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ABSTRACT

In recent years, network simulation has become a very difficult task
due to the proliferation and integration of wireless technologies. In
this paper, we discuss the new challenges that have arisen regard-
ing the simulation of the wireless channel and the PHY, MAC and
Routing layers, argumenting why currently available network sim-
ulation tools such as ns2 and many of its recently proposed exten-
sions do not address all these issues in a comprehensive and sys-
tematic fashion. We then present a novel framework designed to
address these challenges. This framework has been developed as an
extension of NS-Miracle, in order to have support in the definition
and management of scenarios involving the use of multiple inter-
faces and radio technologies, and is made up of two components.
The first component is the Miracle PHY and MAC framework,
which provides support for the development of Channel, PHY and
MAC modules, providing support for features currently lacking in
most state-of-the-art simulators, while at the same time giving a
strong emphasis on code modularity, interoperability and reusabil-
ity. The second component is the Miracle Routing framework,
which enables the integration of different routing schemes in a
multi-tier architecture to provide support for the simulation of multi-
technology and heterogeneous networks. \We want to observe that,
thanks to this framework, it is now possible to carefully simulate
complex network architectures potentially at all the OSI layers,
from the physical reception model to standard applications and sys-
tem management schemes. This allows to have both a comprehen-
sive view of all the networks interactions and its high level view,
which plays an important role in many research investigation area,
such as cognitive networking and cross-layer design.

Categories and Subject Descriptors

1.6 [Simulation and Modeling]: General, Model Validation and
Analysis, Model Development; C.2.6 [Computer-Communications
Networks]: Internetworking
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1. INTRODUCTION

The recent progress in communications technology has seen a
remarkable increase of the number and types of wireless interfaces
being bundled with mobile devices. In turn, research in wireless
communications has faced several challenges in studying each of
these technologies, as well as in investigating suitable strategies to
make them coexist and interoperate. As a consequence of these
facts, there has been an increasing need for investigation tools,
in particular network simulators, to be conveniently exploited for
these research purposes.

Many are the features that researchers seek in network simula-
tors. In this paper, we focus on the issues which in our opinion are
not addressed to a good extent by the current network simulators.
These issues are:

e Accuratechannel and PHY layer modeling: recently, there
has been an increasing awareness of the need for accurate
modeling of channel and PHY layer aspects. While sim-
plified models, such as the disc propagation model, are still
useful in some contexts, a general purpose simulator is nowa-
days expected to provide more realistic simulation of the sig-
nal propagation and reception processes.

e Modeing of a complete system: the increasing complexity
of communication systems has made performance evaluation
areally complex task, due to the fact that often subtle interac-
tions among the different components of the system play an
important role in determining the overall performance. These
interactions are often not evident when only one or a few
of the components of a communication system are modeled.
This need is become crucial in many novel network research
areas, such as Cross-layer design [1, 2] and Cognitive Net-
working [3-5]. For this reason, a good general purpose net-
work simulator is nowadays expected to provide means of
modeling a complete communication system, from channel
and PHY layer modeling all the way up through the protocol
stack to the application layer.

e Rapid prototyping of new wirelesstechnologies: new wire-
less technologies have been proposed and released at an amaz-
ing pace in recent years, and it is commonly the case that
researchers are struggling to develop simulation tools in a
timely fashion to study these technologies as they emerge. In



the past, the majority of the code taking care of wireless tech-
nology simulation (especially at the PHY and MAC layer)
has always been designed for a specific technology, without
addressing code reusability during the design phase of the
code. The ns2 simulator, in particular, was not originally
designed to simulate wireless networks, and support for this
has been added only at a later step, and in a rather quick-and-
dirty way. As a consequence, the task of properly design-
ing and developing code for the simulation of new wireless
technologies is very time consuming. Though wireless tech-
nologies can overall differ significantly from each other, it
is to be noted that there are many aspects and components
of the PHY and MAC layers which are very similar among
different technologies. An ideal simulator would leverage
on well-defined APIs for PHY and MAC modules to allow
easier and faster development of simulator code, with a par-
ticular emphasis on modularity and reusability.

Spectrum Awareness: recently, research in fields such as
Cognitive Radio, Ultra Wide Band and Underwater commu-
nications systems have created a strong need for network
simulators to provide a better modeling of the Radio Fre-
quency aspects of communications systems, such as spec-
trum occupation, RF filtering and inter-channel interference.
State-of-the-art network simulators such as ns2 lack support
for a correct modeling of how communication systems make
use of the frequency spectrum.

