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ABSTRACT

In recentyears network simulationhasbecomeavery difficult task
dueto the proliferationandintegrationof wirelesstechnologiesin
this paper we discussthe new challengeghat have arisenregard-
ing the simulationof the wirelesschannelandthe PHY, MAC and
Routinglayers,agumentingwhy currentlyavailablenetwork sim-
ulationtools suchasns2andmary of its recentlyproposedexten-
sionsdo not addressll theseissuesin a comprehensie and sys-
tematicfashion. We then presenta novel framevork designedo
addresshesechallengesThisframavork hasbeendevelopedasan
extensionof NS-Miracle,in orderto have supportin the definition
and managemenof scenariosnvolving the useof multiple inter-
facesandradio technologiesandis madeup of two components.
The first componentis the Miracle PHY and MAC framework,
which providessupportfor the developmentof Channel PHY and
MAC modules providing supportfor featurescurrentlylackingin
most state-of-the-arsimulators,while at the sametime giving a
strongemphasi®n codemodularity interoperabilityandreusabil-
ity. The secondcomponentis the Miracle Routing framework,
which enablesthe integration of different routing schemesdn a
multi-tier architectureo provide supportor thesimulationof multi-
technologyandheterogeneousetworks. We wantto obsere that,
thanksto this framework, it is now possibleto carefully simulate
complex network architecturegpotentially at all the OSI layers,
from thephysicalreceptiormodelto standaragpplicationsandsys-
temmanagemengchemesThis allows to have botha comprehen-
sive view of all the networks interactionsandits high level view,
which playsanimportantrole in mary researchnvesticationarea,
suchascognitive networking andcross-layedesign.

Categoriesand Subject Descriptors

I.6 [Simulation and Modeling]: General,Model Validationand
Analysis,Model DevelopmentC.2.6[Computer-Communications
Networks]: Internetworking
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1. INTRODUCTION

The recentprogress incommunicationgechnologyhasseena
remarkabléncreaseof the numberandtypesof wirelessinterfaces
being bundledwith mobile devices. In turn, researchin wireless
communication$asfacedseveral challengesn studyingeachof
thesetechnologiesaswell asin investigating suitablestratgiesto
makethem coexist and interoperate. As a consequencef these
facts, there has beenan increasingneedfor investigation tools,
in particularnetwork simulators,to be corveniently exploited for
theseresearctpurposes.

Many are thefeaturesthatresearcherseekin network simula-
tors. In this paper we focuson theissueswhichin our opinionare
not addressedb a goodextent by the currentnetwork simulators.
Theseissuesare:

e Accurate channeland PHY layer modeling: recentlythere
hasbeenan increasingawvarenesof the needfor accurate
modeling of channeland PHY layer aspects. While sim-
plified models,suchasthe disc propagtion model,arestill
usefulin somecontets,agenerapurposeimulatoris nowa-
daysexpectedo provide morerealisticsimulationof thesig-
nal propagtionandreceptionprocesses.

e Modeling of a completesystem:theincreasingcompleity
of communicatiorsystemshasmadeperformancevaluation
areallycomplex task,dueto thefactthatoftensubtleinterac-
tionsamongthe differentcomponent®f the systemplay an
importantrole indeterminingheoverallperformanceThese
interactionsare often not evident when only one or a few
of thecomponent®f a communicatiorsystemaremodeled.
This needis becomecrucialin mary nowvel network research
areassuchas Cross-layerdesign[1, 2] and Cognitive Net-
working [3-5]. For this reasona goodgeneralpurposenet-
work simulatoris novadaysexpectedto provide meansof
modelinga completecommunicatiorsystem,from channel
andPHY layermodelingall theway up throughthe protocol
stackto theapplicationlayer.

e Rapid prototyping of newwir elesgechnologies:new wire-
lesstechnologiehiave beenproposedndreleaseétanamaz-
ing pacein recentyears,andit is commonlythe casethat
researcherare struggling todevelop simulationtools in a
timely fashionto studythesetechnologiessthey emepe. In



thepastthemajority of thecodetakingcareof wirelesstech-
nology simulation (especiallyat the PHY and MAC layer)
hasalwaysbeendesignedor a specifictechnologywithout
addressingcode reusability during the designphaseof the
code. The ns2 simulator in particular was not originally
designedo simulatewirelessnetworks, andsupportfor this
hasbeenaddedonly atalaterstep,andin aratherquick-and-
dirty way. As a consequencehe task of properly design-
ing anddevelopingcodefor the simulationof new wireless
technologiess very time consuming.Thoughwirelesstech-
nologiescan overall differ significantly from eachother it
is to be notedthat thereare mary aspectsand components
of the PHY andMAC layerswhich arevery similar among
differenttechnologies. An ideal simulatorwould leverage
on well-definedAPIs for PHY and MAC modulesto allow
easierandfasterdevelopmentof simulatorcode,with a par
ticular emphasi®n modularityandreusability

Spectrum Awareness: recently researchin fields suchas

Cognitive Radio,Ultra Wide BandandUndernatercommu-
nicationssystemshave createda strong needfor network

simulatorsto provide a bettermodeling of the Radio Fre-

gqueny aspectof communicationsystems,suchas spec-
trum occupationRFfiltering andinter-channeinterference.
State-of-the-arhetwork simulatorssuchasns2lack support
for a correctmodelingof how communicatiorsystemsnake
useof thefrequeng spectrum.

