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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 interactions in a network-
layer model that we use to investigate the delay performance
for an ON/OFF traffic stream transported over a wireless
link. The capacity of this link fluctuates according to a fluid
version of Gilbert-Elliot’s model. 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
the impact of error control and bandwidth allocation on the
packet delay performance.

keywords: Wireless networks, QoS, delay distribution, fluid
analysis.

1. Introduction

Recenttrendsin wirelessnetworksindicatea desireto
provideaflexiblebroadbandwirelessinfrastructurethatcan
supportemerging multimediaservicesaswell astraditional
dataservices[1, 13]. In sucha multi-servicewirelessenvi-
ronment,quality-of-service(QoS)guaranteesarecritical for
real-timevoiceandvideo. In contrastto itswirelinecounter-
part,theprovisioningof QoSguaranteesoverwirelesslinks
is a morechallengingproblemwhosedifficulty stemsfrom
theneedtoexplicitly considertheharshradio-channeltrans-
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missioncharacteristicsandthe underlyinglink-layer error
controlmechanisms.This difficulty is furthercompounded
by hostmobility andhowit impactstheavailablebandwidth
capacity. Theseissuesindicatea clearneedfor a general
QoSframeworkin thewirelessenvironment.

QoS guaranteesin wirelessnetworkscan be provided
throughacoordinationbetweenconnection-levelbandwidth
reservationandpacket-levelscheduling.Most previousre-
searchon QoSover wirelessnetworkshasmainly focused
on theseissues.Levineet al. proposedtheshadowcluster
conceptto estimatethebandwidthrequirementsof a wire-
lessconnection[9]. They indicatedthat this conceptcan
beusedin connectionadmissioncontrolto provideaspeci-
fiedcall droppingprobability. Reiningeretal. identifiedthe
highvariabilityof traffic dynamicsof mobilemultimediaap-
plicationsasa function of time andspace,andproposeda
soft QoScontrolwhichallowsbandwidthrenegotiationac-
cordingto thevarying traffic conditions[14]. Caponeand
Stavrakakisinvestigatedtheregionof supportableQoSvec-
torsexpressedin termsof packetdroppingprobability [3].
Their work providedinsight into theresourcemanagement
aspectsfor handlingdiverseQoSconstraints,althoughthe
studywaslimited tounbufferedservices.Lu etal. proposed
a fair schedulingalgorithmwith adaptationto wirelessnet-
worksthattakeinto accountburstyandlocation-dependent
channelerrors[11]. Although their work identifiedmany
practicalissues,it did not addressthe interactionbetween
packetschedulinganderrorcontrol. In [7], theauthorsstud-
iedtheconceptof wirelesseffectivebandwidthfor aguaran-
teedpacketlossrate.

The generalgoalsof the underlyingwork are to study
thedelayperformanceover a wirelesslink andinvestigate
its implicationonoptimalbandwidthallocationunderdelay
guarantees.Our investigationsarecarriedout for a single
streamthatis transportedoveratime-varyingwirelesslink.
If the link is usedto transportmore thanoneconnection,
theneachconnectionis guaranteeda constantservicerate
during its activeperiod(i.e., TDMA style). The outcome



of a packet� transmissionis determinedby the stateof the
wirelesschannelandthe error control schemes.This sce-
narioencompassespoint-to-pointconnectionsbetweenmo-
bile terminals(MT) andabasestation(BS) in cellularcom-
municationsystems.

To achieveour goals,we follow a fluid-basedapproach
wherebythetraffic sourceis modeledby anon-off fluid pro-
cessandthechannelismodeledby afluid variantof Gilbert-
Elliott’ smodel. Usingfluid-flow analysis,we computethe
delaydistribution for a singlestreamasa function of the
traffic source,the servicerate, the wirelesschannel,and
the error control schemes.To obtainthis distribution, we
first evaluatethe queuelengthdistribution taking into ac-
countthechannelbehaviorandtheunderlyingerrorcontrol
schemes.Then,we providetwo alternativeapproachesfor
obtainingthedelaydistribution via theuniformizationand
Laplacetransformtechniques.In thecaseof theuniformiza-
tion approach,we areableto derivea closed-formexpres-
sion for the delaydistribution. Thecomputationalaspects
of both approachesare compared. Our analytical results
areusedto obtain the wirelesseffective bandwidthunder
a given delay constraint. Note that the notionof effective
bandwidthhasbeentraditionallyinvestigatedin wireline[4]
andwireless[7] networksfor a givenpacketlossrate. We
alsostudytheoptimalerrorcontrolstrategythatminimizes
the effective bandwidthwhile guaranteeinga given delay
requirement(expressedasa percentile).Extensivesimula-
tionsareconductedto verify thegoodnessof ouranalytical
results.