Inter-technology interference: unlicensed bands, in par-
ticular the 2.4 GHz ISMband, are characterized by the si-
multaneous presence of different wireless technologies inter-
fering with each other; this is the case of popular wireless
communication technologies such as 802.11, Bluetooth and
WIMAX, as well as non-communicating technologies such
as microwave ovens. Therefore, the introduction of spectrum
awareness in wireless network simulators should be made
in such a way to allow proper accounting of how different
technologies interact among themselves in the propagation
medium. We note that this goes beyond the issues discussed
above. In fact, support for spectrum awareness in a single-
technology scenario can be introduced by performing custom
modifications to the code implementing that particular tech-
nology, while the simulation of inter-technology-interference
requires that all technologies use the same representation of
interference and spectrum usage.

M ulti-technology multi-interface communication capabil-
ities: as more and more devices nowadays are equipped with
multiple interfaces using different communication technolo-
gies, network simulators should provide support for proper
modeling of this type of scenarios, by means of a flexible
and modular protocol stack architecture together with proper
support for the development of the control modules which
need to manage such a complex architecture. A key role with
this respect is played by routing modules, which need to pro-
vide proper routing functionalities to enable the use of the
multiple available interfaces.

Support for Heterogeneous Networks: while traditional
networking research focused mainly on homogeneous net-
works, such as infrastructured, ad-hoc, and mesh networks,
in recent years there has been an increasing interest in sce-
narios in which these types of networks coexist. Simulating
this type of scenarios today is very challenging, in particular

due to the fact that the routing layer in state-of-the-art sim-
ulator is mainly designed for homogeneous networks. As a
consequence, there is a need for supporting this type of het-
erogeneous network composition at the routing layer.

In this paper, we propose a framework for the simulation of the
physical, medium access and network layer, which has the objec-
tive of addressing the above mentioned issues. This solution was
developed on top of the NS-Miracle framework [6], in order to ex-
ploit its support for the coexistence of multiple interfaces and multi-
ple radio technologies within the same node, which is not available
in the original ns2. We also note that we evaluated the possibility
of implementing the same solution on top of ns3, but we chose not
to do it, since, at the time we took this decision, the ns3 code was
still relatively immature, and most importantly it lacked wireless
technology implementations other than 802.11. Still, we hope that
the discussion we provide in this paper will also provide useful for
the future ns3 development.

The framework we present in this paper consists of two main
components:

o the Miracle PHY and MAC framework, which provides func-
tionality for channel modeling as well as two APIs for easy
development of respectively PHY and MAC layer modules,
with a particular focus on code reusability across different
wireless technology implementations;

e the Miracle Routing framework, which introduces a new para-
digm in routing simulation, by means of which interfaces
with different technologies and routing protocol implemen-
tations can be used together in multiple tiers, providing en-
hanced support for the simulation of 4G networks.

In the rest of this paper, we will provide a detailed description of
these components. A detailed discussion of the characteristics of
NS-Miracle is out of the scope of this paper; the interested reader
is referred to [6].

2. MIRACLE PHY AND MAC
2.1 Related Work

Accurate Channel and PHY layer modeling has drawn a signifi-
cant amount of attention in recent years, and much work has been
done with this respect. The ns2 simulator, in particular, was well-
known for its poor channel and PHY layer modeling, and for this
reasons several enhancements have been proposed [7-10]. How-
ever, the addition of this functionality has always been done in a
technology-specific manner, and often in a quick-and-dirt fashion.
The ns2 mobile node, in particular, does not have a good separa-
tion of functionalities between the MAC and the physical layer;
some key PHY functionalities, such as in particular the determina-
tion of the end of the reception of the packet, are performed at the
MAC layer, making it difficult to introduce functionality such as
interference calculation, as well as making the code notoriously
hard to read and to debug. In fact, the introduction of features
such as enhanced error and interference models has required sig-
nificant modifications, such as what introduced in dei80211mr [8],
and improving the architecture of the code for the sake of easier
debugging and readability has required a complete redesign of the
code, as is the case of the new 802.11 model in [9]. Moreover,
introduction of support for new wireless technologies has required
extensive tweaking, if not even the use of the ns2 code as a mere
entry point for completely customized code, as is the case of [11].
To summarize, everytime a new technology is to be implemented,



significant developer effort is needed, which is exacerbated by the
fact that the basic ns2 mobile node does not provide good channel
modeling, and that all extensions with this respect have been too
much technology-specific and cannot be easily reused for differ-
ent technologies. Regarding other simulators, it is to be noted that
some of them, such as ns3, allow the specification of customized
callbacks between modules at the different layers of the protocol
stack. However, the type of interactions in use commonly varies
depending on the technology being considered as well as on the
particular implementation, and a well-defined set of callbacks to be
exploited for channel, PHY and MAC layer modeling is still lack-
ing. Finally, to the best of our knowledge, no well-known simulator
provides a good and generic model for how different wireless tech-
nologies make use of the frequency spectrum and interact among
themselves.

