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ABSTRACT

In this paper we present a novel framework for ns2 to fatdita
the simulation and, in general, the design of beyond 3G mésvo
The set of libraries we wrote for this purpose is calMdlti InteR-
fAce Cross Layer Extensidior ns2 (MIRACLE). They enhance
the functionalities offered by the Network Simulator ns2 gop-
viding an efficient and embedded engine for handling crage#l
messages and, at the same time, enabling the coexistenaétiaf m
ple modules within each layer of the protocol stack. Foranse,
multiple network, link, MAC or physical layers can be speaifi
and used within the same node. The implications of this an@-ma
fold. First of all, the framework facilitates the implematibn and
the simulation of modern communication systems in ns2. Sdgo
due to its modularity, the code will be portable, re-usalid ax-
tensible.

As an example of the advantages offered by our architeciee,
show how the MIRACLE framework can be used to quickly set
up protocol architectures for Ambient Networks [1] and endé
their performance in wireless and multi-technology erminents.
We stress that, even though the emphasis in the present jsaper
put on wireless systems, MIRACLE is a general framework Wwhic
can be used for simulating wired networks as well as a mixdire
wired and wireless scenarios. Throughout the paper we @sasb
some of the downsides of existing ns2 extensions, which féee o
programmed in a rather ad hoc manner, according to speciidsne
or technologies and, as such, are often difficult to extend#e. In
contrast, our effort aims at providing well defined intedacand
is based on a truly modular architectural design. Our work foa
seen as a step toward the definition of a standard framewotkédo
simulation of cross-layer, multi-technology and mobilsteyns in
ns2.

Categories and Subject Descriptors

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

In the last few years, advances in the hardware for wireless n
working and, especially, embedded microprocessor teciges
have made it possible to manufacture very small radio egeijsn
at low cost. This enables the integration of different testhgies
in the same mobile equipment. These multi-technology &wiat
are now available on the market and open up the possibiligxef
ploiting new communication paradigms. As multi-interfdzad-
ware becomes available at low cost, there is a parallel nereghf
derstanding its performance limits and devising new netimor
protocols that will make full use of the offered potential fté,
these systems are way too complex to be fully characterinad a
lytically, and we have to resort to accurate simulationgdot their
complete understanding. One of the most used simulatida oo
the networking research community is without doubt the Nekw
Simulator,ns2[2]. We observe, however, that ns2 does not cur-
rently support multiple radio interfaces and lacks flexitaels for
the cross-layer control of communication systems. Morgeove
the standard distribution of the simulator, the wirelesaruotel is
represented via unrealistic models, which may lead to diase
sults. Also, alternative implementations of the wirelelsarmel are
available for specific radio technologies, such as Bluétodtev-
ertheless, these are neither standardized nor re-usatdiéferent
radio interfaces. This makes it very difficult to carry outdies on
wireless coexistence and spectrum sharing.

In this paper we present an architecture that we developatéo
ns2 simulator in order to fill these gaps. Our framework idezhl
Multi InteRfAce Cross Layer Extensi@dIRACLE) for ns2 [3]. It
is conceived as a set of dynamic libraries which are loadextitb
support for multi-technology and cross-layering. We alsote/ a
patch which facilitates the use of dynamic libraries in nd®o-
tably, working with dynamic libraries allows the developmand
subsequent use of new features without the need for re-diognpi
the whole simulator. In fact, libraries can be loaded on dahat
simulation time. Moreover, as we show later, our architexis
highly modular as it allows the interconnection of multiglewn
and upstream modules at every layer in the protocol stacld- De
icated and broadcast channels are allocated, at each deef
inter-layer communication of control as well as data messauve
finally observe that, even though our emphasis as well asxhe e
amples that we show later in this paper are on wireless system
the framework can be used to simulate wired networks as well a
mixture of wired and wireless architectures.

In the first part of this paper we introduce MIRACLE, by high-



lighting its functional structure, the currently availatfeatures and
how it can be extended for the support of new radio technekogi
Subsequently, we give a concrete architectural examplecon h
MIRACLE can be used to model a multi-technology wireless sce
nario. Simulation results are also reported for selectesvork
settings. The remainder of this paper is structured asvislloin
Section 2 we discuss the patch we developed to load dynamic li
braries in ns2. In Section 3 we present in detail the MIRACLE
framework. In Section 4 and Section 5, we discuss modulesgor
from ns2 and developed from scratch, respectively.

