Fluid Analysis of Delay Performance for QoS Support in Wireless Networks'

JeongGeunKim andMarwanKrunz

Departmenbf ElectricalandComputerEngineering
Universityof Arizona
TucsonAZ 85721
{jkkim, krunz} @ece.arizona.edu

Abstract

Providing quality of service (QoS) guarantees over wire-
less links requires thorough understanding and quantifica-
tion of the interactions among the traffic source, the wire-
less channel, and the underlying error control mechanisms.
In this paper, we account for such interactionsin a network-
layer model that we usetoinvestigate the delay performance
for an ON/OFF traffic stream transported over a wireless
link. The capacity of thislink fluctuates according to a fluid
version of Gilbert-Elliot’smodel. We derive the packet de-
lay distribution via two different approaches: uniformiza-
tion and Laplace transform. Conputational aspects of both
approaches are discussed. The delay distribution is then
used to quantify the wireless effective bandwidth under a
given delay guarantee. Numerical results and simulations
are used to verify the adequacy of our analysis and to study
theimpact of error control and bandwidth allocation on the
packet delay performance.

keywords: Wirelessnetworks, QoS, delay distribution, fluid
analysis.

1. Introduction

Recenttrendsin wirelessnetworksindicatea desireto
provideaflexible broadbandvirelessnfrastructurghatcan
supportemeging multimediaservicesaswell astraditional
dataserviceq1, 13. In suchamulti-servicewirelessenvi-
ronmentguality-of-servicd QoS)guaranteearecritical for
real-timevoiceandvideo. In contrasto itswirelinecounter
part,theprovisioningof QoSguaranteesverwirelessinks
is amorechallengingproblemwhosedifficulty stemsfrom
theneedo explicitly considetheharshradio-channdirans-
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missioncharacteristicand the underlyinglink-layer error

controlmechanismsThis difficulty is furthercompounded
by hostmobility andhowit impactsheavailablebandwidth

capacity Theseissuesindicatea clearneedfor a general
QoSframeworkin thewirelessenvironment.

QoS guaranteesn wirelessnetworkscan be provided
throughacoordinatiorbetweerconnection-levdbandwidth
reservatiorandpacket-levekscheduling.Most previousre-
searchon QoSover wirelessnetworkshasmainly focused
ontheseissues.Levine et al. proposedhe shadowcluster
conceptto estimatethe bandwidthrequirement®f a wire-
lessconnection[9]. They indicatedthat this conceptcan
beusedin connectioradmissiorcontrolto provideaspeci-
fied call droppingprobability. Reiningeretal. identifiedthe
highvariability of traffic dynamicof mobilemultimediaap-
plicationsasa function of time andspace and proposeca
soft QoScontrolwhich allows bandwidthrenegotiatiorac-
cordingto thevarying traffic conditions[14]. Caponeand
Stavrakakisnvestigatedheregionof supportabl€oSvec-
tors expressedh termsof packetdroppingprobability [3].
Theirwork providedinsightinto the resourcenanagement
aspectdor handlingdiverseQoS constraintsalthoughthe
studywaslimited to unbuferedservicesLu etal. proposed
afair schedulingalgorithmwith adaptatiorto wirelessnet-
worksthattakeinto accountourstyandlocation-dependent
channelerrors[11]. Although their work identified many
practicalissuesijt did not addresghe interactionbetween
packetschedulinganderrorcontrol. In [7], theauthorsstud-
iedtheconcepbf wirelesseffectivebandwidthfor aguaran-
teedpacketiossrate.

The generalgoalsof the underlyingwork areto study
the delay performancever a wirelesslink andinvestigate
its implicationon optimalbandwidthallocationunderdelay
guaranteesOur investigationsare carriedout for a single
streamthatis transporteaveratime-varyingwirelesslink.
If the link is usedto transportmore than one connection,
theneachconnectionis guarantee constantservicerate
during its activeperiod(i.e., TDMA style). The outcome



of a packettransmissioris determinedby the stateof the
wirelesschannelandthe error control schemes.This sce-
narioencompassqmint-to-pontconnectionbetweemo-
bile terminalgMT) andabasestation(BS)in cellularcom-
municationsystems.

