as follows. First of all, performance assessment criteria employed in our tests
are introduced. Secondly, setup details and results of isolated small-scale tests are presented, followed by
large-scale tests results.

4.1 Performance assessment criteria

The performance criteria employed to design simulation tests are based on two key points: scenario and
performance parameters. While the former includes network topology and propagation environment,
the latter describes the set of parameters that is employed to describe the performance of the studied
technology. Since several factors may have an impact on the performance, we design two classes of tests.
One, denoted as small-scale tests class, aims to study the behavior of one or few links under isolated
conditions. The other, denoted as large-scale tests class, aims to study the global behavior of a typical
SUN from a high-layer perspective. Therefore, in the latter case, several nodes are studied at the same
time.

Within the �rst class, we are mainly interested in evaluating link quality parameters, therefore we
restrain our analysis to the PHY and MAC layers. In particular, a certain number of packets is sent over
the simulated link(s), and parameters such as SINR, PSR or PDR are estimated. Moreover, this procedure
is repeated for several time o�sets or transmit power values, in order to obtain an accurate representation
of the transitional region [47], which constitutes the interval in which the PSR (or the PDR) goes from 0
to 1.

Within the second class, we are interested in evaluating how low-layers issues in�uence higher layers in
the network, as smart sensors typically are more complex than MAC nodes [48]. Among several options,
we choose to accomplish this by considering transport layer throughput as our performance metric. In
each test, a certain data tra�c is fed to a typical SUN, and the successfully delivered data tra�c is
estimated. This procedure is repeated for several input data tra�c values, in order to obtain an accurate
representation of network congestion properties.

For more details about scenarios and simulation parameters, we refer to the following sections.
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Figure 4.1: Topology 1: two-nodes network. The distance between nodes is denoted by the parameter d.
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Figure 4.2: (a) Topology 2: three-nodes network. (b) Topology 3: two-nodes network. The distance
between nodes is denoted by the parameter d.

4.2 Isolated small-scale tests

Small-scale tests have the following features in common:
- simple network topologies are employed, composed by one or few links;
- transmissions are scheduled at the PHY or MAC layer, in order to neglect the e�ect of other OSI

layers;
- the e�ect of shadowing and fading is neglected, except for testing MIMO techniques, where fading is

considered.
These features make the tests simple and computationally e�cient, as they highlight the direct e�ects

of the involved contributions. Fig. 4.1, 4.2a, and 4.2b show the network topologies employed in small-scale
tests.

The rest of this section presents the results for this class of tests, where each section is dedicated to
one of the developed contributions, except the one referring to transmission signals and medium behavior.
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Table 4.1: SINR-to-PSR mapper test con�guration.

Parameter Value

Data rate 2.4 Kbps
Carrier Frequency 169.435 MHz

Bandwidth 50 KHz
Modulation scheme FSK

BT 0.3
Transmit power -32 : 0.5 : 10 dBm

d 200 m
Network topology 1 (Fig.4.1)

Scenario 1 (residential, 14 dB per wall)
PHY payload size 100 bytes
Preamble size 32 bits
SFD size 16 bits
PHR 16 bits

Number of Packets 1000
Simulated ISO/OSI layers PHY
Activated contributions Transmit signal, medium behavior, SINR-to-PSR mapper

4.2.1 SINR-to-PSR mapper (and SINR-to-BER model)

This test aims to showing how the basic link quality measurement and performance estimation contribu-
tions in�uence the PHY layer performance of a selected transmission setup. For this purpose, we estimate
a single link PSR for di�erent transmit power values. The result is a PSR plot as a function of SNR.

The test con�guration setup and estimated PSR are shown in Tab.4.1 and Fig.4.3 respectively. As we
note in the �gure, the PSR increases as the link SNR increases (it is worth to note that in our single link
scenario no interference is generated). Furthermore, for the simulated setup, almost every packet can be
received correctly if the received SINR is above 4 dB.

4.2.2 Interference

Within this subsubsection, we design and carry out two tests. The �rst one consists in employing the
developed models to estimate SINR variations of a received frame which su�ers from multiple interferring
transmissions. We denote this experiment as multiple collision test, and its con�guration is shown in
Tab. 4.2a. In the second experiment, we focus on how the packet corruption likelihood varies with
interference impact. In order to keep the test simple we choose to study the impact of a single interferring
transmission for several transmission o�sets and repetitions. For this reason, we denote the experiment
as single collision test. The con�guration of this experiment is shown in Tab. 4.2b.