Inter -technology interfer ence: unlicensedbands,in par
ticular the 2.4 GHz ISMband, are characterizedy the si-
multaneoupresencef differentwirelesstechnologiesnter-
fering with eachother; this is the caseof popularwireless
communicatiortechnologiesuchas802.11,Bluetoothand
WIMAX, aswell asnon-communicatingechnologiessuch
asmicrowave ovens.Thereforetheintroductionof spectrum
awarenesdn wirelessnetwork simulatorsshould be made
in sucha way to allow properaccountingof how different
technologiednteractamongthemselesin the propagtion
medium.We notethatthis goesbeyondtheissuediscussed
above. In fact, supportfor spectrumawarenessn a single-
technologyscenaricanbeintroducedy performingcustom
modificationsto the codeimplementingthatparticulartech-
nology, while thesimulationof intertechnology-interference
requiresthatall technologies use theamerepresentationf
interferenceandspectrunmusage.

Multi-technology multi-interface communicationcapabil-
ities: asmoreandmoredevicesnowadaysareequippedvith
multiple interfacesusingdifferentcommunicatiortechnolo-
gies, network simulatorsshouldprovide supportfor proper
modelingof this type of scenariospy meansof a flexible
andmodularprotocolstackarchitectureogethemith proper
supportfor the developmentof the control moduleswhich
needio managesuchacomplex architecture A key role with
thisrespects playedby routingmoduleswhich needto pro-
vide properrouting functionalitiesto enablethe useof the
multiple availableinterfaces.

Support for HeterogeneousNetworks: while traditional
networking researchfocusedmainly on homogeneouset-
works, suchasinfrastructured ad-hoc,and meshnetworks,
in recentyears therdnasbeenan increasinginterestin sce-
nariosin which thesetypesof networks coexist. Simulating
this typeof scenariogodayis very challengingjn particular

Digital Object Identifier: 10.4108/ICST.VALUETOOLS2008.4441
http://dx.doi.org/10.4108/ICST.VALUETOOLS2008.4441

dueto the factthatthe routing layerin state-of-the-arsim-
ulatoris mainly designedor homogeneougetworks. As a
consequencehereis a needfor supportingthis type of het-
erogeneousetwork compositionat therouting layer.

In this paper we proposea framework for the simulationof the
physical, mediumaccessandnetwork layer, which has theobjec-
tive of addressinghe abore mentionedissues. This solutionwas
developedon top of the NS-Miracleframework [6], in orderto ex-
ploit its supportfor thecoexistenceof multipleinterfacesandmulti-
pleradiotechnologiesvithin the samenode whichis notavailable
in the original ns2. We alsonotethatwe evaluatedthe possibility
of implementingthe samesolutionon top of ns3,but we chosenot
to doit, since,at the time we took this decision,the ns3codewas
still relatively immature,and mostimportantlyit lacked wireless
technologyimplementation®therthan802.11.Still, we hopethat
thediscussiorwe provide in this paperwill alsoprovide usefulfor
thefuturens3development.

The framewvork we presentin this paperconsistsof two main
components:

e theMiraclePHY andMA C framework, which providesfunc-
tionality for channelmodelingaswell astwo APIs for easy
developmentof respectiely PHY andMAC layer modules,
with a particularfocus on codereusability acrossdifferent
wirelesstechnologyimplementations;

e theMiracle Routingframework, whichintroducesanew para-
digm in routing simulation, by meansof which interfaces
with differenttechnologiesandrouting protocolimplemen-
tationscanbe usedtogetherin multiple tiers, providing en-
hancedsupportfor the simulationof 4G networks.

In therestof this paperwe will provide adetaileddescriptionof
thesecomponents.A detaileddiscussiorof the characteristicef
NS-Miracleis out of the scopeof this paper;the interestedreader
is referredto [6].

2. MIRA CLE PHY AND MAC
2.1 RelatedWork

AccurateChannelandPHY layer modelinghasdravn a signifi-
cantamountof attentionin recentyears,andmuchwork hasbeen
donewith this respect.The ns2simulator in particular waswell-
known for its poor channeland PHY layer modeling,andfor this
reasonsseveral enhancementsave beenproposed7-10]. How-
ever, the addition of this functionality hasalwaysbeendonein a
technology-specifictnannerandoftenin a quick-and-dirtfashion.
The ns2mobile node,in particular doesnot have agood separa-
tion of functionalitiesbetweenthe MAC and the physical layer;
somekey PHY functionalities,suchasin particularthe determina-
tion of the endof the receptionof the paclet, areperformedat the
MAC layer, makingit difficult to introducefunctionality suchas
interferencecalculation,as well as making the code notoriously
hardto readandto dehug. In fact, the introductionof features
suchasenhancecerror andinterferencemodelshasrequiredsig-
nificantmodifications suchaswhatintroducedn dei80211mi8],
andimproving the architectureof the codefor the sale of easier
dehuggingandreadabilityhasrequireda completeredesigrof the
code, asis the caseof the nev 802.11modelin [9]. Moreover,
introductionof supportfor new wirelesstechnologies hasequired
extensie tweaking,if not eventhe useof the ns2codeasa mere
entry point for completely customizedode,asis the caseof [11].
To summarizegverytimea new technologyis to beimplemented,



significantdevelopereffort is neededwhich is exacerbatedy the

factthatthe basicns2mobile nodedoesnot provide goodchannel
modeling,andthat all extensionswith this respecthave beentoo

much technology-specifi@and cannotbe easily reusedfor differ-

enttechnologiesRegardingothersimulatorsit is to be notedthat
someof them, suchasns3, allow the specificationof customized
callbacksbetweenmodulesat the differentlayersof the protocol
stack. However, the type of interactionsin usecommonlyvaries
dependingon the technologybeing consideredas well ason the

particularimplementationanda well-definedsetof callbackso be

exploitedfor channelPHY andMAC layer modelingis still lack-

ing. Finally, to thebestof ourknowledge nowell-known simulator
providesagoodandgenericmodelfor how differentwirelesstech-
nologiesmakeuseof the frequeng spectrumandinteractamong
themseles.