To achieveour goals,we follow a fluid-basedapproach
wherebythetraffic sourcas modeledby anon-off fluid pro-
cessandthechanneis modeledvy afluid variantof Gilbert-
Elliott’ smodel. Usingfluid-flow analysiswe computethe
delay distribution for a single streamas a function of the
traffic source,the servicerate, the wirelesschannel,and
the error control schemes.To obtainthis distribution, we
first evaluatethe queuelength distribution taking into ac-
countthechannebehaviorandtheunderlyingerrorcontrol
schemesThen,we providetwo alternativeapproachesfor
obtainingthe delaydistribution via the uniformizationand
Laplacetransformechniquesln thecaseof theuniformiza-
tion approachwe areableto derivea closed-formexpres-
sionfor the delaydistribution. The computationahspects
of both approachesre compared. Our analyticalresults
are usedto obtain the wirelesseffective bandwidthunder
a given delay constraint. Note thatthe notion of effective
bandwidthhasbeentraditionallyinvestigatedn wireline[4]
andwireless[7] networksfor a given packetlossrate. We
alsostudytheoptimalerrorcontrolstrategythatminimizes
the effective bandwidthwhile guaranteein@ given delay
requiremen{expresse@sa percentile).Extensivesimula-
tionsareconductedo verify thegoodnessf our analytical
results.

Therestof thepapelis organizedasfollows. In Sectior?,
we describethe wirelesslink model. Analysisof thedelay
performancés providedin Section3. Numericalresultsand
simulationsarereportedn Section4, followed by conclud-
ing remarksin Section5.

2. WirdessLink Model

2.1. Framework

In order to analyzethe packet-levelperformanceof a
wirelesdink, we considetheframeworkshownin Figurel.
This frameworkwas usedearlierto studythe packetloss
performancandthecorrespondingffective bandwidthun-
derthe sameproblemsetting[7]. In this framework,traf-
fic streamsfrom one or more connectionsare fed into a
finite-sizeFIFO buffer. A constantserviceratec (in pack-
ets/secondjs assignedo the wirelessconnectionbut the
actualdrainrateobservedt the buffer is reduceddueto re-
transmissiongind FEC overhead. The actualservicerate
will bediscussedn thefollowing section.In our study we
considethybrid ARQ/FECerrorcontrolin which thecyclic
redundancycheck(CRC) codeis appliedfirst to a packet,
followed by FEC.We assumehatthe CRC codecanalone

detectalmostall bit errorsin a packet. In contrast,only a
subsetof the errorscanbe correctedby FEC. In addition,
we imposea limit on the numberof packettransmissions.
Imposingsuchalimit canbe usedto providedelayguaran-
teesfor real-timetraffic. Oncea packethits thelimit, it will
be discarded For simplicity, we ignorethe overheadf the
mediumaccesgontrol(MAC) layer.

The abovemodel hasthreecontrol parametersthe ser
vicerate(orassignedbandwidth)theFECcoderate,andthe
limit onthenumberof transmissionsTheseparametersan
be adjustedduring connectiorsetupto satisfycertainQoS
requirements ¢, Fromthe network point of view, the selec-
tion of theseparameterss very crucial andrequiresthor-
oughunderstandingf theirimpactonthe packet-leveper
formance.The mainthemeof this studyis to investigatehe
packet-leveperformancef awirelesslink asafunctionof
the assignedandwidth thelimit on transmissionsander-
ror controlschemes.

2.2. Queueing Model

In this section,we describethe queueingmodelthat is
usedto analyzethe packetdelayovera wirelesslink. The
sourcds characterizetty anon-off fluid processwith peak
rater. Its on andoff periodsare exponentiallydistributed
with meansl/« and1/3, respectively Thewirelesschan-
nelis modeledusinga fluid versionof Gilbert-Elliott (GE)
modelwhich is often usedto investigatethe performance
over wirelesslinks [6]. As explainedin Figure 2, the GE
modelis Markovianwith two alternatingstates:Good and
Bad. The bit error rates(BER) during the Goodand Bad
statesaregivenby P., and P,;, respectivelywhereP,, <
P.y. Thedurationsof the GoodandBadstatesareexponen-
tially distributedwith meansl /6 and1/v, respectively
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Figure 2. Wireless channel model and corre-
sponding service rate model.