Therestof thepaperisorganizedasfollows. In Section2,
we describethewirelesslink model. Analysisof thedelay
performanceis providedin Section3. Numericalresultsand
simulationsarereportedin Section4, followedby conclud-
ing remarksin Section5.

2. Wireless Link Model�������
	���
������������
In order to analyzethe packet-levelperformanceof a

wirelesslink, weconsidertheframeworkshownin Figure1.
This frameworkwas usedearlier to study the packetloss
performanceandthecorrespondingeffectivebandwidthun-
der the sameproblemsetting[7]. In this framework,traf-
fic streamsfrom one or more connectionsare fed into a
finite-sizeFIFO buffer. A constantservicerate � (in pack-
ets/second)is assignedto the wirelessconnection,but the
actualdrainrateobservedat thebuffer is reduceddueto re-
transmissionsandFEC overhead.The actualservicerate
will bediscussedin thefollowing section.In ourstudy, we
considerhybridARQ/FECerrorcontrolin which thecyclic
redundancycheck(CRC) codeis appliedfirst to a packet,
followedby FEC.We assumethattheCRCcodecanalone

detectalmostall bit errorsin a packet. In contrast,only a
subsetof the errorscanbe correctedby FEC. In addition,
we imposea limit on the numberof packettransmissions.
Imposingsucha limit canbeusedto providedelayguaran-
teesfor real-timetraffic. Onceapackethits thelimit, it will
bediscarded.For simplicity, we ignoretheoverheadof the
mediumaccesscontrol(MAC) layer.

Theabovemodelhasthreecontrolparameters:theser-
vicerate(orassignedbandwidth),theFECcoderate,andthe
limit onthenumberof transmissions.Theseparameterscan
beadjustedduringconnectionsetupto satisfycertainQoS
requirements.¿Fromthenetworkpoint of view, theselec-
tion of theseparametersis very crucial andrequiresthor-
oughunderstandingof their impactonthepacket-levelper-
formance.Themainthemeof thisstudyis to investigatethe
packet-levelperformanceof a wirelesslink asa functionof
theassignedbandwidth,thelimit on transmissions,ander-
ror controlschemes.����������������� �"!�#%$&�('(�*)

In this section,we describethe queueingmodel that is
usedto analyzethepacketdelayovera wirelesslink. The
sourceis characterizedby anon-off fluid processwith peak
rate + . Its on andoff periodsareexponentiallydistributed
with means,.-�/ and ,0-21 , respectively. Thewirelesschan-
nel is modeledusinga fluid versionof Gilbert-Elliott (GE)
modelwhich is often usedto investigatethe performance
over wirelesslinks [6]. As explainedin Figure2, the GE
modelis Markovianwith two alternatingstates:Good and
Bad. The bit error rates(BER) during the GoodandBad
statesaregivenby 3�4�5 and 3�476 , respectively, where 3�4�5�83�476 . Thedurationsof theGoodandBadstatesareexponen-
tially distributedwith means,0-:9 and ,0-2; , respectively.
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TheFECcapabilityin theunderlyinghybrid ARQ/FEC

mechanismis characterizedby threeparameters:thenum-
berof bits in a codeblock ( a ), thenumberof payloadbits
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( n ), andthemaximumnumberof correctablebits in a code
block( o ). Notethat a consistsof the n payloadbitsandthe
extraparitybits. TheFECcoderate prqsoJt is definedasprqsoGt(u navqsoJtGw