2.2 The Miracle PHY and MAC framework

The Miracle PHY and MAC framework was explicitly designed
to overcome these issues. In our effort to develop a modular and
extensible framework for Channel and PHY layer modeling, we
chose an object-oriented design and we defined a set of classes,
depicted in Figure 1.

The channel model we developed is based on the modeling of a
fundamental entity, the PHY Layer Transmission (PLT) of a packet.
We define a PLT by the attributes characterizing it; choosing these
attributes corresponds to choosing our PHY and channel modeling
assumptions. PLTs instances have a 1:1 association with ns2 Packet
instances, and therefore PLT attributes are conveniently gathered
in a new ns2 packet header named MPHY_ _HDR. The attributes we
define for PLTs, and the consequent channel modeling assumptions
we make, are the following:

e duration: aPLT is an event which extends over a given
time interval. The length of this interval is given by the
dur at i on attribute.

e Pt: aPLT is characterized by its transmission power, as set
by the PHY layer of the transmitter. This attribute refers to
the PLT as a whole; in other words, power is considered to
be constant during the whole duration of a transmission. This
choice is intended to achieve a reasonable tradeoff between
modeling accuracy and complexity. We note that, while this
is the approach in use by the vast majority of simulators, it
is nevertheless a simplifying assumption of which we should
be aware.

e Pr: the process of receiving a PLT is modeled by mathe-
matical operations performed on the Pt attribute, resulting
in the Pr attribute which represents the received power. Ex-
amples of these interactions are propagation, antenna gains,
RF filtering, and signal processing at the PHY layer.

e Posi tion: aPLT is characterized by the position of the
transmitter (sr cPosi t i on) and of the receiver
(dst Posi ti on). These attributes are references to instances
of classes belonging to the Position class hierarchy as defined
in NS-Miracle [6]. Therefore, they can provide additional
information such as node mobility information. This can be
used for enhanced channel modeling features, such as the
determination of the effects of fast fading as a function of
speed.

e nodul ati onType: a value univocally identifying the par-
ticular modulation and coding scheme in use by the trans-
mission being considered. The main purpose of this attribute

is to provide support for modeling the acquisition process*
in multi-technology scenarios. We note that this solution can
accommodate perfect acquisition models (in which the re-
ceiver always acquires correctly signals of the desired type
and discards all others) as well as more complex solutions
such as stochastic models for preamble detection.

e srcSpectral Mask: a transmission consists of power ra-
diated non-uniformly into the spectrum. We assume that
the specification of the power spectral density function of
the transmission (normalized to the power associated with
the transmission) can account sufficiently in detail for this
issue. srcSpectral Mask is a pointer to a class of the
MSpect r al Mask hierarchy which is intended to implement
this type of function. We chose to use an abstract class for
this purpose, in order not to pose any particular limitation
on how this function is implemented. Nevertheless, piece-
wise constant or linear functions should be enough for most
purposes, and for this reason the only implementations we
provide for MSpect r al Mask use a rectangular function.

e dst Spect ral Mask: each reception process is character-
ized by a RF filter, which is represented by means of its fre-
quency response. The implementation issues for this are the
same as for the spectrum usage information discussed above;
for this reasons, as we did for the power spectral density of
PLTs, RF filters are represented by instances of the MSpec-
tralMask class. The RF filtering process is modeled as a gain
applied to the received power of the PLT; this gain is deter-
mined as a function of the spectral mask of the transmission
and the frequency.

e Pn: the noise power at the receiver.

e Pi : the phenomenon of interference is summarized by the in-
terference power attribute Pi , calculated by means of aggre-
gation of all simultaneous PLT, and with respect to a partic-
ular PLT for which reception is being attempted. We do not
pose any particular constraint on the exact model to be used
for this purpose; rather, interference models are to be imple-
mented by inheriting from the M nt er f er ence, and im-
plementing the addTol nterference() and
get I nterferencePower () methods according to the
chosen model. We provide one particular implementation of
this type of classes, named | nt er f er enceM V, which ag-
gregates all simultaneous PLTs into a single piece-wise con-
stant function of time using the well-known gaussian model
(i.e., summing power values), and returns the total interfer-
ence power on a given packet calculated as the mean integral
value of the aggregation of interfering PLTs.