The FEC capabilityin the underlyinghybrid ARQ/FEC
mechanisms characterizedby threeparametersthe num-
ber of bits in a codeblock (n), the numberof payloadbits
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(k), andthemaximumnumberof correctablebitsin a code
block (7). Notethatrn consistof the k payloadbits andthe
extraparity bits. TheFEC coderatee(7) is definedas

k
6(7') = m
Assumingthata FEC codecancorrectup to = bits and
thatbit errorsduringa givenchannektateareindependent
theprobabilitythatapackettontainsanon-correctablerror
is givenby:

n(r)

Pc(pb:T) = E

T j n(r)—j
( " )Pé(l—m) Mi )
j=7+1
wherep; is the bit error probability; p, € {P.y, Pey}. TO
accounffor the FEC overheadyve obtainthe actualservice

ratec, observedittheoutputof the buffer:

(2)

ce = c-e(T)

wherec is thebandwidthassignedo the connection.

The exact behaviorof ARQ andFEC in the underlying
gueueingmodelis difficult to analyze. To obtainanalyti-
cally tractableresults we assumehatthe packetdeparture
procesdollows a fluid processwith a servicerate thatis
modulatedby the channelstate(seeFig. 2). This approxi-
mationimpliesthattherearetwo deterministicservicerates:
¢, during Good statesand ¢; during Bad states. We as-
sumethatthe feedbackdelay for sendingan acknowledg-
mentfrom a givenreceiverto the sendeiis smallerthanthe
minimumtime betweenwo successiveansmissions that
receiver This assumptioris reasonablén a TDMA envi-
ronmentwherethe channetapacityis beingsharedy sev-
eralconnectiongdestinationsiMTs). Eachconnectionis as-
signedoneor moreslotswithin aTDMA frame. Slotassign-
mentreflectsthe constantserviceratethatis allocatedto a
connection. A packetis successivelyetransmittedintil it

1 Guaranteeing constantervicerateto a connectiorcanbe achieved
by periodicassignmenof slotsin a TDMA frame.
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performance over a wireless link.

is correctlyreceivedat the destinatioror until thelimit on
the numberof retransmissions reached.In this scenario,
the total time neededo successfullydeliver a packetcon-
ditionedon the channektatefollows atruncatedyeometric
distribution Let N;, denotethe numberof retransmissions
(including the first transmissionlntil a packetis success-
fully receivedor is discardedbecauset reachedhe limit
onretransmissiong-or a given packeterror probability P,
anda limit on transmissionsv;, the expectedralueof N,
is givenby:

1 - PM

- 3)

Thus,c, andc; correspondo the meantransmissionates
of thetruncatedyeometridrials with parameter$P, ,, N;)
and (P., N;), respectivelywhere P, , and P, ; arethe
packeterror probabilitiesin Good and Bad statesrespec-
tively, givenby (1). Formally,

E[Ntr] =

coe(r) (1="Pey)
cg = : 4
g I_Pc]’\fgl ()
c-e(r) - (1= Pyp)
cp = -, 5

P

whereP, ; = P.(P. 4,

T) anchyb = Pc(Pe,In T).
3. Analysisof Delay Performance

3.1. Queue Length Distribution

Followingthediscussiorin theprevioussectionwe con-
struct a Markovian queueingsystemwith four statesas
shownin Figure3. Let S denotethe statespace Thus,

S =1(0,9),(0,0),(1,9),(1,)} (6)

where0 and1 denoteheonandoff statesf atraffic source,
respectively and ¢ and b denoteGood and Bad channel
statesrespectively
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Figure 3. State transition diagram.