In order to give an example application of the MIRACLE frame-
work and, at the same time, to demonstrate that it faciktdbe
implementation and the simulation of beyond 3G wirelessesys,
in Section 6 we briefly introduce the Ambient Networks (AN) EU
funded project. The aim of the AN project is to enable seasnles
interworking between networks and wireless terminals incdihe
and multi-technology environment. In Section 7, we deschibw
we implemented the AN architecture in ns2 by means of the MIR-
ACLE framework. In Section 8 we demonstrate, via simulatien
sults, the effectiveness of the MIRACLE approach and distie
advantages of using it for simulating beyond 3G networkealy,
in Section 9 we draw our conclusions.

2. PATCH FOR LOADING DYNAMIC

LIBRARIES IN NS2

Many researchers around the world are developing modified ve
sions of ns2 in order to introduce new features such as agmots
tocols, algorithms, etc. The standard practice adoptedimgcthis
is to get an official version of the ns2 source distributioake the
needed modifications on the source code, add new files somewhe
in the existing code tree, and finally build everything inte ihs2
executable. In other words, adding functionalities to nsans
making changes to the whole ns2 distribution. In some cémsset
changes make their way into the official ns2 project; oftesw-h
ever, this will not happen because of several issues like ipack-
ward compatibility, unproven reliability, and so on. Stitlis often
the case that people are interested in using or modifyingesoim
these ns2 extensions (note that there are some very poméar o
such as IEEE802.11e). Installing them involves, in the basg,
downloading the official ns2 distribution and patching it [ the
worst case, it is necessary to manually replace specific fileden
the ns2 code tree [5, 6], or even to download an entire modifsd
distribution [7]. In general, keeping different extenscavailable
requires having separate ns2 installations.

We believe that the introduction of dynamically loadablediries
substantially improves the current way of developing esitams to
ns2 and its usability. A list of offered advantages is repotielow:

e People can develop add-ons for ns2 (e.g., introducing new
agents, packet types, protocols) without having to modiéy t
core simulator.

could be defined to assist debugging, collection of stafisti
and inter-module communication. These can also be loade
on demand according to user’s needs.

Dynamic libraries can be loaded at simulation time, with no
need to recompile the whole ns2 distribution or to keep dif-
ferent ns2 binaries.

The installation of third-party ns2 extensions is madeerasi
thereby facilitating their dissemination.

New packet headers and types, as well as packet tracers,

e Dynamic libraries will make life easier for lab technicians
and students. In fact, an official ns2 version can be installe
by the administrator and students can just build and use thei
preferred extensions independently.

e Besides, these modifications will make ns2 more modular
and scalable. Adding new features to the simulator will be
easier and backward compatibility will be preserved.

We observe that dynamic libraries are natively supporteasit
(see Tcll oad functionality). However, the set of functionalities
which can be accounted for by means of this approach is dgvere
limited by the intrinsic structure of the simulator. As araexple,
new packet types and headers cannot be added to the code. In or
der to remove these limitations, we developed a patch emabi-
namic definition of packet types, headers and their cormredipg
tracers. As mentioned above, this facilitates inter-medammu-
nication and collection of statistics. Hence, our patch esakpos-
sible to effectively exploit the benefits of using dynamiaréiries
thus achieving what we discussed in the bullets above.

Finally, we would like to observe that special care has bakert
to ensure backward compatibility: the patch has been dedign
order not to interfere with the existing functionalitiesne2. This
patch is available at [8].

3. THE NS2-MIRACLE LIBRARY
3.1 Related Work

The main motivation that led us to the development of thislip
was the need for a flexible and easy to use tool for the sinwunaif
multi-layer and multi-stack architectures in mixed wingiéless
settings. In this respect, there have recently been a fexmnats
to improve ns2 flexibility, in particular to overcome the mmt ns2
limit of no more than one wireless interface per mobile noéet
example, TENS [9], Hyacinth [10] and the solution proposgd b
Aguero et al. [11] are extensions to ns2 which introduce thesp
bility of using multiple wireless interfaces within the sarmobile
node; however, they are currently limited to the use of alsing-
dio technology (i.e., 802.11) for all interfaces. MW-Nodg], in
addition to the support for multiple wireless interfacdspaallows
coexistence of different radio technologies and routingtqeols
within the same node; still, its scope remains somehow didhit
since modularity is addressed only at the network layer o
and the fixed protocol stack architecture imposed by the fifeeo
Mobi | eNode is maintained.