The other important element of our Channel and PHY modeling
framework is the MPhy class: it is an abstract class which pro-
vides both channel modeling functionality and the API for the de-
velopment of PHY layer implementations. Channel modeling is
implemented by associating each MPhy instance with instances of
other objects which implement the different components of a chan-
nel model. We define the following classes of objects for channel
modeling:

e MPropagat i on: similarly to the Propagation class in ns2,
implementations of this class will account for the attenuation

by acquisition process here we mean the set of tasks such as
preamble detection which are commonly performed by the PHY
layer at the beginning of a reception
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Figure 1. Classdiagram for MPhy and related classes

of the power of a PLT due to effects such as path loss, fading,
and shadowing;

e MAnt enna: similarly to the Antenna class in ns2, this class
hierarchy provides means of implementing the gain of di-
rectional antennas as a function of PLT attributes (the most
useful for this purpose being the position attributes);

e MCorr el ati on: this class of objects is intended to imple-
ment the gains due to the signal processing performed by the
receiver. A remarkable use case for this class of objects is
the processing gain in DSSS and CDMA systems.

e M nt erf erence: this class of objects is meant to provide
the implementation for interference calculation.

The first three of the above mentioned classes are required only
to implement a get Gai n( Packet * p) method which is ex-
pected to provide the gain value to be applied to a given PLT. On the
other hand, the M nt er f er ence class, is required to produce the
interference perceived by a particular PLT; this task is more com-
plex since in general interference depends on all PLTs overlapping
in time and frequency with the particular PLT being considered.
For this reason, classes implementing M nt er f er ence are ex-
pected to keep track of all currently active PLT, by providing imple-
mentation of two methods: addTol nt er f er ence( Packet *
p) , which has to be called at the beginning of every PLT so it can be
added to the set of active PLTs, and get | nt er f er encePower (
Packet * p), which is to return the interference of all active
PLTs on the given PLT.

The MPhy class is meant to provide support only for function-
ality which is shared by different channel models and wireless tech-

nology implementations. For this purpose, technology-specific PHY
layer functionality is meant to be introduced by inheriting from the
MPhy class and implementing the following virtual methods:

get TxDur at i on( Packet * p) : must be provided by the
transmitting PHY to determine the duration of a transmis-
sion.

get TxPower ( Packet * p) : must be provided by the trans-
mitting PHY to determine the transmission power to be used
for a given PLT.

get Noi sePower ( Packet * p) : must be provided by the
receiving PHY to determine the noise power at the receiver
for a given PLT.

get TxAnt enna( Packet » p) and
get RxAnt enna( Packet * p): must be provided by re-
spectively the transmitting and receiving PHY to determine
the antenna being used for a given PLT.

get TxSpect r al Mask( Packet * p): must be provided
by the transmitting PHY to determine the spectrum used by
aPLT.

get RxSpect r al Mask( Packet * p): must be provided
by the receiving PHY to determine the RF filter used for re-
ceiving a PLT.

get Mbdul at i onl d( Packet » p) : must be provided by
the transmitting PHY to determine the modulation and cod-
ing scheme to be used for a PLT.
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Figure 2: Sequence diagrams for packet TX/RX eventsin the
M obileNode.

e start Tx(Packet* p): the entry point for code to be
executed at the beginning of a transmission. The implemen-
tation of this method is responsible for actually sending the
Packet instance on the channel.

e endTx( Packet * p): the entry point for code to be exe-
cuted at the end of a transmission.

e st art Rx( Packet * p): the entry point for code to be ex-
ecuted at the beginning of a reception. This code should han-
dle the PLT acquisition process, e.g., implementing preamble
detection, synchronization, etc.

e endRx( Packet * p): the entry point for code to be ex-
ecuted at the end of a reception. This code is responsible
for determining the presence of errors in the packet, using
an error model suitable for the PHY technology being im-
plemented, and for the eventual forwarding of the Packet
instance to the upper layers.