Following a standardluid approach(see[2], for exam-
ple),theevolutionof the buffer contentcanbe describedy
thefollowing differentialequation:

dgix)p = II(z)M 7)
whereD £ diag—c,y, —cp, 7 — ¢4, 7 — ¢, II(2) =
[ Mog(z) Mos(x) Mhy,(x) Mip(z) ],

I, (z) = Pr{buffer content < x andthesystems € S},
and M is the generatomatrix of the underlyingMarkov
chain:

—(B+96) 6 6, 0

_ Y —(B+7) 0 6,

M = « 0 —(a+6) 5
0 o v —(a+7)

Throughouthe paper matricesandvectorsareboldfaced.
The solution of (7) correspondgo the solution of the
eigenvalue/eigenvectproblem:

2D = ¢M (8)

whichis generallygivenby

II(z) = E a; exp(ziz)di 9)

2z;<0

whereaq;’s are constantcoeficients andthe pairs (z;, ¢;),
i=1,2,--, aretheeigenvaluesindtheright eigenvectors
of thematrix M D~ [2, 12]. In orderto solve(8), we fol-
low the approactusedin [12]. Thedetailsof howII(z) is
computedaregivenin [7]. In thefollowing sectionII(z) is
usedto obtainthe delaydistribution.

3.2. Delay Distribution

In fluid queueingmodelswith anerrorfree channeland
constantservicerate, e.g., ATM link, the delay distribu-
tion canbedirectly obtainedrom thequeudengthdistribu-
tion[5]. Howeverthescenariave considein this studyin-
cludesatime-varyingwirelesschannethatis beingapprox-
imatedby a two-stateMarkov modulatedfluid process.In

thiscasethepackedelaydistributionis muchmoredifficult
to obtainsinceonehasto takeinto accounthetime-varying
servicerateaswell asthequeudength.

We assumaninfinite-capacitybuffer. Let D denotethe
delayexperiencedy an arriving packet. Let C'(¢) denote
theaccumulativeamounbf serviceduringaperiodof length
[

wherec(s) is the servicerateattime s. The channelstate
attimet is denotedby h(t) € {g, b}, whereg andb denote
GoodandBad statesrespectively The probabilitythatthe
delayseerby afluid atomis lessthanor equatlto ¢ is equalto

theprobabilitythatC'(¢) is greatethanor equalto thequeue
lengthattheinstantof thepacketarrival @,. Thus,we have

Pr[C(t) > Qo]
= Z/_ Pr[C(t) > z|i, Qo = z]m;(z)dx

Pr[D < 1{]

i€S
:% Pr[Cy(t) > &]m1 4(x)
-

+ Pr[Cy(t) > z]m 3(2)dx (20)

whereT' is thethroughputs; is the pdf of the queudength
in astates, ¢ € S, and

Ci(t) =

13
/ ¢(s)ds givenh(0) =i, fori € {g,b}.
0
Thequantityr=(z)/T representthefractionof carriedflow
that arrives at the queuewhen its contentis z. For an
infinite-capacitybuffer, thethroughput!" is givenby:

T =r(wi,y+ws). (11)

In orderto obtainPr[C;(?) < z],i € {g, b}, we provide
two methods: direct calculationusing Laplacetransform
and uniformization. The equivalenceof theseapproaches
will beverifiedusingnumericalexamples.

Laplace Transform Approach

ForconvenienceyetransformtherandomvariableC;(t) to

C;(t) definedby:

Ci(t) £ Ci(t) — eat, i€ {g,b}.

By thistransformation(; () is theaccumulativeservicere-
sultingfrom a“normalized”channelvith serviceratesc, —
¢p (duringGoodstatesndO (duringBadstates) Notethat
theminimumamountof accumulativeservicein aperiodof
lengtht is ¢;t. Thus,

1, if x < ept
1-— Pr[éi(t) <z —cpt], ifz>cpt.

Pr[Ci(t) > z] = {



Thefollowing propositiongivesthe probabilities
Pr[Cy(t) > z] andPr[Cy(t) > =] by solving the partial
differentialequation§PDE)for theconsumptiorrateC'(¢).

Proposition 3.1 The probabilities Pr[C;(t)
{g,b} whenz > ¢t, are given by

> z]i €

Pr[Cy(t) > 2] = e~ %7 Z (Ziz

wherez = (z — cpt) /(eg — ¢3), Jo(z) isthe Bessel function
of order zero given by

— (—=1)"(z/2)*
h@:QQL%%%l<

T(n+ 1,9(t — %)) (13)

and I'(n, z) isthe incomplete gamma function given by:

F(n,z):/ e T2 M.
0

Proof. See[8].