Assumingthata FECcodecancorrectup to o bits and
thatbit errorsduringagivenchannelstateareindependent,
theprobabilitythatapacketcontainsanon-correctableerror
is givenby:3�xyqmz 60{ oGtvu |j}�~����0� ~��v� � avq�oGt� � z � 6 q�,��Lz 6 t |j}f~��s� � (1)

wherez 6 is thebit error probability; z 6���� 3 4"5j{ 3 476W� . To
accountfor theFECoverhead,weobtaintheactualservice
rate � 4 observedat theoutputof thebuffer:��4�u����0p2q�oGt (2)

where � is thebandwidthassignedto theconnection.
Theexact behaviorof ARQ andFEC in theunderlying

queueingmodel is difficult to analyze. To obtainanalyti-
cally tractableresults,we assumethat thepacketdeparture
processfollows a fluid processwith a servicerate that is
modulatedby the channelstate(seeFig. 2). This approxi-
mationimpliesthattherearetwodeterministicservicerates:��5 during Good statesand �y6 during Bad states. We as-
sumethat the feedbackdelayfor sendingan acknowledg-
mentfrom a givenreceiverto thesenderis smallerthanthe
minimumtimebetweentwosuccessivetransmissionsto that
receiver. This assumptionis reasonablein a TDMA envi-
ronment,wherethechannelcapacityis beingsharedby sev-
eralconnections(destinations,MTs). Eachconnectionis as-
signedoneor moreslotswithin aTDMA frame.Slotassign-
mentreflectstheconstantserviceratethat is allocatedto a
connection

�
. A packetis successivelyretransmitteduntil it�

Guaranteeinga constantservicerateto a connectioncanbeachieved
by periodicassignmentof slotsin a TDMA frame.

is correctlyreceivedat the destinationor until the limit on
thenumberof retransmissionsis reached.In this scenario,
the total time neededto successfullydeliver a packetcon-
ditionedon thechannelstatefollows a truncatedgeometric
distribution. Let ���f� denotethenumberof retransmissions
(including the first transmission)until a packetis success-
fully receivedor is discardedbecauseit reachedthe limit
on retransmissions.For a givenpacketerrorprobability 3 x
anda limit on transmissions�k� , theexpectedvalueof �l�f�
is givenby: �_� �l�f���*u ,��V3l���x,���3�x w (3)

Thus, � 5 and � 6 correspondto themeantransmissionrates
of thetruncatedgeometrictrialswith parametersqs3�xW  5j{ � � t
and qs3�xW  6�{ � � t , respectively, where 3�xW  5 and 3�xW  6 are the
packeterror probabilitiesin GoodandBad states,respec-
tively, givenby (1). Formally,��5¡u ����prqsoGt¢�2q\,���3 xW  5.t,��£3 � �xW  5 (4)��6¤u ����prqsoGt¢�2q\,���3 xW  67t,���3 � �xW  6 w (5)

where 3 xW  5�u�3 x q�3�4   5 { oGt and 3 xW  6¢u¥3 x q�3�4   6 { oGt .
3. Analysis of Delay Performance¦(���v�����������¨§
�v!�#�©�ª%«V��¬2©:����­
��©:�f�¢!

Followingthediscussionin theprevioussection,wecon-
struct a Markovian queueingsystemwith four statesas
shownin Figure3. Let ® denotethestatespace.Thus,®Vu � qs¯ {7° t { qs¯ {\± t { q�, {W° t { q�, {7± t � (6)

wherē and , denotetheonandoff statesof atraffic source,
respectively, and ° and ± denoteGood and Bad channel
states,respectively.
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Following a standardfluid approach(see[2], for exam-
ple),theevolutionof thebuffer contentcanbedescribedby
thefollowing differentialequation:µ�¶ qs·�tµ · ¸ u ¶ qs·�t7¹ (7)

where ¸ ºu diag

� ����5 { ����6 { +��»��5 { +¼�½��6"� , ¶ q�·¾t ºu�À¿ÂÁ   5:q�·¾t ¿�Á   6yqs·�t ¿ �   5�qs·�t ¿ �   6�q�·¾tÃ� {¿�Ä q�·¾t ºuÆÅ�Ç � buffer content ÈÉ· andthesystemÊ � ® � ,
and ¹ is the generatormatrix of the underlyingMarkov
chain:

¹ uÌËÍÍÎ �lq^1RÏÐ92t 9 1 ¯; �lq^1LÏÑ;¾t ¯ 1/ ¯ �Òq�/RÏÓ92t 9¯ / ; �lqs/RÏÓ;¾t
ÔÖÕÕ× w