2.2 The Miracle PHY and MA C framework

The Miracle PHY andMA C framewvork wasexplicitly designed
to overcometheseissues.In our effort to develop a modularand
extensibleframework for Channeland PHY layer modeling, we
chosean object-orienteddesignand we defineda setof classes,
depictedn Figurel.

The channeimodelwe developedis basedon the modelingof a
fundamentaéntity, thePHY LayerTransmissiorfPLT) of apaclet.
We definea PLT by the attributescharacterizingt; choosingthese
attributescorresponds$o choosingour PHY andchanneimodeling
assumptionsPLTsinstance$iave al:1associationith ns2Packet
instancesandthereforePLT attributesare corveniently gathered
in a new ns2paclet heademamedvPHY_ _HDR. The attributeswe
definefor PLTs, andtheconsequenthannemodelingassumptions
we make, are thefollowing:

e durati on: aPLT is aneventwhich extendsover a given
time intenal. The length of this interval is given by the
dur at i on attribute.

e Pt: aPLT is characterizedby its transmissiorpower, asset
by the PHY layer of the transmitter This attribute refersto
the PLT asawhole;in otherwords, power is consideredo
beconstanturingthewholedurationof atransmissionThis
choiceis intendedto achiere areasonabléradeof between
modelingaccurag andcompleity. We notethat, while this
is the approachn useby the vastmajority of simulators,it
is nevertheless simplifying assumptiorof which we should
beaware.

e Pr: the processof receving a PLT is modeledby mathe-
matical operationgperformedon the Pt attribute, resulting
in thePr attribute which representshereceved power. Ex-
amplesof theseinteractionsare propagtion, antennagains,
RFfiltering, andsignalprocessingitthe PHY layer.

e Posi tion: aPLT is characterizedy the position of the
transmitter(sr cPosi t i on) andof therecever
(dst Posi ti on). Theseattributesarereferencesoinstances
of classe®elongingo thePositionclasshierarcly asdefined
in NS-Miracle [6]. Therefore,they can provide additional
informationsuchasnodemobility information. This canbe
usedfor enhancedchannelmodeling features,such as the
determinationof the effects of fastfadingas a function of
speed.

e nodul at i onType: avalueunivocallyidentifying the par
ticular modulationand coding schemein useby the trans-
missionbeingconsideredThemainpurposeof this attribute
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is to provide supportfor modelingthe acquisitionproces$
in multi-technologyscenariosWe notethatthis solutioncan
accommodatgerfectacquisitionmodels(in which the re-
ceiver always acquirescorrectly signalsof the desiredtype
anddiscardsall others)aswell as more complex solutions
suchasstochastianodelsfor preambledetection.

e srcSpectral Mask: atransmissiorconsistof power ra-
diated non-uniformly into the spectrum. We assumethat
the specificationof the power spectraldensity function of
the transmission(normalizedto the power associatedvith
the transmission)can accountsuficiently in detail for this
issue. srcSpectral Mask is a pointerto a classof the
MSpect r al Mask hierarcly whichisintendedoimplement
this type of function. We choseto usean abstractclassfor
this purpose,in ordernot to poseary particularlimitation
on haw this function is implemented. Neverthelesspiece-
wise constanbr linear functionsshouldbe enoughfor most
purposesandfor this reasonthe only implementationsve
provide for MSpect r al Mask usearectangulafunction.

e dst Spectral Mask: eachreceptionprocesss character
ized by a RFfilter, which is representetly meansof its fre-
gueng responseTheimplementatiorissuedor this are the
sameasfor thespectrumusagenformationdiscussedbore;
for this reasonsaswe did for the power spectraldensityof
PLTs, RFfilters arerepresentetby instanceof the MSpec-
tralMaskclass.The RFfiltering processs modeledasagain
appliedto the recevved power of the PLT; this gain is deter
minedasa function of the spectraimaskof thetransmission
andthefrequeng.

e Pn: thenoisepower attherecever.

e Pi : thephenomenonf interferences summarizedby thein-
terferencepower attribute Pi , calculatedoy meanof aggre-
gation of all simultaneou$’LT, andwith respecto a partic-
ular PLT for which receptionis beingattempted We do not
poseary particular constrainbn the exactmodelto be used
for this purposerather interferencenodelsareto beimple-
mentedby inheriting from the M nt er f er ence, andim-
plementing the addTolnterference() and
get I nterferencePower () methodsaccordingto the
chosermodel. We provide oneparticularimplementatiorof
thistypeof classesnamed nt er f er enceM V, whichag-
gregatesall simultaneou®LTs into a singlepiece-wisecon-
stantfunction of time usingthe well-known gaussiamrmodel
(i.e., summingpower values),andreturnsthe total interfer
encepoweronagivenpacket calculatedasthe meanintegral
valueof theaggreation of interferingPLTs.