Equation(13)in PropositiorB.1is substitutednto (10) to
evaluatethe delaydistribution. Somenumericalcomplex-
ity is associateavith theinfinite sumsin Equation(12) and
(13). We observedhatthevaluesof thesdnfinite sumscon-
vergefastfor moderatevaluesof n, e.g.,n = 20.

Uniformization Approach

As a secondapproachto obtainingPr[C;(t) < z], i €
{g, b}, we usetheuniformizationapproachln continuous-
time Markov chains,uniformizationis a techniquefor uni-
formizingthetransitionratesbetweerstatesy introducing
transitiondrom a stateto itself [15, 16].

Let ¢, andt, denotethe accumulativesojourntimes of
GoodandBadchannektatesduringanintervalof lengtht,

respectively Thatis,
13
/0 Lin(s)=gyds

1
/0 1in(s)=p}ds.

Then,theaccumulativeserviceC'(t) is givenby

ty

tp

C(t) = cyty +epty, 0<t,,t <t (14)
Sincet = t, + t3, C(t) canbeexpresseds

C(t) =cgty +es(t —1t,) or

C(t) = Cg(t — tb) + cpty. (15)

In [8], we provide the probability distribution of ¢, and
t; conditionedon the channelstate. Then,the probability
Pr[Ci(t) > z], ¢ € {g,b} canbedirectly obtainedfrom
(15).

Proposition 3.2 The probabilities Pr[Cy(t) > ] and
Pr[Cy(t) > z] are given by

R A N U S A
Pr[C,(t) > 2] =1—c¢ nz::l — ; b1

' (%)H i (?)\(1 - x)"" (16)

i=k

_ xT—cpt
T (eg—ep)t”

where y

Proof. Seg[8].

Theequationsn Proposition3.2 alsohavesomenumer
ical issuedueto the presencef multiple sums.Thetriple
sumsin the equationscausesignificantcomplexity How-
ever observingheduplicatecomputationn thelastsumfor
consecutivéendexesk’s, we canachievea significantreduc-
tion in thecomputatiortime.

Up to this point, we havediscussedhe alternativeap-
proachedo obtainingthe probability Pr[C;(¢) > z],i €
{g,b}. Inthefollowing, theresultsfrom Propositior3.2are
usedto obtainthe delaydistribution Thefollowing propo-
sition givesa closed-formexpressiorior delaydistribution
by substituting(16) and(17) into (10).

Proposition 3.3

Pr[D < 4] = (Il (c;t) + Iy p(et))

L S S COMIR < VAR IR WEAL
T° Z(n+1)!k:1 k—1 <5)

~Z(cg —cp)t Z are”! ' e(i + 1;n + 2; zi(cg — c)t)

i=k I

n=1

+£e_(6+7)t i (»}/t)” zn: ( n ) <é)k_l
T — (n—}—l)!k:l k—1) \v

~Z(cg — cb)tZamez’“cbt

i=k m

B(n—i+ Lin+ 2;2m(cy — )t) (18)



where my 4(z) = >, @e®®, mp(z) = Y, ame’™", the
indexes !, m are used to index the negative eigenval ues, and

D(z;y;2) 2 kzzo(—)%
with (a), £ a(a+1)--(a+n— 1).

Proof. See[8].

SinceEquation(18) hasa similar numericalstructureto
the expressionn Proposition3.2, we canreducethe com-
putationtime by avoidingthe duplicatesumsasmentioned
previously We alsoobtainedthe delay distribution using
Propositior8.1. However theresultingexpressiortontains
multiple sums,andhenceprovidesno advantagesverthe
uniformizationapproach.Accordingly, to obtainthe delay
distribution in thefirst approachProposition3.1), we rely
onnumericaintegration.Thisis mainlyusedn contrasting
ourtwo analysisapproachesnostnumericaresultsin Sec-
tion 4 arebasedn Proposition3.3.