We note that the recently started ns3 project [13] sharel wit
MIRACLE some relevant goals, such as enhanced modularity of
components; however, there are some major differenceselestw
ns3 and MIRACLE. First of all, it is to be acknowledged tha8 ns
tries to address some ns2 issues, such as support for distisim-
ulations and emulation, which are not considered in MIRACLE
Nevertheless, this choice for ns3 has required a completgtee
of the simulator, which prohibits reusability of the manyuable
components already implemented for ns2; MIRACLE, on theoth

¢ hand, can take advantage of reusing ns2 code and can contigque

offer many of the features already included in ns2 withdittk no
development effort (see Section 4). Furthermore, theresigraf-
icant differences in the node architecture between ns3 alRli M
ACLE. To the best of our understanding, ns3 adheres to the ns2
concept of having different types of nodes (e.qg., interoelay mo-

bile node) with well-defined protocol stack architecturasihis
approach, only the developer has the possibility of definieg ar-
chitectures by writing a new node class. MIRACLE, on the pthe
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Figure 1: Example of a general multi-layer architecture within the MIRACLE framework.

hand, introduces the concept of a unique, general purpode no
which primarily acts as a container for arbitrary protoctck ar-
chitectures; this provides the user with great flexibilipon instan-
tiation of the nodes, at the cost of a slight increase in tmeptex-

ity of simulation scripts. Finally, at the time of this wrig it is not
very clear to what extent ns3 will provide support for créesger
interactions, for which MIRACLE provides a dedicated fayil

3.2 MIRACLE Architecture

One of the primary goals of MIRACLE is to facilitate the inter
connection of different modules of the protocol stack whiethe
same time, uniforming the procedure by which multiple pcoto
layers are plugged into the same node. We may have, for irestan
a node with multiple PHY, MAC or routing layers and we may use
all of them in the same simulation by making decisions on Whic
modules to use at runtime.

We started our work from a few existing ns2 classes that were e
tended to obtain the basic building blocks of our framewdrke
reason for this choice was to maintain some backward cotripati
ity with previously developed ns2 code (see Section 4). Grikeed
most important blocks is probably thédul e class. As shown
in the left side of Fig. 1, multiplébdul es can coexist within the

time and without the need for interleaving them with the dia.

In addition, we standardized how information is exchangedrsgy
layers thus achieving modularity and extensibility. Instlcase,
modules can discover each other and communicate with agy oth
entity in the protocol stack at runtime. For instance, thating
layer can discover, during the simulation, which radio iifaees
are owned by the terminal. To accomplish this, it is suffitien
send a broadcast control message requiring a response &om e
availableMbdul e.

As to the maintenance of common information and functienali
ties, theNodeCor e currently maintains the geographical position
for each node. To this end, we defined a generic interfacetwhic
can be used for the implementation of mobility models dliyeict
C++. Currently, the framework features deterministic aral&s-
Markov [15] mobility models.

Another important piece of the architecture is Bleugl n class.

Pl ugl ns are attached to thdodeCor e and are the perfect place
for cross-layer algorithms: thanks to thedeCor e, control mes-
sages can be easily exchanged betwBengl ns and protocol
Modul es.

Finally, MIRACLE implements a brand new tracing technique:
all packets and cross layer messages are traced byGeaatect or

same protocol layer and can be connected to up and downstrean®s they pass throughiit. Hence, the development of tracimgifon-

Modul es. Dedicated objects, referred to hereGmnect or s,
are used for this purpose. Eabbdul e contains a specific proto-
col or entity which may be a PHY, MAC, routing layer, transipor
protocol, application, etc.

All Modul es within the same stack are connected to a unique
structure calledNodeCor e. The role of theNodeCor e is twofold.
First, it was designed to enable communication amihdul es
and thus to facilitate cross-layer design. The seddadeCor e
functionality consists of managing information and prangfunc-
tionalities of common interest for afbdul es.

Regarding cross-layer interactions, we note that the commo
practice in standard ns2 consists of either including amires-
sages within packet headers or manipulating the ns2 nodletste
in a rather ad hoc manner. In the former case, however, dontro

alities is not bound to the implementationibdul es. The level
of verbosity of message traces is fully tunable and prograbie
With tunable we mean that the tracing functionality can loepen-
dently turned on/off for eaconnect or . Programmable means
that the output of the tracers can be fully defined by the u&er.
cordingly, each implementation ofbdul e/ Pl ugl n can define
its own tracing rules, which can be exploited for debuggingai-
lection of statistics.