The result of the �rst test is shown in Fig. 4.5a. By looking at the �gure we note that the SINR drops
at 14 and 200ms, which corresponds to when the �rst and second interferer start to transmit, respectively.
At 366 ms, since the transmission of the desired signal ends, node B ceases to monitor interference events.

The result of the second test is shown in Fig. 4.5b, where the estimated PSR for packets A and
B is shown. Here, we note that the greater is the o�set t*, the shorter is the interval during which
transmissions overlap. As a consequence, the interference impact is lower and the chance of receiving
packet A correctly is greater. However, the interferring packet (packet B), cannot be received as long as
the two transmissions overlap, as once a device starts receiving a frame it cannot receive any other frame
until the ongoing reception ends.

In conclusion, our results show that the developed tool is accurate in keeping track of interference
variations during the reception process and in considering their impact on the PSR computation.
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Figure 4.3: SINR-to-PSR mapper test result. Since no active interferers are considered in this test, the
reult is given as a function of SNR, rather than SINR. As the interference is here neglected, the input of
the SINR-to-PSR mapper is the SNR, as explained in the previous chapter. By looking at the �gure, we
note that the PSR increases as the SNR increases.
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Figure 4.4: (a) Transmissions scheduling for the �rst interference test. (b) Transmissions scheduling for
the second interference test. In both cases, the reception performance of node B is analyzed.

(a) (b)

Figure 4.5: (a) Multiple collision test results. As the �gure shows, the developed simulation tool can keep
track of all the SINR variations occurring during a reception process. In this case, the SINR drops as more
interferers start transmitting packets to node B. (b) Single collision test results. As the �gure shows, the
SINR, and therefore its related PSR, increases as the o�set between two scheduled transmissions increases.
If the o�set is larger than the �rst frame duration, node B can receive both packets correctly.
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Table 4.2: (a) Multiple collision test con�guration. (b) Single collision test con�guration.

(a)

Parameter Value

Data rate 2.4 kbps
Carrier Frequency 169.435 MHz

Bandwidth 50 KHz
Modulation scheme FSK

BT 0.3
t1 14 mS
t2 200 mS

Transmit power 10 dBm
d 5 m

Network topology 2 (Fig.4.2a)
Scenario 0 (Outdoor, no wall losses)

PHY payload size 100 bytes
Preamble size 32 bits
SFD size 16 bits
PHR 16 bits

Number of Packets 1 per transmitter
Simulated OSI layers PHY
Activated contributions Transmit signal, medium behavior, SINR-to-PSR mapper, Interference

(b)

Parameter Value

Data rate 2.4 kbps
Carrier Frequency 169.435 MHz

Bandwidth 50 KHz
Modulation scheme FSK

BT 0.3
t* 1:1:400 mS

Transmit power 2 dBm
d 8 m

Network topology 3 (Fig.4.2b)
Scenario 1 (Residential, 14 dB per wall)

PHY payload size 100 bytes
Preamble size 32 bits
SFD size 16 bits
PHR 16 bits

Number of Packets 400 per transmit o�set (t*)
Simulated OSI layers PHY
Activated contributions Transmit signal, medium behavior, SINR-to-PSR mapper, Interference
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Table 4.3: Synchronization test con�guration

Parameter Value

Data rate 2.4 kbps
Carrier Frequency 169.435 MHz

Bandwidth 50 KHz
Modulation scheme FSK

BT 0.3
Transmit power -32 : 0.5 : 10 dBm

d 200 m
Network topology 1 (Fig.4.1)

Scenario 1 (residential, 14 dB per wall)
PHY payload size 100 bytes
Preamble size 32, 48, 72 bits
SFD size 16 bits
PHR 16 bits

Detector size 16 bits
Number of Packets 1000
Simulated OSI layers PHY
Activated contributions Transmit signal, path gain, error model, synchronization

4.2.3 Synchronization

This test aims to showing the e�ects of our synchronization model for a selected transmission setup. In
a single link, we estimate the PDR for di�erent preamble sizes and transmit power values.

The test con�guration setup and results are shown in Tab. 4.3 and Fig. 4.6 respectively. By looking
at the �gure we note that, as the preamble size increases, the PDR increases as well since it is more likely
to obtain a successful synchronization (see (3.12)). Furthermore, we note that the preamble size does not
in�uence the packet reception process, as the three PSR curves show the same behavior.