Wireless Effective Bandwidth

Thenotionof effectivebandwidthhasbeertraditionallyem-
ployedto provide a guaranteegacketloss rate in wire-
line [4] andwireless[7]. In this study we extendthis no-
tion for awirelessconnectiorunderprobabilisticdelaycon-
straints.

We definedhewirel ess effective bandwidth c.;, underthe
delayconstraintPr[delay> ¢] = ¢ asfollows:

Ceb = min{c|c satisfiesPr[delay> t] = ¢} (19)

wherec is the servicerate. In contrastto wireline effec-
tive bandwidth, the wirelesseffective bandwidthis con-
figured along with the optimal numberof correctablebits
which minimizesthe useof bandwidthwhile providingthe
requestedeliability at the physicallink. In Section4, we
provide somenumericalexamplesrelatedto this concept
andinvestigateghecharacteristicsf thepairof QoSparam-
eters(c.s, 7) in moredetail.

4. Numerical Results and Discussion

In this sectionwe presennumericalexampledasedn
our analyticalresults. We verify the adequacyof thesere-
sultsby contrastinghemagainsimorerealisticsimulations.

Similartotheanalysisthesimulationresultsareobtained
usingon-off traffic sourcesvith exponentiallydistributedon
andoff periods. The ARQ retransmissioprocesss simu-
latedin a morerealisticmannerwherebya packetis trans-
mitted repeatedlyuntil it is receivedwith no errorsor un-
til it reacheghelimit onthe numberof transmissionsThe

probability of a packeterroris computedrrom (1) for both
channektates TransitiondetweerGoodandBadstatesre
assumedb occuronly atthebeginningof apacketransmis-
sionslot. A packetis retransmittedf it hasuncorrectable
errors. It is assumedhatthe propagatiordelayis small,so
thatthe ACK/NAK messagédor a packetis receivedat the
sendebeforethe nextattemptof transmissionFinally, we
useaninfinite-capacitybuffer in our simulations.

In ourexperimentsyevarytheBER duringtheBadstate
(P.s) andfix theBER duringthe Goodstateat P., = 106,
We setthe meanof the off periodto tentimesthat of the
on period. In addition,we take the parameterselatedto
thewirelesschannelfrom [6]. We adoptBose-Chaudhuri-
HocquenghenBCH) code[10] for FEC. Weconsidefixed
packetsizese.g.,ATM cells. Sincewe treatthe CRCcode
aspart of the payload,the FEC codeis appliedto 424-bit
blocks(i.e., ¥ = 424 bits). In [8], atableis availableto
showthesize,the coderate,andthe numberof correctable
bits of theBCH codeusedin ourexamplesAll simulations
arereportedwith 95% confidencantervals. For the delay
distribution, 107 to 4 x 107 samplesvereneededn thesim-
ulations. Table1 summarizeshe valuesof the variouspa-
rametersn thesimulationsandnumericakxamplesForthe
parameters, P, 7, and N;, the valuesin the parenthesis
areassumedinlessspecifiedotherwise.

Figure 4 depictsthe complementarydelay distribution.
We vary the servicerate (¢) from 800 to 1200 packets/sec
while fixing the otherparameterst P,; = 102, 7 = 7,
and N; = oo. The differencebetweenrthe analyticaland
simulationresultss quitenegligiblefor all servicerates.We
observea slight deviationat thetail partof thedistribution.
However it is associateavith the numberof samplegaken
from the simulation. For ¢ = 1200, we generated x 107
packetsto obtainthe shownresults. Note that the simula-
tion is basedon the realistic scenarioin which the packet
is transmitteduntil it is successfullytransmittedor until it
reacheghelimit ontheretransmissionyhereagheanalyt-
ical resultsarebasen thefluid approximation.

Figure5 showsthe effective bandwidthasa function of
thenumberof correctabléits (7) for threetargetdelaycon-
straintsPr[delay > ¢], withe = 0.01,0.05,0.1. Expect-
edly, morebandwidthis neededo achievea morestringent
delayguaranteelnterestinglywe observethatavery large
amountof bandwidthis requiredwhenonly ARQ (r = 0)
is usedfor error control. Thus,theuseof FECis essential
to achieveefficientbandwidthallocationwith delayguaran-
tees. Thefigure clearlyindicatesthatthereis anoptimal
(7 = Tinthisexamplefor agivenBERthatsatisfiesdelay
QoSconstrainwhile minimizing the useof bandwidth.