A diagram of the MIRACLE architecture is given in Fig. 1.

4. PORTING NS2 MODULES IN THE
MIRACLE FRAMEWORK

Special care was taken in the design of our architecturesso a

messages would be tightly bound to the packet flow whereas, in to facilitate the porting of existing ns2 code. In particulae de-

the latter, it would likely be difficult to re-use/adapt thede to
additional needs. Note that these are static solutions rasncmi-
cation interfaces among modules and cross-layer algositimust
be defined in advance, i.e., during the setup of the simulatin
contrast, our solution adheres to the widely accepted qinzle
having a bus for inter-layer communication [14]. Accordiogour
framework, messages amoMpdul es can be exchanged at any

fined theMbdul e class as a child of thes Cbj ect class. Hence,
we can encapsulate ns2 modules within the MIRAQUEd Ul e
class. This requires redirecting the input and the outpthebrig-
inal ns2 modules to thkbdul e class, which is now in charge of
connecting the original module with the rest of the protcatalck.
This allows the re-use of existing ns2 code. However, in thse
modifications to the original ns2 modules amount to re-wgtpart
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Figure 2: A diagram of the UMTS architecture.

of the original module and re-compiling the whole ns2 dizttion
in order to make the changes effective. To solve this proplea
can alternatively copy the code of the original ns2 moduléhim
extension of the related MIRACLEbdul e class. In this case, the
code is part of the MIRACLE framework and, as explained in-Sec
tion 2, can be modified and recompiled separately from thieafes
the simulator.

As an example, the first procedure was used to port TCP Agents
and links, whereas the second one was adopted to port (agagxt
the standard IEEE802.11 ns2 module.

4.1 Porting and Refinement of the IEEE802.11
Library

In addition to porting the ns2 IEEE802.11 module to the MIR-
ACLE framework, we added new functionalities such as nmalte
support and a better interference model. In more detail:

e We added support for multiple transmission rates, modula-
tion and coding schemes as defined in the IEEE802.11b/g
standards. This includes the possibility of switching them
ulation in use at runtime.

We implemented a realistic interference model which calcu-
lates the signal to interference plus noise ratio (SINR) for
each connection by considering all packets in flight. The
packet error rate is determined as a function of SINR accord-
ing to packet error rate curves. These for IEEE802.11g are
obtained off-line by means of an orthogonal frequency di-
vision multiplexing (OFDM) physical layer simulator. For
IEEE802.11b, we instead used an analytical model of the di-
rect sequence spread spectrum (DSSS) technique.

The use of an SINR-based packet error model provides a
capture model which is more realistic with respect to the
one adopted in ns2, which relies on a pre-determined cap-
ture power threshold.

In addition to the above improvements, we also solved some of
the bugs reported in [16]: “Direct Access Denial”, “Randomck-
off Time” and “Capture Modef’. This library is available both as
a MIRACLE Module and as ns2 extension [17].

We note that “Capture Model” in [16] actually refers to a syre
nization issue, which therefore differs from the capturaeidassue
discussed before in this section.

5. NEW MODULES IN MIRACLE

In this section we present the new modules that we explicitly
developed for the MIRACLE framework. We start, in Sectiof,5.
with the description of a novel library developed to model pys-
ical layer of different radio technologies in a unified manrg&ub-
sequently, in Section 5.2, we describe our UMTS library fdRM
ACLE.

5.1 MIRACLE Physical Layer Module (MPhy)

One of the most delicate issues in ns2 is the physical laygr. E
pecially for wireless systems, packet errors are oftenuatel us-
ing simplistic interference models, an example being thadard
IEEE802.11 implementatich. This led us to the development of
the MIRACLE Physical Layer Module (MPhy), which can be used
as a basis for the implementation of different radio tecbgias.
MPhy records all packet receptions and gives some basiainst
ments to calculate the corresponding SINR values. In practor
all received packets it estimates the SINR as a function op-pr
agation gains, interference due to simultaneous trangmssnd
correlation factor due to channel overlappihdll MPhy compo-
nents are implemented as parent-classes which can be egtémd
the specific technology in use. In detail, in addition to ttendard
ns2 free space and two ray ground reflection models, we deselo
a full propagation model accounting for path loss, shadgveind
multi-path fading phenomena: the path loss is calculatedrding
to the well known Hata model [18], shadowing is tracked by nsea
of the Gudmonson model [19] and fading is simulated for eadh |
through a Jakes simulator [20] with a programmable number of
oscillators. The improvements in [21] were also considéneor-
der to enhance the goodness of the Jakes simulator in thenoes
of multiple users. Finally, SINR values are translated ipdaket
errors by accounting for the specific modulation and errorest-
ing code adopted by the technology under consideratiors lalt
process, which is technology dependent, is done by extgritim
MPhy class and implementing the needed error model.