The otherimportantelementof our ChannelandPHY modeling
framework is the MPhy class: it is an abstractclasswhich pro-
videsboth channelmodelingfunctionality andthe API for the de-
velopmentof PHY layer implementations.Channelmodelingis
implementeddy associatinggachMPhy instancewith instanceof
otherobjectswhichimplementthedifferentcomponentsf achan-
nel model. We definethe following classe®f objectsfor channel
modeling:

e MPropagat i on: similarly to the Propagtionclassin ns2,
implementation®f this classwill accounfor theattenuation

by acquisition process here we meanthe set of taskssuch as
preambledetectionwhich are commonly performedby the PHY
layeratthebeginningof areception



MSpectralMask

MAntenna

+getFreq(): double

+getLambda(): double
+getBandwidth(): double

+getPropagationSpeed(): double

+getOverlap(rm:MSpectralMask*,p:Packet*): double

Position

+getGain(p:Packet*): double

MCorrelation

+getX(): double
+getY(): double
+getZ(): double

hdr_MPhy

MPhy

+modulationType: int

+getGain(p:Packet*): double

MPropagation

+getGain(p:Packet*): double

Minterference

+addToInterference(p:Packet*)

#interference_: MInterference*
#propagation_: MPropagation*
#correlation : MCorrelation*

+srcSpectralMask: MSpectralMask*
+dstSpectralMask: MSpectralMask*
+srcPosition: Position*

+getTxDuration(p:Packet*): double
+getTxPower(p:Packet*): double
+getNoisePower() (p:Packet*): double
+getTxAntenna(p:Packet*): MAntenna*
+getRxAntenna(p:Packet*): MAntenna*
+getTxSpectralMask(p:Packet*): MSpectralMask*
+getRxSpectralMask(p:Packet*): MSpectralMask*
#startTx(p:Packet*)

#endTx(p:Packet*)

#startRx(p:Packet*)

+dstPosition: Position*

+srcAntenna: MAntenna*
+dstAntenna: MAntenna*
+Pt: double

+Pr: double

+Pi: double
+txtime: double
+rxtime: double
tduration: double

+getInterferencePower(p:Packet*)

: *
+getCurrentTotalPower(): double #endRx (p: Packet*)

#Phy2MacEndTx (p:const Packet*)
#Phy2MacStartRx(p:const Packet*)
#Phy2MacCCA(cca:bool)

A

802.11 WiFi UMTS UnderwaterShannon BPSK 802.16 WiMAX

2

i

UMTS Mobile Equipment UMTS Base Station Underwater BPSK

Figure 1: Classdiagram for MPhy and relatedclasses

of thepower of aPLT dueto effectssuchaspathloss,fading,
andshadeving;

e MAnt enna: similarly to the Antennaclassin ns2,this class
hierarcly provides meansof implementingthe gain of di-
rectionalantennassa function of PLT attributes(the most
usefulfor this purposebeingthe positionattributes);

e MCorr el ati on: thisclassof objectsis intendedto imple-
mentthe gainsdueto thesignalprocessingerformedby the
recever. A remarkableusecasefor this classof objectsis
theprocessingainin DSSSandCDMA systems.

e M nt er f er ence: this classof objectsis meantto provide
theimplementatiorfor interferencecalculation.

Thefirst threeof the above mentionedclassesarerequiredonly
to implementa get Gai n( Packet * p) methodwhich is ex-
pectedo provide thegainvalueto beappliedto agivenPLT. Onthe
otherhandtheM nt er f er ence classjs requiredto producethe
interferenceperceved by a particularPLT; this taskis morecom-
plex sincein generainterferencelepend®n all PLTs overlapping

in time and frequeng with the particularPLT being considered.

For this reasonclassesmplementingM nt er f er ence areex-
pectedo keeptrackof all currentlyactive PLT, by providing imple-
mentationof two methods:addTol nt er f er ence( Packet *
p) , whichhasto becalledatthebeginningof every PLT soit canbe
addedo thesetof active PLTs,andget | nt er f er encePower (
Packet * p), which is to return the interferenceof all active
PLTsonthegivenPLT.

The MPhy classis meantto provide supportonly for function-
ality whichis sharedy differentchannemodelsandwirelesstech-
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nologyimplementationsFor this purposetechnology-specific PHY
layerfunctionalityis meantto beintroducedby inheritingfrom the
MPhy classandimplementingthe following virtual methods:

e get TxDur at i on(Packet * p): mustbeprovidedbythe
transmittingPHY to determinethe durationof a transmis-
sion.

e get TxPower (Packet * p): mustbeprovidedby thetrans-
mitting PHY to determinghetransmissiorpower to be used
for agivenPLT.

e get Noi sePower (Packet * p): mustbeprovidedbythe
receving PHY to determinethe noisepower at the recever
for agivenPLT.

e get TxAnt enna( Packet * p) and
get RxAnt enna( Packet * p): mustbe provided by re-
spectvely thetransmittingandreceving PHY to determine
theantennaeingusedfor agivenPLT.

e get TxSpect r al Mask( Packet * p): mustbeprovided
by the transmittingPHY to determinethe spectrumusedby
aPLT.

e get RxSpect ral Mask( Packet * p): mustbeprovided
by thereceving PHY to determinethe RF filter usedfor re-
ceving aPLT.

e get Modul ati onl d( Packet * p) : mustbeprovidedby
the transmittingPHY to determinethe modulationand cod-
ing schemdo beusedfor aPLT.
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| TX:WirelessPhy | | Channel
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transmission
duration