One of the reasons for which we developed APIs for PHY and
MAC layer development is that the ns2 Mobi | eNode did not pro-
vide natively support to simulate the different phases of transmis-
sion and reception of packets, neither at the MAC nor at the PHY
layer. This is represented in Figure 2: at the transmitter, only the be-
ginning of a transmission is considered, both at the MAC and PHY
layer; at the receiver, the PHY layer is only aware of the beginning
of the reception, while the MAC layer has notion of both the be-
ginning and end of the reception. This in our opinion is not a good
design. First of all, whenever the MAC and the PHY layer need to
perform any operation upon packet termination (i.e., change the sta-
tus of the PHY or the MAC state machine), dedicated events need
to be generated. Secondly, the duration of a transmission is deter-
mined at the PHY layer, since it depends on the packet size, the
modulation and coding scheme, and possibly other PHY-specific
aspects such as the length of synchronization preambles; conse-
quently, having to determine it at the MAC layer to schedule the
necessary events involves the duplication at the MAC layer of PHY
layer attributes and functionalities, which can lead to inconsisten-
cies and poor readability and maintainability of the code. Finally,
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Figure 3: Sequence diagrams for packet TX/RX eventsin the
M PhyMac.

this design has led to the misplacement of the implementation of
several functionalities; for example, this is the case of PHY error
models, which in several implementations had to be placed within
therecv_ti mer () method of the MAC code.

Our design, represented in Figure 3, attempts to resolve these
issues. First of all, the duration of a PLT is always determined
by the PHY layer; furthermore, the scheduling of the start/end of
transmissions and receptions events is a functionality provided by
the MPhy base class, which takes care of calling the entry points
for the technology-specific PHY layer code. Third, a set of cross-
layer messages (functionality natively provided by the NS-Miracle
framework) is defined so that MPhy-derived classes can trigger the
transmission/reception start/end events on the MAC layer. Finally,
the base MMac class defines some methods (Phy2MacEndTx( ),
Phy2MacSt art Rx() and Phy2MacEndRx () ) which are called
upon reception of the above mentioned messages, and can therefore
be used by class inheriting from MMac to implement protocol-
specific code which needs to be executed in response to the cor-
responding events. We note that our design is significantly closer
than the Mbbi | eNode to the way in which real devices operate,
for the same reasons which are discussed in [9] for the particular
case of 802.11. This particular feature makes the Miracle PHY and
MAC framework suitable for emulation.

2.3 Implemented modules

To conclude this section, it is to be mentioned that several types
of wireless technologies have been implemented using the Mira-
cle PHY and MAC framework. A first set of modules implements
very generic technology such as a BPSK-based PHY layer and a
ALOHA-based MAC; these modules were developed mainly as a
proof of concept and for debug purposes, but still the fact that they
have been implemented using the Miracle PHY and MAC frame-
work provides them with features that, while rather trivial, could
not have been easily implemented in other network simulators.? A

2For instance, the fact that the communication rate provided by the
BPSK PHY is proportional to the spectrum that is assigned to it,
and that the ALOHA MAC adapts its transmission rate to the com-
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second set of modules provides implementations of standard wire-
less technologies, including: 1) IEEE 802.11g, which we imple-
mented by adding the necessary functionality to the dei80211mr li-
brary [8]; 2) UMTS release 4, which we implemented from scratch;
3) WIMAX, which was developed by a third party [12]. Finally,
other modules have been implemented to support research activity
not related to standard wireless technologies; the most relevant set
of modules in this category is a collection of channel, PHY and
MAC layer modules designed for Underwater communications.

2.4 Performance evaluation

As an example, in this section we describe one of the cases which
highlights the features introduced by our framework. The IEEE
802.11g PHY standard [13] states that the channels which can be
used for communication have a nominal bandwidth of 22 MHz,
and are 5MHz apart from each other; as a result, inter-channel in-
terference is expected when the channels being used are partially
overlapping in frequency, and it has been reported to be a concern
even for nominally orthogonal channels when the transmitter and
receiver antennas are very close [14]. In literature, several models
are known to evaluate inter-channel interference [15-17]; however,
state-of-the-art simulators do not provide easy means of including
those models in the simulation, since they lack the spectrum aware-
ness that we discussed in the introduction. Thanks to the enhanced
PHY and channel modeling support provided by our framework,
and in particular to the usage of the SpectralMask class hierar-
chy, it is straightforward to implement any of the above mentioned
inter-channel interference models. A comparison of all the exis-
tent inter-channel interference models would be beyond the scope
of this paper; as a consequence, for the purpose of this example, we
implemented only the adjacent channel attenuation model in [15],
and used it to evaluate inter-channel interference using the well-
known gaussian interference model. We considered a scenario in
which two pair of nodes, each one consisting of a transmitter and
a receiver, communicate simultaneously. The first pair uses always
channel 6, while the other pair uses for every simulation a different
channel chosen between 1 and 11. For both pairs, the transmitter
sends packets at the maximum rate allowed by the MAC layer. Fig-
ure 4 shows how performance degrades as the channels used by the
two pairs get closer.