5.2 UMTS Library

The UMTS library was developed starting from MPhy (see Sec-
tion 5.1) and thesuraneextension for ns2 [4]. Thanks to MPhy

2Whenever two nodes transmit in parallel, rate-independent
power threshold is used to assess the correctness of thatimete
3With channel overlapping we mean channels using non fully or
thogonal frequency bands.



we implemented a physical layer accounting for multi-useer-
ference, power control and spreading/scrambling operatiSINR
measurements are translated into packet errors usingokuiip-
proximations, which we calculated off-line (similar to tfigings

in [22]). This increases simulation speed while presenthgre-
quired accuracy. Regarding radio link control (RLC) featjrwe
ported the acknowledge mode (AM) RLC from eurane, which im-
plements packet fragmentation, selective repeat ARQ @iititmap

provider, change security parameters/profile and so onowiaeg

to the AN framework, two AN-aware networks can communicate
only after a successful Composition procedure. Of couraekb
ward compatibility with AN-unaware systems is preserveaw-
ever, Composition procedures, if present, allow a full gnétion
between networks and terminals, that are then able to moessic
systems (and technologies) and to exploit the full set o€fion-
alities offered by the visited Ambient Networks. Once inqaa

acknowledge mode) and data concatenation. We added the SDUa Composition relation is described by a Composition Agresm

discard functionality in order to avoid infinite retranssi@n loops
(as is often done in practical systems). An example of the SMT
architecture is given in Fig. 2, where each block is obtaiag@n
extension of thévbdul e class (see Fig. 1). For readability, in this
figure we do not explicitly mention thisodeCor e class, which is
always required to correctly configure a node.

6. AMBIENT NETWORKS FRAMEWORK
AND MIRACLE

MIRACLE was used to implement, in ns2, the framework de-
veloped within the EU funded Ambient Networks (AN) projett [
23, 24]. The AN project targets transparent wireless aceess
services in a multi-technology environment. One of the nabn
jectives of the project is to provide support for multi-tectogy
terminals, i.e., to allow users to seamlessly migrate betndffer-
ent technologies and networks and, in addition, dynanyicakn-
age the business relations with their access providerskaygoal
is to provide users with the services they want irrespecifvieir
location. This is achieved through cooperation betweenwors.
We note that, in a mobile environment like the one envisiomed
the Ambient Networks project, cooperation has to be esthbd
“on the fly”. The current version of ns2 is not adequate for the
simulation of these types of systems. First of all, simwétaurs
usage of multiple wireless technologies is not nativelypsuted
by ns2Mobi | eNodes. In addition, a coherent architecture for
exchanging control messages, switching between accestaces
and, in general, enabling cooperation at every layer of théopol
stack is still lacking. Finally, cross-layer solutions aren im-
plemented, as discussed earlier in this paper, throughrgamging
tricks such as piggybacking control messages within dataegis.
This, however, might lead to wrong results and is neithetgise

(CA) between the networks or parties. In addition, différenels
and types of co-operation are supported, e.g., networktatiant

of user devices, configuration of Personal Area NetworksN§A
and joint resource control of large operator networks. Aldg-
namic roaming should be supported, i.e., situations whereiser

or the home operator do not have any previous agreement or re-
lation with the operator of the visited network and therefan
agreement needs to be established before the user can tohinec
Composition process consists of five phases: Media Sense, Di
covery and Advertisement, Network Attachment, CA Negaiiat
and CA Realization. Further details on the AN architectueedis-
cussed in the following Section 6.2.