' end tx
|

Figure 2: Sequencediagrams for packet TX/RX eventsin the
MobileNode.

e start Tx(Packet* p): theentry point for codeto be
executedat the beginning of atransmissionTheimplemen-
tation of this methodis responsibldor actuallysendingthe
Packet instanceonthechannel.

e endTx( Packet = p): theentrypointfor codeto be exe-
cutedattheendof atransmission.

e st art Rx( Packet » p): theentrypointfor codeto beex-
ecutedatthebeginningof areception.This codeshouldhan-
dlethePLT acquisitionprocesse.g.,implementingpreamble
detectionsynchronizationetc.

e endRx( Packet * p): theentry point for codeto be ex-
ecutedat the end of a reception. This codeis responsible
for determiningthe presenceof errorsin the paclet, using
an error model suitablefor the PHY technologybeingim-
plementedandfor the eventualforwardingof the Packet
instanceto the upperlayers.

Oneof the reasondor which we developedAPIs for PHY and
MAC layerdevelopments thatthens2Mobi | eNode did notpro-
vide natively supportto simulatethe differentphasesf transmis-
sionandreceptionof paclets,neitheratthe MAC nor atthe PHY
layer Thisis representeih Figure 2:atthetransmitteronly thebe-
ginningof atransmissiornis consideredbothatthe MAC andPHY
layer;attherecever, the PHY layeris only awareof the beginning
of the reception,while the MAC layer hasnotion of both the be-
ginningand endf thereception.Thisin our opinionis notagood
design.First of all, wheneerthe MAC andthe PHY layerneedto
performary operatioruponpaclettermination(i.e.,changehesta-
tus of the PHY or the MAC statemachine) dedicatedceventsneed
to be generated Secondlythe durationof a transmissions deter
mined at the PHY layer, sinceit dependsn the paclet size, the
modulationand coding scheme and possibly other PHY-specific
aspectssuchas the length of synchronizatiorpreambles;conse-
guently having to determineit at the MAC layerto schedulethe
necessargventsinvolvestheduplicationatthe MAC layerof PHY
layer attributesandfunctionalities,which canleadto inconsisten-
ciesandpoor readabilityand maintainabilityof the code. Finally,
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Figure 3: Sequencediagrams for packet TX/RX eventsin the
MPhyMac.

this designhas ledto the misplacemenbf the implementatiorof
several functionalities;for example,this is the caseof PHY error
models,which in severalimplementationdiadto be placedwithin
therecv_ti mer () methodof theMAC code.

Our design,representedn Figure 3, attemptsto resole these
issues. First of all, the durationof a PLT is always determined
by the PHY layer; furthermore the schedulingof the start/endof
transmissiongndreceptionsventsis a functionality provided by
the MPhy baseclass,which takes careof calling the entry points
for the technology-specific PHYayer code. Third, a setof cross-
layermessageéunctionality natively provided by the NS-Miracle
framawork) is definedso thatMPhy-derived classegantriggerthe
transmission/receptiostart/endeventson the MAC layer. Finally,
thebaseMMac classdefinessomemethodgPhy2MacEndTx (),
Phy2Mac St art Rx() andPhy2MacEndRx () ) whicharecalled
uponreceptiorof theabose mentionednessagesandcantherefore
be usedby classinheriting from MMac to implementprotocol-
specificcodewhich needsto be executedin responseo the cor
respondingevents. We notethat our designis significantly closer
thanthe Mbbi | eNode to the way in which real devicesoperate,
for the samereasonavhich arediscussedn [9] for the particular
caseof 802.11.This particularfeaturemakesthe Miracle PHY and
MAC framework suitablefor emulation.

2.3 Implemented modules

To concludethis section,it is to be mentionedhatseveraltypes
of wirelesstechnologieshave beenimplementedusing the Mira-
cle PHY andMAC framework. A first setof modulesimplements
very generictechnologysuchasa BPSK-basedPHY layeranda
ALOHA-basedMAC; thesemoduleswere developedmainly asa
proof of conceptandfor dehug purposesbut still thefactthatthey
have beenimplementediusingthe Miracle PHY andMAC frame-
work providesthemwith featuresthat, while rathertrivial, could
not have beeneasilyimplementedn othernetwork simulators? A

2For instancethefactthatthe communicatiorrateprovidedby the
BPSK PHY is proportionalto the spectrumthatis assignedo it,
andthatthe ALOHA MAC adaptdts transmissiomateto the com-
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Figure 4: Throughput perceived at application layer.

secondsetof modulesprovidesimplementation®f standardvire-
lesstechnologiesjncluding: 1) IEEE 802.11g,which we imple-
mentedby addingthenecessarjunctionalityto thedei80211miti-
brary[8]; 2) UMTS releaset, whichweimplementedrom scratch;
3) WIMAX, which was developedby a third party [12]. Finally,
othermoduleshave beenimplementedo supportresearchactiity
notrelatedto standardvirelesstechnologiesthe mostrelevantset
of modulesin this category is a collection of channel,PHY and
MAC layermodulesdesignedor Underwatercommunications.