4.2.4 Forward Error Correction

Within this subsection, the e�ect of FEC codes is shown by two simple tests. Both of them are similar to
the SINR-to-PSR mapper test. However, when the FEC is employed, a di�erent SINR-to-BER mapper
is fed to the simulator, leading to a di�erent transitional region. The con�guration setup of FEC tests is
shown in Tab. 4.4.

A performance comparison in terms of PSR for the 2.4 kbps data rate transmission scheme is shown in
Fig. 4.7a. In this �gure, we see that employing FEC introduces a gain between 4 and 6 dB. Furthermore,
as we see for SINR-to-BER mappers in Fig. 3.5b, the gain increases as the SNR increases. However,
as previously mentioned, the added redundancy results in a lower e�ective rate (i.e. the rate at which
the original data bits are transmitted). For this reason, it is interesting to compare two transmission
setups in which the e�ective data rate is the same, and only one employs FEC. Since the coding rate
we aim to model is 1/2, a suitable example consists in comparing a coded 4.8 kbps with an uncoded 2.4
kbps transmission scheme. The corresponding result is shown in Fig. 4.7b, from which we can see that
employing the FEC gives an average gain of 2 dB over the equivalent (in terms of e�ective data rate)
but uncoded transmission scheme setup. The gain is smaller than in the �rst case since a higher rate
than before is employed for coded transmissions. As a consequence, a higher SNR values are needed for
achieving the same reliability as before.
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Figure 4.6: Synchronization test result. The solid lines show that as the preamble length increases, the
PDR increases. Furthermore, changing the preamble length does not in�uence the PSR curve, as all the
PSR curves show the same performance.

Table 4.4: FEC tests con�guration.

Parameter Value

Data rate 2.4 kbps, 4.8 kbps
Carrier Frequency 169.435 MHz

Bandwidth 50 KHz
Modulation scheme FSK

BT 0.3
Transmit power -32 : 0.5 : 10 dBm

d 200 m
Network topology 1 (Fig.4.1)

Scenario 0 (Outdoor, no wall losses)
PHY payload size 100 bytes
Preamble size 32 bits
SFD size 16 bits
PHR 16 bits

Detector size 16 bits
Number of Packets 1000
Simulated OSI layers PHY
Activated contributions Transmit signal, medium behavior, SINR-to-PSR mapper, FEC
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(a)

(b)

Figure 4.7: FEC test: (a) Same transmit data rate comparison; (b) Same e�ective data rate comparison.
In both cases, an SNR gain is obtained. However, the second shows a reduced reliability improvement,
since the requirements for achieving a higher PHY transmission rate are higher.
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4.2.5 Multiple-antenna beamforming

MIMO beamforming techniques are tested by carrying out two PSR estimation tests, in order to show
results for both fading models we have presented. As MIMO techniques lead to an increased SNR, it would
be di�cult to show the gain they give by using a SNR-to-PSR plot. For this reason, we show our results
as function of transmit power. Since the ideal fading model is valid for half-wavelength spaced antennas
we decide to adopt the highest available carrier frequency for our tests. The con�guration parameters are
showed in Tab.4.5. As we note from this table, the employed carrier frequency is 869.435 MHz, which
leads to a wavelength of about 0.34 meters, and a required antenna spacing of 17 centimeters. We claim
this distance between antennas to be a feasible design choice for a �xed meter located in a basement.

The results for our ideal and semi-empirical model-based tests are showed in Fig. 4.8 and Fig. 4.9,
respectively. In both �gures, we observe the performance of: both-end AS, both-end SVD, both-end naïve
beamforming and the MRC-like technique. In order to estimate the gain that can be obtain by employing
the mentioned techniques, the performance of a SISO channel with equivalent properties is used as a
benchmark.

In the �rst �gure, we observe that naïve beamforming does not provide any gain, since it does not
exploit channel or received signal knowledge. Secondly, we observe that the AS and MRC-like methods
yield a 2 dB and 4 dB average SNR gain at the receiver respectively. The technique that achieves the
highest gain is SVD, which leads to a 7 dB gain. In all the cases except naïve and AS beamforming, the
gain slightly increases as the transmit power increases.