6.2 A Modular Architecture for Multi Tech-
nology Support in Wireless Systems

In Fig. 3, we report a diagram showing the protocol architec-
ture for an Ambient Networks enabled terminal. For illustra,
UMTS and IEEE 802.11 radio technologies are plotted in the fig
ure. A standard IP-enabled protocol stack is used as argarti
point. In addition, we account for a number of modules (shown
in the right-side of the figure) which contain the Ambient Net
works intelligence. For instance, these modules are resiplen
for initiating a CA between the mobile entity and the seldde-
cess Point (AP), to monitor the connectivity status of thenteal,
to change the wireless technology in use, etc. Ambient Nedsvo
modules are referred to as Functional Entities (FEs). TheeGe
Link Layer FE (GLL in the AN terminology) is an adaptation &y
which is interposed between the IP layer and the technolegy d
pendent layers, i.e., the Link Layer (LL) and the PHYsicakla
(PHY). Its main role is to enhance existing functionalitesthe
link layers of the owned radio technologies. For instanhanks
to the GLL one could change/monitor LL parameters, add new fe

nor re-usable as we change the technology in use. Our MIRACLE tyres such as Hybrid ARQ algorithms, packet based forwanat er

framework was conceived to fill these gaps and thus to fatslit
the design, the development and the simulation of next gener
tion wireless systems. In what follows, we go through thermai
concepts of the AN projects by giving particular emphasisht®
system architecture for multi-technology support andutgctional
elements, and explaining how it can be exploited to realireAN
vision discussed above. In doing this, we constantly refethe
MIRACLE library and on how the architecture in question can b
realized through its use. In Section 7 we discuss how the AN ar
chitecture was implemented in ns2 using MIRACLE. Finally, i
Section 8 we report simulation results.

6.1 Overview of Network Composition

One of the most important concepts developed within the AN
project consists of the so callédetwork Composition Network
Composition is a dynamic, automatic and uniform framewdudt t
allows cooperation among networks. It can be exploited &hbtn
e.g., users to access a hew network or to stay in the same nketwo
but change the access technology in use (as, for instaneg, th
detected an access opportunity at lower cost). In addittom-
position can be used to modify business relations with tleesc

correction (for enhanced multicast performance), etc.dditéon,

as shown in Fig. 3 the GLL is in charge of obtaining QoS indi-
cators for both the MAC and the PHY layers. These indicators
are either obtained through the reception and the subseglan
oration of the advertisements sent by the APs or from thescell
tion of statistics, such as bit error rate and received ppaer-
ing data transmission/reception. Quality indicators meyspecif-
ically related to the received power or be user defined (ateid,

in Fig. 3, by Pow/SINR and QoS, respectively). These quality
indicators are then passed to the Multi Radio Resource Manag
ment FE (MRRM). MRRM contains the Network Advertisement
FE (NAD) and an execution logic which is MRRM specific. The
MRRM might be seen as the heart of the AN architecture: it make
decisions on the APs to join and the radio technologies tatiary
time, it sets parameters to achieve energy savings andnaraieto
optimize the performance for the currently used networ&rifatces.

In detail, the role of the NAD is to decode incoming advettise
ments (from neighboring APs) as well as to put the advertsgm

to be sent by the terminal in the right AN format. All FEs are€o
nected to the Generic Transport Layer Protocol (GTLP), Wi
the transport protocol used for inter-terminal AN commuaticn.
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Figure 3: Diagram showing the protocol architecture for an
Ambient Networks enabled terminal.
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Note that the MRRM (or better itsxecution logitis also directly
connected to the protocol stack. In particular, the exeauitbgic
of the MRRM is directly attached to the link layer (via GLL)hiB
is to handle network association procedures (such as Ws$6-a
ciation messages) when IP connectivity still has to be &éstedal.
In addition, LL messages are required by Ambient Network At-
tachment Procedures, which are necessary to establist Absi
connectivity with a foreign network. These messages aceratn-
aged by the MRRM execution logic. To sum up, there are two
levels of communication. The first (and simplest) level eis|LL
connectivity, and is used to send advertisements (from Af)
work attachment requests (from mobile terminals), to dassea
mobile nodes with a new network and, finally, to execute Ambie
Networks attachment procedures. The second type of communi
cation, which is AN specific, happens through the GTLP, wiigch
in charge of exchanging AN-messages between differentigdys
entities (e.g., terminal and AP). However, this last typecomm-
munication requires IP connectivity and for this reasonncaribe
managed at the link layer. The last component in the ardhitec
is the Comp-FE, which handles Composition procedures. Comp
FE is connected to the execution logic in the MRRM and commu-
nicates to pair Comp-FEs through the GTLP. Composition is no
treated in detall in this paper, for further information tteader is
referred to [24, 25]. Tables including currently joined Af@s net-
works), corresponding QoS and the type of Composition wigch
currently active for each of them are stored at the MRRM artdeat
Comp-FE. We observe that this structure is rather genemdlcan
be easily extended by adding more FEs. Finally, note thafthe
intelligence reacts to triggers from the application layernich sets
QoS reference profiles and indicates whether the user iglactu
satisfied about the perceived quality.

