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Abstract. We presentananalyticalmodel,basedon a FixedPointApproxima-
tion (FPA) solution,thatcanbeusedto derive theperformanceof differentsets
of TCPconnectionsthatshare,andcompetefor, a commonresource,typically a
link andits associatedbuffer. A setof TCPconnectionsis agroupof connections
thatcanbeconsideredhomogeneous,e.g.,they have similarRTTsandall have a
wirelessaccess.TCPconnectionsaremodeledthroughtheOMQN (OpenMulti-
classQueueingNetwork) paradigm.Theconditionsthatdefinethefeasibility of
thesolutionandallow theconvergenceof themodelarediscussedandanapplica-
tion examplewith a RED buffer wherewired andwirelessconnectionsconverge
is presented.

1 Introduction

After theexplosionof cellulartelephony, wirelessandmobilenetworksarebe-
comingmoreandmorepopularalsofor datatransmission.Specializednetwork
architectures,likeWAP (WirelessApplicationProtocol)[1–4] andi-mode[5,6],
havebeenproposedanddeployedtrying to overcametheinevitableimpairments
of wirelesschannels.Thesenew architecturesmayfinally find a positionin the
telecommunicationmarket,but they donotseemabletosubstitutethetraditional
TCP/IParchitecturefor datatransmission.Thefastdiffusionof wirelessLANs
andthestandardizationof new ultra-fastradiointerfaces[7–9], togetherwith the
introductionof 3G cellularsystems,is a strongindicationthat theuseof stan-
dard,PC-basedterminalsrunningTCP/IPandaccessingtheInternetthrougha
wirelessconnectionwill beacommonscenarioin avery shorttime.�
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Theinterestin theperformanceof TCPoverwirelesschannelsis thusonthe
rise,andthe issueof how well wirelessTCPconnectionswill beableto com-
petewith wired onesto sharenetworks resourcesis matterof debate.Several
simulation-basedstudieson wirelessTCP have appearedin recentyears[10,
11], andsomeeffort wasalsoplacedin trying to model the TCP behavior on
wirelesschannels,capturingthe essentialfeatureof randomlosses[12]. TCP
in fact can’t discriminatebetweenpackets lost due to lossy links, and those
droppeddueto congestionin thenetwork.

The aim of this work is the extensionof the modelingtechniquebasedon
OMQN (OpenMulticlassQueueingNetwork) modelsof TCP, combinedwith a
FixedPointApproximation(FPA) solution,to cover caseswhendifferentTCP
connectionsexperiencedifferentnetwork conditionsbeforecompetingfor re-
sourceson one or more bottlenecks.One of the most interestingcaseis the
wireless/mobileaccess,that cansignificantlymodify the lossprobability per-
ceivedby TCPconnections,leadingto unfair sharingof resources.Thoughthis
phenomenonis notnew, to thebestof our knowledgethereareno otheranalyt-
ical approachesthatallows to predicttheperformanceandunfairnessindex in
thissituation.

2 Queuing Networks Models of TCP

Modelsof TCP in recentliteraturearenumerous,with methodsasdifferentas
heuristicanalysiswith empiricalvalidationasin [13], or sophisticatedmathe-
maticalabstractionsasin [14]. A quick discussionof differentapproachesfor
TCP modelingcan be found in [15] and its repetitionhereis superflous.We
have successfullyusedqueueingmodelsof end-to-endprotocols,TCPbeinga
particularcase,in severalworks[15–19],sothatthebasicmodelingmethodwe
adoptin this work is alreadyextensively described,andwe only recallhereits
mainfeatures.

An OMQN model is a queueingnetwork model in which all queuesare�����	��

. Thecustomersof theOMQN representTCPconnections.Thestate

of a TCPconnection(customer)is uniquelyidentifiedby a pair �
������� , where �
representsa specificstateof theprotocol,describedwith a queue,and � iden-
tifies thenumberof remainingpacketsto be sentbeforethecompletionof the
connection.An OMQN modelis capableof describingany protocolwhosedy-
namicscanbedescribedwith aFiniteStateMachine(FSM).Theuseof classes
to describethebacklogof theconnectionallows modelingshortlivedconnec-
tions, which is indeedoneof the main innovative characteristicsof OMQNs.
GiventheaverageRTT of connectionsandtheaveragepacket lossprobability,
theOMQN modeldefinesthe load offeredto the IP network by theaggregate



of the connectionsrepresentedby all the customerscurrently in the queueing
network. New TCPconnectionsenterthesystemwith rate ������� andexit when
reachclass0, i.e., they have completedthe transmission.The arrival rate,to-
getherwith theinitial classof customers,thatdefinetheamountof information
to betransferred,representthenominalloadof thesystem.