munication rate of the underlying PHY without having to know
how it is calculated, just by receiving a notification upon transmis-
sion end.

3. MROUTING

The coexistence of several radio interfaces in the same node
poses a new research issue: how to actually make use of them.
In recent literature there has been a significant number of publi-
cations on this topic; for instance, a well investigated problem is
access selection in heterogeneous wireless networks. In [18] the
authors study QoS provisioning in Always Best Connected (ABC)
networks from architectural point of view. The work in [19] gives a
comprehensive treatment of the mechanisms that are to be orches-
trated for the realization of handovers at the IP level in heteroge-
neous and wireless networks. Finally, reference [20] evaluates the
performance, in terms of load balancing, of several access schemes
for the provisioning of voice over IP. We note that only in [20] we
have an evaluation of the schemes proposed, and furthermore it is
made by means of an analytical model, thus based on simplifying
assumption in particular with respect to the wireless technologies
being used. Due to high complexity of the architectures proposed, it
would be very interesting to consider a deeper performance analy-
sis of these solutions. Unfortunately, the lack of support for hetero-
geneous network scenarios in state-of-the-art network simulators
has so far inhibited this type of evaluation. The NS-Miracle sim-
ulator [6] already offered the multi-interface and multi-technology
capabilities needed for heterogeneous scenarios; what was miss-
ing was a generic routing scheme to jointly manage several radio
interfaces. This has been the reason for the development of the
MRouting framework.

Before starting the design process, we considered several issues
typical of new research scenarios that had arisen during the evalu-
ation of the Ambient Networks architecture [6,21]. We would like
to note that for the work within that project a specifically-designed
routing solution had been used; the experience gained in this activ-
ity was fundamental in the subsequent design of MRouting. First of
all, we noticed that we often have to deal with interfaces belonging
to different technologies, and thus the relative routing schemes can
differ a lot. In a typical scenario we often find in literature, we have
mobile terminal equipped with both 802.11 and UMTS. In these
cases, routing is usually achieved by combined an ad-hoc routing
scheme for the 802.11 interface, and a static routing for the UMTS
interface, both of them jointly managed by a single module in a
two-tier structure. Such kind of scenario can easily become more
complex, e.g., by integrating other technologies such as WiMAX,
or by incrementing the number of interfaces per technology. In
these scenarios, the decision of which interface to use becomes
more complex, especially considering that the technology-specific
metrics, which are commonly used for routing purposes, are often
not suitable for use in a multi-technology scenario, due to difficul-
ties in comparing metrics of different types.

The MRouting framework is designed to formalize the way to
solve both these problems in order to make it easier to develop hy-
brid routing schemes in complex heterogeneous network scenarios.
In the following subsection, we analyze a typical use case in order
to pinpoint both the issues to be solved and how our solution works.
Then, we will describe how we ported a standard ns2 routing al-
gorithm implementation, the Ad hoc On Demand Distance Vector
(AODV), to the MRouting framework; in doing this, we will take
the opportunity to describe the MRouting API.

3.1 Framework specification

The design principles of our MRouting framework are more eas-
ily explained by an example. We consider a scenario in which Mo-
bile Terminals (MTs) are equipped with three radio interfaces, two
IEEE802.11 and one UMTS, and want to communicate with a fixed
host in the internet through one of these wireless interfaces. The
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two 802.11 interfaces provide access to the internet through two
ad-hoc networks, on each of which the AODV protocol is used,
while the UMTS network provides direct access to the internet and
needs static routing only. MTs may exploit one interface at a time,
with decisions performed on a per-packet basis. We note that, from
the point of view of the technology, this is a scenario that is already
feasible with the commercial equipment available nowadays, but
its full investigation by means of state-of-the-art simulators would
be rather challenging.