We stress that in this paper we focus on a specific AN architec-
ture which is, however, far from being complete or represtve
of the whole Ambient Networks framework. In the AN projeat, i
fact, many more FEs are being defined and additional asperts,
as authentication, billing, security, media server suppetc., are
considered as well. These are generally implemented as s a
have well defined roles and interrelations. In this papernnstead
concentrate on the minimal level of detail we need to evalban-
dover procedures in networks featuring multiple technigsg

7. REALIZATION OF THE AN ARCHITEC-

TURE IN MIRACLE

We will now describe how the AN architecture outlined in the
previous section has been simulated using the MIRACLE frame
work. First of all, MIRACLE multi-interface support was ewgjted
to create a mobile terminal equipped with both an 802.11 and a
UMTS interface. To simulate these wireless technologiesused
the modules presented in Sections 4.1 and 5.2, respectikely
thermore, the flexibility of the node architecture in MIRAEIlal-
lowed us to implement the GLL asbdul e, and interpose it
between the IP and the Link Layer. We point out that doing this
in ns2 would have required either modifications to the 802a4d
UMTS link layers so as to add the necessary functionalites
substantial rewriting of thébbi | eNode architecture (to add a
new layer between IP and LL). Similarly, MIRACLEI ugl ns
were exploited for the implementation of the FEs which mage u
the AN intelligence and do not have a precise placement iptthe
tocol stack but, rather, are meant to interoperate with @tqzol
layers. Thanks to the Cross-layer communication faciligvitled
by theNodeCor e, FEs are allowed to communicate among them-
selves, as well as with aNbdul es in the protocol stack; this is
exploited, for instance, to exchange QoS-related infoionatnd to
perform power measurements. We stress that exploiting NORA
functionalities the development of the cross-layer comication
system was rather quick, whereas using standard ns2 wout ha
required a great effort in finding tricks and hacks to excleatige
needed messages among protocol layers and additionalaseftw
modules implementing the FEs. Finally, the flexibility obtMIR-
ACLE framework allowed us to go even beyond the cross-lager a
proach and to implement with ease some cross-layer/cogsal
solutions with different levels of hierarchy. For instanes shown
in Fig. 3, the Execution Logic can communicate with its peex a
different node thanks to the the GTLP, which wraps AN message
into IP packets and controls their transmission over thevow;
this entails some degree of hierarchy between MRRM and GTLP.

8. VALIDATION THROUGH SIMULATION
RESULTS

In the next two sections, we describe the simulation scerexi
well as the essence of the Execution Logic we consideredeat th
MRRM (Section 8.1) and we finally report some simulation hessu
(Section 8.2).

8.1 Simulation Scenario

To numerically evaluate the correctness and, at the same tim
the effectiveness of our approach, we set up a simulationasice
as follows. We considered two radio technologies, i.e. HBB2.11g
and UMTS. Mobile terminals are randomly scattered, at the be
ginning of the simulation, within an area ¢b0 x 400 m*. We
consider a single UMTS AP, placed in the center of the areaso a
to give coverage to all nodes. We additionally considereihgles
IEEE 802.11g AP, also placed in the center of the simulatrea a
and providing coverage for the terminals placed within adagtise
of about100 m. All nodes are equipped with both radio technolo-
gies and are mobile. For the physical mobility, we adopteal th
Gauss-Markov mobility model [15] considering the two agga
speeds of and15 Km/h. A schematic representation of the sim-
ulation scenario is shown in Fig. 4. Terminals receive UDRada
traffic from their Mobile Network Operator (MNO in the figure)
which is placed in the fixed Internet portion of the networkheT
MNO is connected to both UMTS and 802.11 APs via two dedi-
cated wired channels. These are error free, fixed delag (ns)



channels. Data flows in the downlink direction (ARsterminals),
whereas standard (e.g., AP association, ARP, etc.) and givksi
ing messages use both uplink and downlink channels. Dolwnlin
data traffic is bursty: during each burst, data is sent cantisly at
arate of70 Kbps. In our simulations, we considered burst durations
of 5,10, 15, 20, 25 and30 s. The inter-burst interval is constant and
it was set tol0 seconds for the simulation results we report in this
paper.