An OMQN modelmustbecomplementedwith asuitabledescriptionof the
network that TCP connectionsexploit to transferpackets.The network model
mustbecapable,giventheload,to computethebasicparametersthatdriveTCP
perfomance:theaveragelossprobabilityandtheaverageRTT. Theoverallsolu-
tion is obtainediteratingthesolutionof thetwo sub-modelswith a FixedPoint
Approximation(FPA) technique(seeFig.1). Whenconvergenceis reached,the
OMQN allows thecomputationof the throughputandthedurationof connec-
tions.

Previousworkson OMQNsconcentratedmainly on theTCPmodel,some-
whatdisregardingtheunderlyingIP network.As discussedin Sect.3, thisworks
concentratesinsteadon theinteractionof theOMQN modelswith thenetwork,
exploring thepossibilityof analysingtheperformanceof TCPconnectionsthat
experiencedifferentnetwork conditions,but still have to competefor resources
on a bottleneck.Sect.4 presentsa simpleapplicationof themethodwheretwo
setsof TCPconnections,onewith a wired accessandtheotherwith a wireless
access,competefor network resourceson a RED-managedbuffer. Resultsare
validatedagainstns-2 [20] basedsimulations.

We referthereaderto[15–19] for any furtherdetailon theuseof queueing
networksin performanceevaluationmodelingof TCPconnections.

3 Merging Different OMQN Models on a Bottleneck

Oneof the strengthsof FPA techniques,is allowing the decompositionof an
extremelycomplex modelingprobleminto simplerandpartiallydecoupledsub-
models,that interactsonly throughtheiterationprocedure.This is a classicap-
plication of the divide at impera (divide andconquer)principle. For instance
the modeldecompositionallows usingdifferentmodelingtechniqueto tackle
differenttasksin themodelingprocess.Indeed,partsof thesystemcouldalso
besimulatedor realizedwith a testbedinsteadof beinganalyticallymodeled.

Aiming at protocolperformanceevaluation,thenaturalproblemdecompo-
sition is describingtheprotocolwith onesub-modelandthe transportnetwork
with adifferentone.In theTCP/IPcase,TCPbecomestheprotocolunderanaly-
sisandtheIP network,with everythingthatgoeswith it, theinformationtransfer
infrastructure.We stressthe fact that thenetwork sub-modelis not a modelof
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Fig. 1. Schematicrepresentationof theFixedPointApproximationmethodfor themodeldecom-
position,when � setsof TCPconnectionsloadthenetwork

the IP protocol,but of theway theIP network reactsto the loadofferedby the
TCPprotocol.

An OMQN model allows the descriptionof an homogeneous set of TCP
connections,i.e., an ensambleof connectionsthat sharea similar propagation
delay, thesamemaximumwindow size,thesameversionof theprotocol(e.g.,
Tahoe,NewRenoor SACK), etc.HereweusetheOMQN TCP-NewRenomodel
presentedin [15].

Let ����� be themodelof thenetwork and � ��� bea genericOMQN model
of asetof TCPconnections.Givenasyntheticworkload ! , anetwork modelre-
turnspacket droppingprobabilities,andpacket transferdelays,in generalsome
network parameters"$# , while a TCP model returnsa syntheticworkload !
given "%# . If TCPconnectionsloadingthenetwork arenot homogeneous,then! and " # are,in thegeneralcase,all vectors.