The optimal numberof correctablebits asa function of
theBER of theBadstateis shownin Fig.6. Thetargetdelay
constrainis fixedat Pr[delay> 0.01] = 0.25. We varythe
P. 3 from 0.001to 0.0158. For eachBER, we observethe



| Parameter I | Value |
sourcepeakrate r 1 Mbps(or 2604.166 packets/sec
servicerate c 100 — 8000 packets/se¢1000)
meanon period 1/ 0.02304 sec
meanoff period 1/5 0.2304 sec
meanGoodchannebperiod 1/6 0.1sec
meanBadchanneperiod 1/5 0.0333 sec
BERin Goodchannektate| P., 106
BER in Badchannektate P 102 -10"° (1072
numberof correctabldits T 0—20(7)
limit ontransmissions N 1 — 0o (00)

Table 1. Parameter values used in the simulations and numerical results.
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Figure 7 showsthe effective bandwidthversusthe tar
get delay constraintse Pr[delay > ¢], for ¢
0.001,0.005,0.01,0.1 (sec).As expectedmorebandwidth
is requiredfor a more stringentdelay requirement,i.e.,
smallerPr[delay > ¢] atafixed ¢. Notice thatthe mini-
mum and maximumvaluesof the effective bandwidthare
¢ = 282 ande = 3250 (packets/secyespectively Themin-
imum valuecorrespond$o the minimumserviceratesatis-
fying the stability conditionof thequeuewhereaghe max-
imum valueis theminimumserviceratesatisfyingthe con-
dition ¢; > r,i.e., min{c|c; > r}. Consideringthe the
sourcepeakrater = 2604.1667 (packets/sec)he max-
imum effective bandwidthis surprisinglygreaterthanthe
sourcepeakrate. This is in disagreementvith the well-
knownfactthatthewireline effectivebandwidthis bounded
by thesourcepeakrate.In theunderlyingwirelessscenario,
theassignedervicerateis reduceddueto the packeterrors
andFEC overheadandthusthe principlein wireline effec-



tive bandwidthcannotbe appliedhere. Anotherinteresting
observationn thisfigureis associateavith the shapeof the
curveswith decreasin@r[delay > ¢]. Considetthe caseof

t = 0.001. To improvethe QoSfrom Pr[delay> 0.001] =

1.0 to Pr[delay > 0.001] = 0.8, we needto assignanex-
trabandwidth1950.0(packets/sec)yhereasve need143.0
(packets/sedpr ¢t = 0.1. Thatis, thebehaviorof theeffec-
tive bandwidthdepend®n the selectionof ¢ aswell asthe
constraint®Pr[delay> ¢].
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Figure 7. Effective bandwidth versus target
delay constraints Pr[delay > ¢].

5. Conclusions

In this paperwe investigatedhe delay performancdor
anon/off sourcaransportedverawirelesschannel.Simple
yetaccuratdluid modelswvereusedo capturetheburstyna-
tureof thearrivingtraffic andthechanneltime-varyinger
ror characteristicserror controlscheme4ARQ andFEC),
which are essentialelementsof any wirelesspacketnet-
work, were incorporated.We obtainedthe delaydistribu-
tion usingtwo alternativeapproachesiaplacetransform
anduniformization. The solutionwasthenusedto obtain
the wirelesseffective bandwidth(definedhereasthe mini-
mumamountof bandwidthrequiredto satisfya givenprob-
abilistic delayconstraint) which canbe usedasa valuable
tool in resourceallocationand admissioncontrol in wire-
lessnetworks.Ouranalyticalresultswerevalidatedoy con-
trastingthemwith simulations.t wasobservedhatthean-
alytically obtaineddelaydistribution is quite accurateover
awiderangeof parametersin afuturework, we planto in-
vestigatethe systemcapacityof the wirelesslink, whichis
constrainedby diverseQoSparameters.g.,delayloss,and
jitter, of multiple connection®vera sharecchannel.
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