In the second �gure, we observe a similar system behavior as in the ideal case, with few exceptions
regarding AS and SISO. These two techniques seem to have dual behavior, in the sense that for low
transmit powers they o�er a worse performance than in Fig. 4.8. On the contrary, for high transmit
powers the techniques o�er a slightly better performance than in Fig. 4.8. There may be two reasons for
such an unexpected behavior. In �rst place, fading impact may be far from ideality. Assuming that small
scale fading contribution matrix entries are uncorrelated is often unrealistic, especially if the antennas
are not half-wavelength spaced. Therefore, when one matrix entry experiences relatively deep fade, it
is likely that all other entries introduce the same e�ect. Furthermore, a similar relation is observed for
constructive fading contributions. This phenomenon gives a lower diversity level to our system. However,
beamforming techniques which redistribute at least some power on all the antennas do not seem to su�er
from it, as they show a similar behavior to the ideal one. On the contrary, techniques in which only one
semi-empirical channel value is selected seem to su�er from this, showing an �all-or-nothing� tendency
which results in a steeper PSR curve than in the ideal case. However, we observe similar gains to the one
we have in the ideal case, except for AS and MRC-like technique, which both achieve an average SNR
gain of 2 dB with respect to SISO. The second cause that may partially explain the inconsistent result
lies in the process for determining semi-empirical fading contribution matrixes. These are extracted from
real scenario measurements by removing all other possible contributions of the channel and carrying out
a rescaling to obtain the desired statistical properties. This non-trivial process may add errors to the
obtained realizations. More validation tests of semi-empirical data would be recommendable.

4.2.6 SINR-to-PSR and SINR-to-PDR mappers measured data validation

Within this test, we question the basic system credibility of the developed tool by comparing some
simulation results with empirical PSR and PDR measurements available in [30], which were collected
by employing a demonstrator. In particular, we carry out two tests. In the �rst one, we compare the
simulated PSR and PDR with experimental data for a selected transmission setup. In the second one,
we carry out the same comparison but simulation results are produced by employing the measured BER
curve as SINR-to-BER mapper. By doing this, we are able to establish a degree of credibility of the
SINR-to-BER and BER-to-PSR models, which compose the mapper for estimating link performance.
Furthermore, we can draw some conclusions about the credibility of our synchronization model. Tab. 4.6
shows the con�guration setup.

Fig. 4.10 shows the results. As we can see by looking at the �gure, the measurements are available
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Table 4.5: MIMO techniques tests con�guration.

Parameter Value

Data rate 96 kbps
Carrier Frequency 869.435 MHz

Bandwidth 250 KHz
Modulation scheme FSK

BT 0.3
Transmit power -32 : 0.5 : 10 dBm

d 200 m
Small scale fading contribution Ideal model, semi-empirical model
Channel state information AS, SVD: perfect channel knowledge; MRC: received signal knowledge

Network topology 1 (Fig.4.1)
Scenario 0 (Outdoor, no wall losses)

PHY payload size 100 bytes
Preamble size 32 bits
SFD size 16 bits
PHR 16 bits

Detector size 16 bits
Number of Packets 1000
Simulated OSI layers PHY, MAC
Activated contributions Transmit signal, medium behavior,

SINR-to-PSR mapper, frame �ltering, MIMO techniques

Figure 4.8: MIMO beamforming ideal model test result. In increasing order of magnitude, AS, MRC, and
SVD techniques can ease reliable communications. The Naïve beamforming technique does not seem to
provide any gain.
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Figure 4.9: MIMO beamforming semi-empirical model test result. All the techniques provide a similar
result to the ideal case, except for AS and Naïve beamforming, which may be in�uenced by correlation
or channel matrix estimation issues.

only for few and relatively high SNR values, however they constitute a useful benchmark. The results
of the �rst test show some similarities and di�erences between the simulated and the measured curves.
While the simulated PSR curve resembles the measured one in terms of shape, there is a constant SNR
shift between the two. Furthermore, few similarities are found between the measured and simulated PDR
in terms of the relation with their respective PSR curve. In other words, as the measured PDR increases
also the measured PSR increases, leading to an SNR region where the receiver can correctly synchronize
to some ongoing transmissions and receive their content. On the contrary, in the simulated curves there
is no presence of such a region as the PSR starts increasing only after the PDR has reached its maximum
value.

The second test shows the same PDR problem as before. However, the PSR function closely resembles
the measured one. We note that in these tests, simulations are run only for available measurement points
as extrapolating other points and employing them may lead to unstable results due to the low amount of
available data.