Theconditionsfor anFPA approachto converge is that thereexist a single
combinationof ! and " # solvingthesystem& "$#(')��� !*�!,+-'.�/+0�
"$# + � (1)

Fig.1 representsa casewheretheworkloadsofferedby TCPconnectionsetsto
thenetwork simply sumoneanotherand " +# areobtainedfrom averagevalues
yieldedby thenetwork model � througha modifying function 12�
"$#/��34+5� that
includessomeadditionalinterference34+ , that doesnot enterthe FPA conver-
genceprocess.In every TCPsub-modelthereareindependentexternalarrivals�6�7���98;:=<>'�?@��ABAB��" .

In thefollowing weshallusethisgeneralframework to modelTCPconnec-
tions mixed on thesamebottleneckbut with etherogeneusaccesslinks. Every
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Fig. 2. Network topologywith aRED( C6D ) routerandwired( E 8 ) andwireless( F 8 ) destinations

TCP model is usedto describethe behavior of connectionsfollowing routes
with differentcharacteristics,representedby thefunctions 1G�
" # ��3 + � .
4 Sample Applications

4.1 Network Topology

Considera singlebottleneckwith agenericAQM (Active QueueManagement)
system,sayRED to focuson a specificcase,with TCPconnectionsconverging
from differentsubnetworks: for instancea wired network throughrouterR and
a wirelessLAN througha basestationBS. Fig. 2 representsthis simple,yet
interestingscenario.Wiredconnectionscanlosspacketsonly in thebottleneck,
while over thewirelesschanneltherearefurtherlosses.

In theseexampleswe assumethesameround-trip-timefor wired andwire-
lesspaths,in orderto simplify theinterpretationof results.

Thenetwork sub-modelis describedby a
�IHKJML7�4�IHKJMLN� ? �PO queueandrep-

resentsanoutputinterfaceof an IP routerwith a buffer of capacityB packets.
Batcharrivalsandbatchservicesareintroducedto modeltraffic burstiness.This
representationwas introducedin [15] for DropTail routersand it is modified
hereto manageRED AQM. It receives as input the traffic generatedby TCP
connections,givenby thesumof theaverageloadsofferedby thedifferentTCP
sub-models.Wesupposethatthearrivalsfrom eachmodelarePoissonprocesses
with rate !,+ with <>'�?@��ABAB��" .

To modeltheclusteringof transmissionsdueto TCPbehavior weusebatch
arrivals.Weassumethatbatchesof packetsarrive at therouterwith distribution� '�Q�R�S�T where R�S is theprobabilitythat thesizeof a groupis equalto U . The



loadgeneratedby every modelis:!V+W'YXS[Z-\ U@R�SN8 <='�?@��ABAB��" (2)

where R SN8 is the dimensionof the groupsfor each < TCP model.The average
load ! offeredby TCP is the sumof the numberof the groupswith the same
dimension,in orderto keepthetraffic burstiness.It results:

!G'^]X+9Z-\ !V+-'_]X+9Z-\ XS[Z-\ U@R�SN8 (3)

Sowe have batcharrivalsat thenetwork queueandtheprobability Ra` S thatthe
sizeof agroupis equalto U is givenby:Ra`,S$'bX + R�S78 (4)

TCPburstinessshouldberepresentedwith anarrival correlationfunctionwithin
an RTT, and not simply by burstsarrivals, sincepackets never arrives at the
sameinstantat the routerbuffer. Batcharrivals area convenientmathematical
approximation,that,however, endsup in a very pessimisticassumption.In or-
der to compensatethis pessimisticassumption,we usebatchservices.In [15]
and[19] therearefurtherexplanationsandvalidationtestsfor thisassumption.

TheIP network sub-modelestimatesthepacket lossprobabilityandtheav-
erageround-trip-time,comprisingqueuingdelayat therouteraswell aspropa-
gationdelays.Theseparametersarefedbackto theTCPsub-modelin anitera-
tive procedurethat is stoppedonly whenconvergenceis reached.We studythe
convergenceof both lossprobabilitycalculatedby the IP sub-modelandloads
offeredto the network. As canbe seenin Fig.1, the input parametersof TCP
sub-modelsarefunctionsof theresultsof thenetwork model(thesamefor each
model)andof thescenarioparameters34+ with <='�?@��ABAB��" , thatmaybedifferent
for every model.For thesereasonsif in two following stepsthe network pa-
rametersarethesame,sothatconvergenceis reached,andif theinput scenario
parameters34+ don’t change,also the loads !V+ arethe same.So whenthe loss
probabilityconverges,alsothedifferentloadsof thedifferentTCPmodelsreach
theconvergencesincethey aredeterministicfunctionsof thenetwork parame-
ters.It’s importantto stressthateveryanalyzedparameterreachtheconvergence
at thesametime even if thewholemodelis asymmetric:at theentranceof the
IP network modelthereis a sumof the resultsof differentTCP modelswhile
theresultsof IP sub-modelaretheinput parametersof eachTCPsub-model.