For the radio access management policy, we considered fthe fo
lowing two cases. As a basis for our performance evaluatian,
implemented an Ambient Networks unaware system, where UMTS
and 802.11 coexist but extremely simple rules are used &rtel
the radio access. In particular, in this case the radio w@ogy is
selected at the beginning of each burst, based on receigedlsi
levels, and is kept unchanged until its end. As a secondisn|ut
we considered an Ambient Networks aware selection policy, a
cording to which available access opportunities are cootisly
evaluated and handover between systems is possible anagylti
this case, the decision making engine is placed in the MRR# an
classical methods are used to mitigate unnecessary hascdave
ping-ponging® In the simple access selection policy no action is
taken when the data channel is idle (i.e., the radio in usgakie
ated and possibly changed only during the reception of at lafirs
data), while, in the AN-enabled policy, MRRM continuouslyma
itors the perceived attachments in order to be ready as sotimea
data will come.

Finally, in our simulations relaying was not permitted,. i &r-
minals could only communicate directly with any of the APslan
could not exploit other terminals as repeaters.

8.2 Simulation Results

Simulation results are shown in Fig. 5. In Fig. 5(a) we report
the average packet error rate that a terminal experiena@sgdine
reception of a burst of data. Both the simple and the AN-eghbl
access selection policies (see previous section) are showre
figure. As expected, AN algorithms provide better perforoeafor
all burst lengths. This is due to the careful and continuasess-
ment of available accesses. In addition, we note that paeoce
increases at lower speeds Km/h in the figure). This is due to
the fact that an increased velocity corresponds to a highetber
of handovers which, in turn, may lead to a higher packet |vgs.
note that, however, the increase in the packet error ratmited.

Fig. 5(b) shows the total number of control bytes transrditig
an Ambient Networks terminal during the reception of a bufst
data. First of all, we observe that an increasing speed leadn
increased traffic. The reason is the same we discussed almya,
higher handover frequency. Secondly, the control traffierbead
grows with the burst duration. In fact, users during longasks are
more likely to move out of coverage of the serving AP. In thase,
they must initiate a new handover procedure, thereby géngra
further control traffic.

9. CONCLUSIONS

In this paper we presented thulti InteRfAce Cross Layer Ex-
tensionfor ns2 (MIRACLE). This framework allows the exten-
sion of the protocol stack so as to add multiple protocoldiwit
each layer and, in addition, facilitate the design of cleg®r al-
gorithms through the definition of a dedicated communicekos.

“In practice, triggers from the PHY are received at the MRRM
whenever the signal strength decreases below system dagend
thresholds and hysteresis loops are accounted for to avogt p
ponging between radio technologies. The same threshatdssad
for the evaluation of the two radio access management pslici

MNO

Wired
Channel

Wired Channel @

PR

Figure 4: Simulation scenario.

In the first part of the paper we discussed pros and cons of-exis
ing ns2 architectures supporting multiple access teclasiguNe
subsequently described our framework, discussing therids we
developed and their advantages with respect to previousicas.
These include the support for 802.11 and UMTS radio teclyieto

as well as a generic physical layebdul e that we use to charac-
terize the transmission over the wireless medium. As an exam
ple of the advantages offered by our architecture, we thewst
how MIRACLE can be used to quickly set up protocol architec-
tures for Ambient Networking and evaluate their performaimt
wireless and multi-technology environments. We strest theen
though the emphasis in the present paper is put on wirelessnsy,
MIRACLE is a general framework which can be used to simulate
wired networks as well as a mixture of wired and wireless acen
ios. Our work can be seen as a step toward the definition ofia sta
dard framework for the simulation of cross-layer, multtheaology
and mobile systems in ns2.

The work on the Miracle library is still ongoing. In more digta
we would like to improve the tracing functionality in orderavoid
excessively large trace files and to allow filtering accogdio spe-
cific keywords. In addition, a number of extensions are fbssi
e.g., to port existing ns2 routing protocols and to impletfieriher
radio technologies such as IEEE802.15.4, WiIMAX, Bluetdogh
e.g., adapting their standard ns2 implementations.
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