2.4 Performanceevaluation

As anexample,in thissectionwe describeoneof thecasesvhich
highlights the featuresintroducedby our framavork. The IEEE
802.11gPHY standard13] statesthatthe channelswhich canbe
usedfor communicationhave a nominal bandwidthof 22 MHz,
andare5MHz apartfrom eachother;asa result,interchannelin-
terferences expectedwhenthe channelsdbeing usedare partially
overlappingin frequeng, andit hasbeenreportedto be a concern
even for nominally orthogonalchannelsvhenthe transmitterand
recever antennasrevery close[14]. In literature,severalmodels
areknown to evaluateinter-channeinterferencg15-17]; however,
state-of-the-arsimulatorsdo not provide easymeansof including
thosemodelsin thesimulation sincethey lackthespectrunaware-
nessthatwe discussedn theintroduction. Thanksto theenhanced
PHY and channelmodelingsupportprovided by our framework,
andin particularto the usageof the SpectralMaskclasshierar
chy, it is straightforwardto implementary of theabose mentioned
inter-channelinterferencemodels. A comparisorof all the exis-
tentinter-channelinterferencemodelswould be bgondthe scope
of this paper;asaconsequencédor the purposeof thisexample we
implementecbnly the adjacentthannelattenuatiormodelin [15],
and usedit to evaluateinter-channelinterferenceusing the well-
known gaussiarinterferencemodel. We considereda scenarioin
which two pair of nodeseachone consistingof a transmitterand
arecever, communicatesimultaneouslyThefirst pair uses avays
channeb, while the otherpair usesfor every simulationa different
channelchosenbetweenl and11. For both pairs,the transmitter
sendgacletsatthe maximumrateallowedby theMAC layer. Fig-
ure4 shavs how performancelegradesasthechannelaisedby the
two pairsgetcloser

municationrate of the underlying PHY without having to know
how it is calculatedjust by receving a notificationupontransmis-
sionend.
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3. MROUTING

The coexistenceof several radio interfacesin the samenode
posesa new researchissue: how to actually make use of them.
In recentliteraturethere hasbeena significantnumberof publi-
cationson this topic; for instance,a well investicated problemis
accessselectionin heterogeneouwirelessnetworks. In [18] the
authorsstudyQoSprovisioningin AlwaysBestConnectedABC)
networksfrom architecturapointof view. Thework in [19] givesa
comprehensi treatmenbf the mechanismshatareto be orches-
tratedfor the realizationof handwersat the IP level in heteroge-
neousandwirelessnetworks. Finally, referencg20] evaluateghe
performancein termsof loadbalancing pf severalaccesschemes
for the provisioning of voice over IP. We notethatonly in [20] we
have an evaluationof the schemegproposedandfurthermoreit is
madeby meansof an analyticalmodel,thusbasedon simplifying
assumptiorin particular withrespecto the wirelesstechnologies
beingused.Dueto highcompleity of thearchitectureproposedit
would be very interestingto considera deepeiperformancenaly-
sisof thesesolutions.Unfortunatelythelack of supportfor hetero-
geneoumetwork scenariodn state-of-the-arhetwork simulators
hasso far inhibited this type of evaluation. The NS-Miracle sim-
ulator[6] alreadyofferedthe multi-interfaceandmulti-technology
capabilitiesneededfor heterogeneouscenarioswhat was miss-
ing wasa genericrouting schemeto jointly manageseveral radio
interfaces. This hasbeenthe reasonfor the developmentof the
MRoutingframework.

Beforestartingthe designprocessyve consideredereralissues
typical of new researchscenarioghathadarisenduringthe evalu-
ationof the AmbientNetworksarchitecturg6, 21]. We would like
to notethatfor thework within thatprojecta specifically-designed
routingsolutionhadbeenused;the experiencegainedin this activ-
ity wasfundamentain thesubsequerdesignof MRouting. Firstof
all, we noticedthatwe oftenhave to dealwith interfacesbelonging
to differenttechnologiesandthustherelative routingschemegan
differ alot. In atypical scenariove oftenfind in literature we have
mobile terminal equippedwith both 802.11 andJMTS. In these
casesyrouting is usually achiezed by combinedan ad-hocrouting
schemdor the 802.11interface,anda staticroutingfor theUMTS
interface, both of themjointly managedy a single modulein a
two-tier structure.Suchkind of scenariocaneasilybecomemore
comple, e.g.,by integratingothertechnologiesuchasWiMAX,
or by incrementing thenumberof interfacesper technology In
thesescenariosthe decisionof which interfaceto use becomes
morecomple, especiallyconsideringhatthe technology-specific
metrics,which arecommonlyusedfor routing purposesare often
not suitablefor usein a multi-technologyscenariodueto difficul-
tiesin comparingmetricsof differenttypes.

The MRouting frameawvork is designedo formalize the way to
solve boththeseproblemsin orderto makeit easierto develop hy-
brid routingschemedn complex heterogeneousetwork scenarios.
In the following subsectionywe analyzea typical usecasein order
to pinpointboththeissuego besolvedandhow our solutionworks.
Then,we will describehowv we porteda standardhs2routing al-
gorithmimplementationthe Ad hoc OnDemandDistanceVector
(AODV), to the MRouting framework; in doing this, we will take
the opportunityto describethe MRouting API.

3.1 Framework specification

Thedesignprinciplesof our MRoutingframevork aremoreeas-
ily explainedby anexample.We considera scenaridn which Mo-
bile Terminals(MTs) areequippedwith threeradiointerfaces two
IEEE802.11and ondJMTS, andwantto communicatavith afixed
hostin the internetthroughone of thesewirelessinterfaces. The
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Figure5: Diagram of the examplerouting architectures: thr ee-
tier architecture (left) and two-tier architecture (right)

two 802.11interfacesprovide accesgo the internetthroughtwo

ad-hocnetworks, on eachof which the AODV protocolis used,
while theUMTS network providesdirectaccesdo theinternetand
needsstaticroutingonly. MTs may &ploit oneinterfaceatatime,

with decisiongerformedon a perpaclet basis We notethat,from

thepointof view of thetechnologythisis ascenaridhatis already
feasiblewith the commercialequipmentavailable nowadays,but

its full investication by meansof state-of-the-arsimulatorswould

beratherchallenging.