Thanksto theuseof differentTCP sub-models,we canrun theOMQN to
calculatetheaveragelossprobabilityandthecompletiontime of wired aswell
wirelessconnections,evenif they aremixed.



4.2 Network and TCP Parameters

In this single-bottlenecktopologywe usea 45 Mb/s link whoselengthis equal
to 5,000km.Weassumeone-wayTCPconnectionswith uncongestedbackward
path,sothatACKs arenever lost or delayedat queues.Thedistanceof servers
from thecongestedrouteris assumedto beuniformly distributedbetween200
and3,800km,while thedistanceof thewiredclientsontheothersideof thelink
is assumedto beuniformly distributedbetween200and2,800km. Thewireless
clientsdistancefrom BS is negligible. Connectionsareestablishedchoosingat
randomaserver-client pair, andaregeneratedfollowing aPoissonprocess.The
packet sizeis constant,equalto 1,000bytes;themaximumwindow sizeis 32
packets.The TCP tic is equalto 500ms.Thebuffer of the

� HcJdL �4� HcJdL � ? �PO
queueis aREDbuffer to avoid globalsynchronizationandbiasesagainstbursty
traffic. Thesizeof thebuffer is 128packets,we usethe‘gentle’ algorithmwith
a minimumthresholdof 10 packets,a maximumthresholdof 50 packetsanda
queueweight edfg'�?�h�ikj .
4.3 Bernoulli Loss Process

In thiscase,thelossprobability l>m/n of thewirelesslink isconsideredBernoulli.
Theaveragelossprobabilityfor wirelessconnectionsis:l=op'�?Mqr�0?sqtl>mu�4�0?Mqtlvm/nw�x'.l>mzy{lvm�n�qtlvmklvm/n (5)

where l>m is thelossprobabilityestimatedby thenetwork modelanddueto the
bottleneck.In otherwordsthe further interference3 + for wirelessconnections
consistsof anadditionalpacket lossprobabilityonly, andthefunction 1G��� has
the form expressedin (5). We show the behavior of the protocol for different
ratesof wirelesslinks and for different numberof wirelessconnections.The
randomlossprobabilityon wirelesschannelsis lv|}'�?�h�ik~ .
Numerical results Performancefiguresareplottedversusthetotal normalized
nominalload(link utilizationthatwouldresultwithoutany retransmissions),for
transfersof 100segmentsobjects.Resultsarevalidatedagainstpoint estimates
and95%confidenceintervalsobtainedwith `-��q�� simulations[20] with acon-
fidencelevel of 90%. Figs.3 and4 show the lossprobability and the average
completiontime of bothwired andwirelessconnectionswhentherateof wire-
lesslink is 45 Mbit/s, like in the recentlystandardized802.1qVLAN (Virtual
LocalAreaNetwork). Upperplotsreferto acasewhenwirelessclientsare10%
of thetotalnumberwhile in bottomplotsthey are50%.Themodelgiveaccurate
resultsdifferentiatingwirelessandwired connections,following closelyvalues
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Fig. 3. Lossprobability;Bernoulliwirelesslink: 45Mbit/s, �V�(�}D0�����
obtainedwith ns-2 simulations.Fig.5 andFig.6 presentsthesamefigureswhen
therateof wirelesslinks is 11Mbit/s, like in standard802.11bLANs.