In general, our tool evaluates links performance in a slightly optimistic way, and associates synchro-
nization and data reception processes to two di�erent SINR intervals, which is in disagreement with
experimental results. However, the BER-to-PSR is shown to have a high degree of credibility. Moreover,
for the tested transmission setup, a satisfactory PSR accuracy can be achieved by introducing a systematic
shift in the simulated SINR-to-BER model or by employing the measured BER curve. Further studies
about the in�uence of the transmission setup on this systematic shift should be carried out. Regarding
preamble synchronization, we suggest to rely on the measured PDR to possibly create a more general
mapper from it, as it gives a simple and practical representation of what happens below the bit domain.
Otherwise, further revisions of our model could be carried out, in which the PDR formula should lead
to less optimistic results, so that the PSR and PDR curve may overlap, as the measurements show. In
order to do this, a deeper investigation about the underlying processes behind syncrhonization should be
carried out.

In conclusion, our basic tool is proven to have a reasonable coherency with the real world. However,
further studies should be carried out in order to improve accuracy and thus enable them to be employed
in real-world applications.
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Parameter Value

Data rate 28.8 kbps
Carrier Frequency 869.435 MHz

Bandwidth 250 KHz
Modulation scheme FSK

BT 1
Transmit power -32 : 0.5 : 10 dBm

d 200 m
Network topology 1 (Fig.4.1)

Scenario 0 (outdoor)
PHY payload size 100 bytes
Preamble size 128 bits
SFD size 16 bits
PHR 16 bits

Detector size 16 bits
Number of Packets 1000
Simulated OSI layers PHY
Activated contributions Transmit signal, medium behavior,

SINR-to-PSR mapper, synchronization

Table 4.6: Validation against measurement data con�guration.

Figure 4.10: Validation test result. These results prove that the developed tool reasonably simulates the
SUN technology performance, with the exception of the synchronization process.
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4.3 Large-scale tests

The performed large-scale tests share the following features::
- complex network topologies are employed;
- transmissions are scheduled from the application layer, in order to evaluate the e�ect of all the OSI

layers;
- the e�ect of shadowing (and fading, in case a MIMO system is simulated) is considered.
These features make tests capable of giving an insight about a typical SUN scenario performance.
Fig. 4.11 shows the employed network topology. In this typical SUN scenario, all the nodes send

periodical status updates to the data collector, represented by node 2D (hexadecimal base). The underly-
ing idea of this experiment is keeping track of the successfully delivered User Datagram Protocol (UDP)
tra�c while we let the input tra�c intensity vary. For each tra�c intensity a simulation is run. In all of
them, the same number of packets is fed to the network and delivery statistics are recorded. At the end
of each simulation, the number of successfully delivered UDP payload bytes is reported as performance
evaluation parameter.

Since several factors may have an impact on the results of these tests, we take a few precautions
that make us obtain easily manageable experiments, and smooth out external sources of randomness in
the UDP throughput. First of all, the application in each smart meter is set so that it generates UDP
packets whose size does not lead to packet fragmentation at lower layers. Secondly, the generated tra�c is
controlled by setting an update interval for each node. Hence, the packet emission frequency of each node
is the inverse of the de�ned interval. Since we want all the nodes to generate the same tra�c intensity, but
we do not want to introduce systematic packet collisions, the update interval of each node consists of a
randomly generated value whose average can be set by de�ning upper and lower interval value boundaries.
Lastly, for each packet emission frequency value we set a di�erent simulation time so that in every case
the same average number of packets is sent. By doing this, a small simulation time is de�ned for small
update intervals, and a large one for the large update intervals.

Tab. 4.7 shows the global con�guration of our large-scale tests. Average update interval values are
selected by running two simulation batches. Within the �rst batch, average update values are de�ned
based on recommendations given in [30]. After evaluating the �rst results, a second batch of simulations
is run, where the set of interval values are chosen in order to highlight relevant phenomena, such as
congestions. Moreover, transmit power values are chosen according to regulations [30].

In order to simulate the intended status update application, our tool is attached to a framework
which is developed outside this work. The latter is composed by LLC sublayer, Network, Transport and
Application layers. It is mainly based on the IPv6 over Low power Wireless Personal Area Networks
protocol (6LoWPAN, read [49] for further information), and UDP protocol. In order to deliver data at
the network layer, it employs expected transmission count (ETX) as metrics, which is the number of
transmissions needed in order to deliver a packet successfully.

The rest of the subsection shows large-scale results for the basic system and the advanced transmission
techniques. We note that, in all large-scale tests, our synchronization model is not employed since it does
not resemble a real synchronization process, according to the previous validation test.