Considering MTs, the first problem we faced was how to define
a structure which encapsulates all the routing schemes of the avail-
able interfaces, keeping in mind that they might be using differ-
ent wireless technologies, and therefore also their routing modules
might be different. Moreover, we might want to exploit different
routing algorithms even for interfaces using the same radio technol-
ogy (e.g., in order to increase the diversity of the paths available) or
to use the same routing module for several interfaces using differ-
ent radio technologies. The latter is for instance the case of some
schemes which have been proposed in literature, such as Cisco Ad-
ministrative Distance and Zebra [22]. We would like to stress that
MRouting is a framework which tries to formalize the definition
of a multi-tier routing architecture and not a routing scheme itself,
therefore it is left to the final developer to define the particular ar-
chitecture being used. This choice was made to leave as much free-
dom as possible to the final developers, so that a wide range of
algorithms can be simulated.

The basic block of MRouting is the M cl Rout i ng class, which
is a child of the Miracle Modul e class. This class is in charge of
actually containing all the procedures implemented in the routing
algorithm. Every particular routing module is implemented by ex-
tending the M cl Rout i ng class. All routing modules within the
same node are arranged in a tree structure. In this way, the leaves
of the tree can be made up by a dedicated routing scheme for each
interface, while other nodes in the tree can be exploited to jointly
manage all underlying modules in a hierarchical fashion. These
other nodes, in particular, can also provide forwarding functional-
ity, not only between different interfaces, but also between different
networks implementing different routing protocols. In the left part
of Figure 5 we describe a first possible solution for the example
scenario involving 802.11 and UMTS that we introduced before.
A three-tier tree architecture in the routing layer is used: the first
level (i.e., the leaves of the tree) is dedicated to manage the particu-
lar radio interface, the second level is in charge of jointly managing
the interfaces belonging to the same radio technology and, finally,
the root of the tree acts as a decision engine selecting among dif-
ferent radio technologies. We might also define a simpler scenario
in which all the radios of the same technology are managed by the
same routing module, which has to directly manage all the avail-
able radio interfaces. In this case, represented on the right side of

Figure 5, we have a two-tier tree structure

In the following, we refer to routing layer as the set of all the
routing modules in the architecture (i.e., in all the tiers). We would
like to observe that, using the cross-layer message functionality
provided by the NS-Miracle framework, the routing layer becomes
automatically aware of its own architecture at run-time.

In fact, it is the routing module framework which by itself dis-
covers the structure implemented when it has to determine how to
forward a packet. In this situation, independently from the direc-
tion of the flow (i.e., packets from any interface or from the upper
layer), the first routing module which has to process the packet,
propagates a cross-layer message to all the other modules within
the routing layer in order to get comprehensive information on how
to route the packet and who can forward it. During this flooding
process, a twofold learning is performed. First of all, the actual
structure of the routing layer is discovered, and the number of pos-
sible solutions (i.e., the number of leaves of the tree) is determined.
Secondly, all the informations to be used to make the decision on
which interface will be exploited are collected. With this respect,
a fundamental issue is what information is to be used to perform
the routing decision. Practically all routing schemes rely on a cost
function to select the best route. The problem is that different met-
rics are commonly used for different routing schemes (e.g., hop
count, round trip time, delay, jitter, energy, cost, business relation-
ship, etc.), and in general heterogeneous metrics cannot be com-
pared among themselves. To solve this issue, we introduced the
Met ri c class, which is an interface-class to be extended by all
the metrics to be used in the framework. Thanks to this class, it
is possible to define the particular routing metrics we want to con-
sider in the scenario and to use them dynamically in the structure.
When looking for the possible routes, a list of the available paths
is returned, sorted by the metric values in descending order. To
handle the case in which several routing algorithms using different
metrics need to coexist and to be compared among themselves, we
introduced the definition of composite metrics, i.e., metrics which
can be assigned a value by convertion from other metrics, where
the conversion policy can be specified to fit the particular scenario
being considered. For instance, in our sample scenario, the AODV
routing protocol being used for the 802.11 exports the hop count
as routing metric, whereas UMTS has an associated monetary cost
per usage. In this particular case, we performed metric conversion
by assigning a monetary cost for every hop in the 802.11 network.
The resulting routing policy was to route packets over UMTS if
its cost is lower than any available 802.11 route, otherwise use
the 802.11 route having the lowest cost. We note that, thanks to
the Met ri c class hierarchy, implementing more complex policies
possibly based on different metrics would have been straightfor-
ward. However, we have also to observe that we left to the final
developer the choice of how to combine metrics. In fact, in order
to not limit our framework, we only provide the policy that all the
metrics collected are summed and then sorted in ascending order,
therefore is a matter of the developer to find the proper codification
of them in order to implement the desired access selection policy.
This is due to fact that each radio technology has its specific met-
rics and it’s a matter of the decision making engine policy to give
priority to each of them, this makes very hard the definition of a
general engine to manage this problem and this is the only general
solution we found.