We noticeincidentallythatRED AQM is not ableto enforceany degreeof
fairnessbetweenwiredandwirelessconnections.REDdroppingsshouldbepro-
portionalto therouteof theTCPflows, thusbalancingtheperformanceamong
connections.With finite flows,however, thenumberof packetsto betransferred
remainsconstantand RED is not able to differentiatebetweenwireless,low
throughputusers,andwired ones,thathave a throughput40-50%higher. This
resultmaysoundobvious;however it wasnever stressedin RED literatureand
theOMQN/FPA modelingapproachoffer a theoreticalexplanationof thephe-
nomenon.In fact it is easyto demonstratethroughit that a well-tunedRED
buffer (i.e., onewhereforcedlossesnever occur)introduceslossesthatareun-
correlated,henceintroducinga Bernoulli lossprocess.This imply droppingon
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Fig. 4. AverageCompletiontime;Bernoulliwirelesslink: 45Mbit/s, �V����D0�����
averageanequalnumberof packetsfrom any connectionswith thesamelength,
regardlessof theactualthroughput.Flow lengthsof 20,50and200packetsyield
similar results,not reportedto avoid clutteringthefigures.

4.4 Two State Gilbert Wireless Channel

Overmany realchannelstheerrorsoccurin bursts,separatedby fairly longerror
freegaps.To representthissituation,weusetheGilbertchannelmodel:abinary
channeldescribedby a two stateMarkov chain.As shown in Fig.7, we model
it with a ContinuousTime Markov Chain(CTMC), in which in theGoodState
(
�

) errorsoccurwith probability l=� , while in theBadState(
O

) they occurwith
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Fig. 5. Lossprobability;Bernoulliwirelesslink: 11Mbit/s, �V�(��D;�����
higherprobability l=� . Thetransitionmatrix � is:

��'�� qs���� q �M�
where� is therateof transitionfrom

�
to
O

, while
�

from
O

to
�

. Theprobabil-

ities of beingin GoodandBadStatesare: �*��' ���y � �*��' ���y �
Thesojourntimesfor states

O
and
�

areexponentiallydistribuitedwith means:� Q����6T�' ?� � Q�����T�' ?� We considerl=��' h/A¡hV? and l=��'bh/A9? and

differentprobabilitiesof beingin Goodor Bad.
Referringto Fig.1, aGilbertchannelrequirestheuseof threedifferentTCP

models:onefor wiredconnections,onefor wirelessconnectionsin thebadstate
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Fig. 7. GilbertModel

andonefor the goodstate.The averagelossprobability l os¢ for flows being
in Goodor Badchannelstatearecomputeedusing(5). Hence,theaverageloss
probabilityfor wirelessconnectionsis lvo£'.l=o ¢ �*��qtl=os¤W�*�

Fig.9 andFig. 8 show thelossprobabilityandtheaveragecompletiontime
of bothwiredandwirelessconnections,100packetslong,whentherateof wire-
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lesslink is 11 Mbit/s andmobileclientsare50%of thetotal number. We con-
sidertwo differentcases:in thefirst, theprobabilityof beingin B is �¦��'.h/A¡hV? ,
in thesecondit is � � '§h/A9? . Also in this morecomplex case,resultsprovided
by themodelmatchcloselythesimulationpoints.



5 Conclusions and future work

This paperhaspresenteda methodto derive the performanceof differentsets
of TCPconnectionswhenarecompetingfor acommonresourcein theInternet.
A set of TCP connectionsis definedasan ensambleof connectionsthat share
commoncharacteristics,suchastheaverageRTT, themaximumwindow size,
etc.andeachsetof connectionscanbemodeledthroughanindependentOMQN
model.Workloadsofferedto thenetwork by differentconnectionsaresummed
togetherto obtaintheperformanceof theIP network.

We have shown an applicationof the methodwith connectionsthat com-
petefor a RED buffer. DifferentOMQN modelsrepresentsetsof connections
thateitheraccessthenetwork througha lossy, wirelesslink or througha tradi-
tional, reliablewirednetwork. Resultswerevalidatedagainstns-2 simulations,
showing thatthemethodis viableandyield accurateresults.Resultsshow that,
asexpected,wirelessconnectionsareheavily penalizedat any loadof thebot-
tleneck.SimpleAQM disciplineslike RED, do not seemable to provide any
protectionagainstthispenalization.
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