4.3.1 Throughput vs transmit power

The purpose of this test is assessing the ability of the basic simulated system to deliver packets for several
transmit power values and input tra�c intensities. For this reason, we do not employ any advanced
transmission technique such as MIMO beamforming or FEC codes. The results obtained in this subsection
are employed as benchmark for the following tests.

Fig. 4.12 shows the results. First of all, we note that by increasing the transmission power the
throughput increases, reaching 2500 bytes per second. Furthermore, the maximum tra�c intensity that
can be managed by the network goes from 2000 to around 7000 bytes per second. For each transmit power,
after the �rst peak, we observe a drop or a non-monotonically increasing behavior of the throughput
function. The latter phenomenon can be noted for low powers. Our intuition is that, in these cases, an
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Figure 4.11: Network topology employed in the large-scale tests. The network nodes are numbered in
hexadecimal base and the AP (data collector) is shown in red (node 2D).

Table 4.7: Large-scale experiments global con�guration.

Parameter Value

Data rate 96 kbps
Carrier Frequency 869.435 MHz

Bandwidth 250 KHz
Modulation scheme FSK

BT 0.3
Network topology Fig.4.11

Scenario 1 (Residential, 14 dB per wall)
Log-normal shadowing deviation 5 dB

UDP payload size 85 bytes
Routing metric Expected transmission count

Maximum MAC retransmissions 3
PHY payload size 127 bytes
Preamble size 32 bits
SFD size 16 bits
PHR 16 bits

Minimum update interval 16, 8, 4, 2, 1, 0.5, 0.25, 0.0625, .03125 s
Maximum update interval 48, 24, 12, 6, 3, 1.5, 0.75, .1875, .09375 s
Average update interval 32, 16, 8, 4, 2, 1, 0.5, 0.125, 0.0625 s

Simulation time 64000, 32000, 16000, 8000, 4000, 2000, 1000, 250, 125 s
Number of Packets 2000
Simulated OSI layers Physical, Data Link, Network, Transport, Application
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Figure 4.12: Throughput vs transmit power test result. These curves are employed as benchmark for
assessing the performance of the advanced transmission techniques.

increase in terms of input tra�c may cause an increase of the throughput in some parts of the network,
while others may already be congested, leading to a non-uniform behavior. For high transmit powers,
more nodes may able to reach the data collector directly. Hence, a more uniform behavior would be
obtained.

4.3.2 Forward Error Correction

This test aims to studying whether the FEC coding scheme can introduce a throughput gain in the system.
As we are interested in observing the e�ect of coding in the low and high power regime, we select two low
and one high transmit power values that are typically employed in the considered scenario.

The results of this test are shown in Fig. 4.13. In none of the three cases FEC improves the throughput
of the system. On the contrary, the network reaches congestion for lower input tra�c intensities than in
the previous test. These results appear as unconsistent with the small-scale ones, where FEC can bring
a 2 dB gain (roughly). An intuitive explanation for this could be that the added redundancy keeps the
channel busy for longer times than in the benchmark system, which may lead to higher interference and
increased number channel access failures. These �gures strictly depend on the position of nodes, how
frequently they send out status updates, and their retransmission mechanisms. Lastly, this situation may
get even worse as the input tra�c intensity is increased. There may be an improvement in terms of
throughput for transmit powers lower than 10 dBm, as the generated co-channel interference would be
lower. However, such low power values do not represent a typical choice for the considered scenario since,
if employed, not all the links may be correctly established in �rst place.

4.3.3 Multiple-antenna beamforming

MIMO beamforming large-scale results are obtained through three tests, which aim to studying how
beamforming techniques in�uence the throughput of the investigated scenario. Each test is focused on
the performance of one speci�c beamforming scheme, which is compared with that of the basic system
(throughput vs transmit power test). From such a comparison, we can draw conclusions about the degree
of reliability MIMO schemes o�er with respect to a SISO network. The reliability, which is proportional
to the throughput, is evaluated in terms of the amount of transmit power that a MIMO scheme would
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Figure 4.13: FEC test results. As the comparison with the benchmark shows, this technique does not
seem to ease reliable communications in the studied scenario.

save to provide the same throughput as the SISO network. For our purposes, since meters are typically
not battery-powered devices, power consumption is a secondary but relevant aspect. Lastly, since the
semi-empirical fading model leads to some inconsistent results, the ideal fading model is adopted in these
tests.