ConsideringMTs, the first problemwe facedwashow to define
astructurewhich encapsulatesll theroutingscheme®f the avail-
able interfaces,keepingin mind that they might be using differ-
entwirelesstechnologiesandthereforealsotheir routingmodules
might be different. Moreover, we might wantto exploit different
routingalgorithmsevenfor interfacesusingthesameradiotechnol-
ogy (e.g..in orderto increasahediversityof the pathsavailable)or
to use thesamerouting modulefor severalinterfacesusingdiffer-
entradiotechnologies.The latteris for instancethe caseof some
schemesvhich have beenproposedn literature, suchasCiscoAd-
ministrative DistanceandZebra[22]. We would like to stresghat
MRouting is a framevork which tries to formalize the definition
of amulti-tier routing architectureandnot a routing schemetself,
thereforeit is left to the final developerto definethe particularar
chitecturebeingused.This choicewasmadeto leave asmuchfree-
dom as possibleto the final developers,so thata wide rangeof
algorithmscanbe simulated.

Thebasicblockof MRoutingistheM ¢l Rout i ng classwhich
is a child of the Miracle Modul e class. This classis in chage of
actually containingall the proceduresmplementedn the routing
algorithm. Every particularrouting moduleis implementedoy ex-
tendingthe M cl Rout i ng class.All routingmoduleswithin the
samenodearearrangedn atreestructure.In this way, the leaves
of thetreecanbe madeup bya dedicatedoutingscheméor each
interface,while othernodesin the tree canbe exploited to jointly
manageall underlyingmodulesin a hierarchicalfashion. These
othernodes,in particulay canalsoprovide forwardingfunctional-
ity, notonly betweerdifferentinterfacesput alsobetweerdifferent
networksimplementingdifferentrouting protocols.In theleft part
of Figure 5 we describea first possiblesolution for the example
scenarioinvolving 802.11 andJMTS that we introducedbefore.
A three-tiertreearchitecturan the routing layeris used: the first
level (i.e.,theleavesof thetree)is dedicatedo managehe particu-
lar radiointerface thesecondevel is in chageof jointly managing
the interfacesbelongingto the sameradio technologyand,finally,
theroot of the treeactsasa decisionengineselectingamongdif-
ferentradiotechnologiesWe might alsodefinea simplerscenario
in which all theradiosof the sametechnologyaremanagedy the
samerouting module,which hasto directly manageall the avail-
ableradiointerfaces.In this case representedn theright side of
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Figure5, we have atwo-tier treestructure

In the following, we referto routing layer asthe setof all the
routingmodulesn thearchitecturdi.e.,in all thetiers). We would
like to obsene that, using the cross-layemessagdunctionality
provided by the NS-Miracleframework, theroutinglayerbecomes
automaticallyawareof its own architectureat run-time.

In fact, it is the routing moduleframework which by itself dis-
coversthe structureimplementedvhenit hasto determinehow to
forward a paclet. In this situation,independentlyffrom the direc-
tion of the flow (i.e., pacletsfrom ary interfaceor from the upper
layer), the first routing modulewhich hasto processthe paclet,
propagtesa cross-layemessageo all the other moduleswithin
theroutinglayerin orderto getcomprehensie informationon hav
to routethe paclet and whocanforwardit. During this flooding
processa twofold learningis performed. First of all, the actual
structureof theroutinglayeris discovered,andthe numberof pos-
siblesolutions(i.e.,thenumberof leavesof thetree)is determined.
Secondlyall theinformationsto be usedto makethe decisionon
which interfacewill be exploited are collected. With this respect,
a fundamentalssueis whatinformationis to be usedto perform
therouting decision.Practicallyall routingschemesely on a cost
functionto selectthe bestroute. The problemis thatdifferentmet-
rics are commonly usedfor differentrouting schemege.g., hop
count,roundtrip time, delay jitter, enegy, cost,businesgelation-
ship, etc.), andin generalheterogeneoumetricscannotbe com-
paredamongthemseles. To solve this issue,we introducedthe
Met ri ¢ class,which is an interface-clasgo be extendedby all
the metricsto be usedin the framevork. Thanksto this class,it
is possibleto definethe particularrouting metricswe wantto con-
siderin the scenaricandto usethemdynamicallyin the structure.
Whenlooking for the possibleroutes,a list of the available paths
is returned,sortedby the metric valuesin descendingrder To
handlethe casein which severalroutingalgorithmsusingdifferent
metricsneedto coeist andto be comparecamongthemseles,we
introducedthe definition of compositemetrics,i.e., metricswhich
canbe assigneda value by corvertion from other metrics,where
the corversionpolicy canbe specifiedto fit the particularscenario
beingconsideredFor instancejn our samplescenario, thAODV
routing protocol being usedfor the 802.11exportsthe hop count
asroutingmetric,whereadJMTS hasanassociatednonetarycost
perusage.In this particularcase we performedmetric corversion
by assigninga monetarycostfor every hopin the 802.11network.
The resultingrouting policy wasto route paclets over UMTS if
its costis lower than ary available 802.11route, otherwiseuse
the 802.11route having the lowestcost. We note that, thanksto
theMet ri c classhierarcly, implementingmorecomple policies
possiblybasedon different metricswould have beenstraightfor
ward. However, we have alsoto obsere thatwe left to the final
developerthe choiceof how to combinemetrics. In fact,in order
to notlimit our framework, we only provide the policy thatall the
metricscollectedare summedandthensortedin ascendingrder
therefordas amatterof thedeveloperto find the propercodification
of themin orderto implementthe desiredaccessselectionpolicy.
This is dueto factthateachradio technologyhasits specificmet-
rics andit’s a matterof the decisionmakingenginepolicy to give
priority to eachof them, this makesvery hardthe definition of a
generalengineto managethis problemandthisis the only general
solutionwe found.