3.2 MRouting AODV

In this section we give an overview of the steps we followed to
port the ns2 AODV routing scheme implementation, and the nov-
elties we introduced thanks to MRouting. In doing this, we will
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also take the opportunity to describe the MRouting AP, in order to
give an overview of how it can be used to implement new routing
modules or to port existing ones.

First of all, we want to note that it is possible to simply wrap the
standard ns2 AODV module as-is in a Miracle Module class (adopt-
ing the procedure described in [6]), but we decided to fork the
AODV code in order to allow the full integration with our frame-
work and provide enhanced functionalities. The classic receive
method (i.e., recv() ) has been modified and formalized for the
whole framework, and it is internally managed according to the
flowcart diagram in the left part of Fig. 6. This implies that the
standard code must to be adapted to a set of API defined in MRout-
ing, i.e.:

e control Packet (Packet = p) : this method is in charge
of recognizing internal routing packets and processing them.
In our specific case, it has only to call the old r ecvAodv()
method, in which the algorithm processes its control packet
(i.e., Route Request, Route Reply, Route Error and Hello
messages).

e canl Reach(Packet * p) : this method has to return the
availability of forwarding to the requested destination and the
relative metric values; it is used internally by the MRouting
framework to discover all the solutions available for a certain
destination. In this particular case, it is implemented as a
query to the internal AODV routes table, in which we provide
the support to manage several metrics.

e forward(Packet* p): this is the method called each
time a new packet arrives in the routing layer. Therefore, it is
in charge of discovering all the available solutions within all
the routing modules in the routing layer and making a deci-
sion on which route to use (i.e., by selecting the route having
the lowest cost according to the desired metric). To do this, it
has to exploit the get Rout e( Packet * p) method, pro-
vided by the framework, which propagates the request to the

whole architecture, and returns an ordered list containing all
the modules that can forward the packet, as depicted in the
right part of Fig. 6; the list is ordered with respect to the met-
ric that is being considered.

e resol ve( Packet * p): this method is in charge of solv-
ing the packet in the particular case that the module is re-
quested to forward the packet, but the path is unavailable.
This method is used in ad-hoc routing to manage routes dy-
namically and handle possible failures. In AODV, this method
discovers new paths and queues the packet to be forwarded.

e get Next Hop( Packet = p) : this method is internally called
when it has to forward a packet via this particular extension
of the routing module, therefore it has to know how to reach
the destination.

Thanks to the MRouting framework, when AODV receives a
packet it has a comprehensive view of the routing architecture, and
can obtain all the available solutions to forward the packet, even
those belonging to other interfaces. Therefore AODV may select
which route is better to use as function of the metric defined (or the
combination of them). This makes it possible to change the inter-
face when it is necessary (e.g., to extend service coverage among
different subnetworks potentially using different technology). This
is done also during the route discovery process: in this case an
AODV module which receives an Route Request packet does not
limit its view to its own route table but it asks to the whole rout-
ing layer to find the answer. Finally, we note that in spite of the
additional functionalities introduced, our MRouting AODV imple-
mentation defaults back to the standard AODV behavior when a
single interface is being used.

4. CONCLUSIONS

In this paper we presented a framework, developed as an ex-
tension of NS-Miracle [6], which has the purpose of addressing



some significant issues found in state-of-the art network simula-
tors concerning the modeling and simulation of the lowest three
layers of the protocol stack. The Miracle PHY and MAC mod-
ule provides support for enhanced channel modeling while at the
same time addressing the issue of PHY and MAC code modularity
and reusability. The Miracle Routing module formalized the defi-
nition of multi-tier routing to provide support for the simulation of
routing schemes designed for multi-interface devices and hetero-
geneous networks. To conclude, the framework described in this
paper, which is available at [23], is an effective tool for facilitating
the simulation and the design of 4G networks, and candidates as
a reference approach for the proper addressing of some of the key
challenges in wireless network simulation.
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