The �rst test regards AS, and corresponding results are shown in Fig. 4.14. The employed transmit
powers are 10 and 20 dBm. In both cases, we note that the AS performance is more or less equivalent
to that of a SISO system with a 10 dBm larger transmit power. Hence, AS can roughly give a 10 dBm
power saving.

The second test concerns MRC, and related results are shown in Fig. 4.15. Here, the employed
transmit powers are 10 and 20 dBm. Similarly to the previous case, it is possible to note that the MRC
performance is the same as a SISO system adopting a 12 dBm larger transmit power. Therefore, we claim
that MRC can provide a slightly higher reliability than AS, in the evaluated scenario.

The third test regards SVD beamforming, and its results are shown in Fig. 4.16. The employed
transmit powers are 10, 15 and 35 dBm. The performance of 10 and 15 dBm transmit power roughly
resembles 25 dBm and 30 dBm transmit power in the SISO case, respectively. Therefore, we infer that
SVD beamforming can provide the same reliability of a SISO system adopting a 15 dBm larger transmit
power. The performance of the 35 dBm transmit power SVD scheme shows that further improvements
can be obtained by increasing the transmission power. However, it is possible to note that as the transmit
power increases, the gain with respect to the basic SISO system slightly diminishes. Further optimization
studies should be carried out in order to benchmark these results.

Lastly, an insight showing a more practical interpretation of the obtained results is given in Figg. 4.17
and 4.18. Here, it is decided to focus on the MRC technique, as it is considered a cost-e�ective way of
increasing the received SINR, as it does not employ any kind of channel estimates. The �gures present the
PER performance for the 10 dBm transmit power SISO and the MRC case. In both plots, the established
links in the network for a certain update interval and their corresponding data link layer PER are shown.
Furthermore, the line thickness indicates the tra�c load of the links during the simulation, while the
line color represents the PER. The update interval is chosen to be 4 seconds in both cases, as it is the
maximum tra�c intensity that does not bring the SISO network to the congestion state. The routes in
the network are established by an algorithm employing ETX as metrics and based on estimated link SNR
information. It is worth to mention that the mentioned routing algorithm is not developed within this
work, therefore our considerations are mainly based on PER and link tra�c load �gures.
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Figure 4.14: MIMO AS large-scale test results. For a �xed UDP throughput, this beamforming technique
is equivalent to having a SISO system with a 10 dBm higher transmit power.

Figure 4.15: MIMO MRC beamforming large-scale test results. For a �xed UDP throughput, this beam-
forming technique is equivalent to having a SISO system with a 12 dBm higher transmit power.
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Figure 4.16: MIMO SVD beamforming large-scale test results. For a �xed UDP throughput, this beam-
forming technique is equivalent to having a SISO system with a 15 dBm higher transmit power.

Fig. 4.17 refers to the SISO network, where we note that the PER can vary between 0 and 0.8. Since
large-scale tests include both shadowing and fading, the network can experience some deep fades, as it is
possible to note in few links. However, in most of the cases the PER is smaller than 0.35. Furthermore,
the thickness of the lines show the preferred routes to reach the data collector, which is placed in the
middle of the network (node 2D). We should note that fading and shadowing values for each link do not
depend on properties of other links.

Fig. 4.18 refers to the network adopting MRC. First of all, the link PER seems more uniform than in
Fig. 4.17. This is also noticeable from the PER colormap interval (between 0 and 0.3), which is almost
three times smaller than in Fig. 4.17. Furthermore, by looking at the links it is possible to see that the
PER is smaller than 0.2 in almost all the cases. In particular, in the outer part of the network, there
is a PER di�erence of 0.15 between employing SISO and MRC. Lastly, it is interesting to compare the
network shape of the �gures. When MRC is employed (Fig. 4.18), the network seems to have a more
regular shape, compared to the SISO case (Fig. 4.17). In particular, it seems like the SINR gain provided
by MRC makes possible for the routing algorithm to establish a star-like network shape, in which links
cover higher distances than in the SISO system. As a consequence, it takes a smaller number of hops for
the nodes to reach the AP, compared to the SISO case.
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Figure 4.17: Transmission links representation for the SISO system employing 10 dBm as transmit power.
The system topology seems fairly irregular, with high link quality variations.