3.2 MRouting AODV

In this sectionwe give an overview of the stepswe followedto
port the ns2 AODV routing schemeamplementationandthe nov-
eltieswe introducedthanksto MRouting. In doing this, we will
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Figure 6: Flowchart diagram of the MRouting recv (left) and getRoute(right) methods.

alsotake the opportunityto describehe MRouting API,in orderto
give anoverview of how it canbe usedto implementnew routing
modulesor to port existing ones.

Firstof all, we wantto notethatit is possibleto simply wrapthe
standarahis2AODV moduleas-isin aMiracle Moduleclass(adopt-
ing the proceduredescribedin [6]), but we decidedto fork the
AODV codein orderto allow the full integrationwith our frame-
work and provide enhancedunctionalities. The classicreceve
method(i.e., r ecv() ) hasbeenmodified andformalizedfor the
whole framework, andit is internally managedaccordingto the
flowcart diagramin the left part of Fig. 6. This implies that the
standarccodemustto beadaptedo a setof API definedin MRout-
ing,i.e.:

e control Packet (Packet = p): thismethodsin chage
of recognizingnternalrouting pacletsandprocessinghem.
In our specificcasejt hasonly to call theold r ecvAodv()
method,in which the algorithmprocessegs control paclet
(i.e., Route Request,Route Reply Route Error and Hello
messages).

e canl Reach(Packet * p): this methodhasto returnthe
availability of forwardingto therequestedlestinatiorandthe
relative metric values;it is usedinternally by the MRouting
framework to discover all thesolutionsavailablefor acertain
destination. In this particularcase,it is implementedas a
queryto theinternalAODV routestable,in whichwe provide
the supportto manageseveralmetrics.

e forward(Packet* p): thisis the methodcalled each
timeanew pacletarrivesin theroutinglayer Thereforejt is
in chage of discoreringall the availablesolutionswithin all
therouting modulesin the routing layerandmakinga deci-
siononwhichrouteto use(i.e., by selectingheroutehaving
thelowestcostaccordingo thedesiredmetric). To dothis, it
hasto exploit theget Rout e( Packet * p) method,pro-
vided by the framework, which propagtestherequesto the
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wholearchitectureandreturnsanorderedist containingall
the modulesthat can forward the paclet, asdepictedin the
right partof Fig. 6; thelist is orderedwith respecto themet-
ric thatis beingconsidered.

e resol ve( Packet * p): thismethodis in chageof solv-
ing the paclet in the particularcasethat the moduleis re-
guestedto forward the paclet, but the pathis unavailable.
This methodis usedin ad-hocroutingto manageoutesdy-
namicallyandhandlepossibleailures.In AODV, thismethod
discoversnew pathsandqueueshe pacletto beforwarded.

e get Next Hop( Packet = p) : thismethodsinternallycalled
whenit hasto forward a paclet via this particularextension
of theroutingmodule thereforeit hasto know how to reach
thedestination.

Thanksto the MRouting framevork, when AODV receves a
pacletit hasacomprehensk view of theroutingarchitectureand
canobtainall the available solutionsto forward the paclet, even
thosebelongingto otherinterfaces. ThereforeAODV may select
which routeis betterto useasfunctionof the metricdefined(or the
combinationof them). This malkesit possibleto changethe inter-
facewhenit is necessarye.g.,to extendservicecoverageamong
differentsubnetwarks potentiallyusingdifferenttechnology).This
is donealso during the route discovery process:in this casean
AODV modulewhich recevesan RouteRequespaclet doesnot
limit its view to its own routetable but it asksto the whole rout-
ing layer to find the answer Finally, we notethatin spite of the
additionalfunctionalitiesintroduced our MRouting AODV imple-
mentationdefaults back to the standardAODV behaior whena
singleinterfaceis beingused.

4. CONCLUSIONS

In this paperwe presenteda framework, developedas an ex-
tensionof NS-Miracle [6], which has thepurposeof addressing



somesignificantissuesfound in state-of-theart network simula-
tors concerningthe modelingand simulationof the lowestthree
layersof the protocol stack. The Miracle PHY and MAC mod-
ule provides supportfor enhancechannelmodelingwhile at the
sametime addressingheissueof PHY andMAC codemodularity
andreusability The Miracle Routingmoduleformalizedthe defi-
nition of multi-tier routingto provide supportfor the simulationof
routing schemegiesignedfor multi-interfacedevices and hetero-
geneousmetworks. To conclude the framevork describedn this
paperwhichis availableat [23], is aneffective tool for facilitating
the simulationand the designof 4G networks, and candidatesas
areferenceapproactfor the properaddressingf someof the key
challengesn wirelessnetwork simulation.
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