Figure 4.18: Transmission links representation for the MIMO-MRC system employing 10 dBm as transmit
power. Compared to the SISO system, MRC beamforming results in lower PER values and a more regular
network topology.
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Chapter 5

Conclusions and future work

Within this work, a tool for studying edge subnetworks of smart grid communication systems has been
developed. In order to obtain a high coherence with the real world in terms of scalability and considered
OSI layers, a network simulator has been chosen to be employed, rather than a scienti�c programming-
based simulator (e.g. Matlab). In particular, ns-3 has been chosen as development environment, and
its LR-WPAN module has been employed as the basis for our work. As network simulators typically do
not provide direct access to the PHY layer, an interface allowing to re�ect the typical PHY behavior to
higher layers have been de�ned and tested. The latter represents our core contribution, and is composed by
several models taking into account typical PHY layer transmission issues, including advanced transmission
techniques such as FEC coding and MIMO beamforming. After some small-scale scenario validation and
testing, the developed tool has been employed for assessing the performance of a typical SUN scenario.

The developed tool and its models show a general structure that can be easily adapted to all the wireless
technologies without major changes. Furthermore, coherently with network simulators, the developed
models are simpler and more computationally e�cient than the ones typically developed in scienti�c
programming languages. As a consequence, they allow us to obtain a more accurate overall system
behavior than in the standard case (where coarse PHY models are employed) at low computational
expenses.

Small-scale tests have been run for a single link, in order to show how the developed tool works, and
validate it by using measurements as a benchmark. From these results, it is possible to infer that the
developed tool is reasonably consistent with a real SUN system, although it introduces few systematic
errors that can anyway be easily handled and do not a�ect the overall validity of the simulation results.
Moreover, results show that advanced transmission techniques can introduce fairly large gains, especially
in case of MIMO beamforming. Therefore, they can be seen as good candidate techniques for improving
network reliability, or saving transmit power for the same performance of a SISO system. This matter
have been further analyzed in large-scale tests, in which the developed tool was employed to study a
realistic SUN status update activity from the UDP tra�c perspective. Their results show the tra�c load
that can be borne by the network and and the way advanced transmission techniques can ease congestion.
In the latter case, our experiments have showed that FEC coding cannot give impressive improvements as
its added redundancy worsens congestion. On the contrary, beamforming techniques have been proven to
ease congestion, reaching the same performance as SISO systems by employing half the power, in the best
case. In particular, MRC has emerged as an appealing beamforming technique, as it can lead to fairly large
gains without the need of channel state estimation at the transmitter. In general, the obtained results
provide a basis for formulating design guidelines for reliable communication schemes in the considered
scenario.

Further studies may be carried out in order to draw more accurate and practical conclusions. In
particular, the areas that are regarded as interesting are:

- Validation. In order to give results a high level of credibility, more small-scale validation tests
including experimental data should be carried out. Based on results, our models should be re�ned, for
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instance by adding new parameters. This process should be repeated until the results reasonably match the
experimental data. As a starting point, we suggest to carry out further studies about the constant SINR
shift that was discovered in the SINR-to-PSR mapper. Moreover, within this work, we have proved that
our results are consistent with the expected physical behavior of the advanced transmission techniques.
However it would be interesting to carry out an exhaustive validation, by comparing their results with
experimental or theoretical ones. As the implemented system seems to give slightly optimistic results,
modeling sources of error such as channel estimation may bring simulation results closer to measurements.

-Hardware investigation. As the SUN standard is fairly recent, its corresponding hardware has been
scarcely investigated. Carrying out studies about SUN hardware would allow us to create realistic models
for the symbol domain (Fig. 1.3), in which relevant transmission features such as frame synchronization
and channel estimation typically occur [12].

- Interface re�nement. It would be interesting to re�ne the developed models in order to integrate
more features typically employed by real wireless networks. In this case, we suggest some re�nements
that are strictly connected to this work. Firstly, a datarate adaptation method could be developed,
as the latter represents a typical way of overcoming link quality variations that usually a�ect wireless
networks. Secondly, channel state estimation for beamforming purposes could be considered. A model
simulating the outcome of the estimation process, and perhaps the resources it may take (in terms of
packets and/or bandwidth), could be developed. Lastly, it would be interesting to model transmit power
control algorithms, which may increase reliability and introduce power savings.

- Optimization. The developed tool may be employed for carrying out more large-scale experiments,
aimed at �nding the optimal transmission con�guration (i.e. transmit power, data rates and so on) for
certain scenarios. In this work, delivered UDP tra�c has been considered as parameter for assessing the
performance. It would be interesting to consider other parameters as well, such as routing metrics.
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