Throughoutthepaper, matricesandvectorsareboldfaced.
The solution of (7) correspondsto the solution of the

eigenvalue/eigenvectorproblem:Ø:Ù ¸ u Ù ¹ (8)

which is generallygivenby¶ q�·¾t¢u �ÚyÛfÜ ÁGÝ�Þ�ß�àGá q Ø Þ ·¾tWâ Þ (9)

where

Ý:Þ
’s areconstantcoefficientsandthe pairs q Ø Þ { Ù Þ t ,ã uä, {�åG{ �.�0� , aretheeigenvaluesandtheright eigenvectors

of thematrix ¹ ¸ ���
[2, 12]. In orderto solve(8), we fol-

low theapproachusedin [12]. Thedetailsof how
¶ q�·¾t is

computedaregivenin [7]. In thefollowing section,
¶ q�·¾t is

usedto obtainthedelaydistribution.¦(�����
«��*)f
�æ%«V��¬2©:����­
��©:���(!
In fluid queueingmodelswith anerror-freechanneland

constantservicerate, e.g., ATM link, the delay distribu-
tion canbedirectlyobtainedfrom thequeuelengthdistribu-
tion [5]. However, thescenarioweconsiderin thisstudyin-
cludesatime-varyingwirelesschannelthatis beingapprox-
imatedby a two-stateMarkov modulatedfluid process.In

thiscase,thepacketdelaydistributionismuchmoredifficult
to obtainsinceonehasto takeinto accountthetime-varying
servicerateaswell asthequeuelength.

We assumeaninfinite-capacitybuffer. Let ç denotethe
delayexperiencedby an arriving packet. Let èéqfê\t denote
theaccumulativeamountof serviceduringaperiodof lengthê : èéq�ê\t ºu ë �Á �0q�Ê.t µ Ê
where �ìqsÊ0t is theservicerateat time Ê . Thechannelstate
at time ê is denotedby íîqfê\t �V�0°¾{�±0� , where° and ± denote
GoodandBadstates,respectively. Theprobabilitythat the
delayseenby afluid atomis lessthanor equalto ê isequalto
theprobabilitythat èïqfê\t is greaterthanorequalto thequeue
lengthat theinstantof thepacketarrival ð Á . Thus,wehaveÅ�Ç � çñÈVê��Ìu Å�Ç � èéq�ê\t(òÐð Á �u � Þ�ó:ô ëÐõÁyö Å�Ç � èéq�ê\t(ò¥·�÷ ã { ð Á u�·U��ø Þ qs·�t µ ·u +ù¥ëÐõÁyö Å�Ç � è�5�qfê\t¢òú·U�^ø �   52q�·¾tÏ�Å�Ç � è
6�q�ê\t�ò¥·��^ø �   6Wq�·¾t µ · (10)

where
ù

is thethroughput,ø Þ is thepdf of thequeuelength
in astate

ã
,
ã � ® , andè Þ qfê\t ºu ë �Á �0q�Ê.t µ Ê given íîqs¯�t�u ã { for

ã ���.°�{\±0� w
Thequantity+2øvq�·¾tW- ù representsthefractionof carriedflow
that arrives at the queuewhen its contentis · . For an
infinite-capacitybuffer, thethroughput

ù
is givenby:ù u�+�qsû �   5�Ï�û �   6Wt w (11)

In orderto obtain Å�Ç � è Þ qfê\tüÈ¨·�� , ã �V�.°�{\±ì� , weprovide
two methods: direct calculationusing Laplacetransform
anduniformization. The equivalenceof theseapproaches
will beverifiedusingnumericalexamples.

Laplace Transform Approach

Forconvenience,wetransformtherandomvariableè Þ qfê\t toýè Þ qfê\t definedby:ýè Þ q�ê\t ºu¨è Þ qfê\t��V� 6 ê { ã ���.°�{\±ì� w
By thistransformation,

ýè Þ qfê\t is theaccumulativeservicere-
sultingfrom a“normalized”channelwith servicerates�þ5��� 6 (duringGoodstates)and0 (duringBadstates).Notethat
theminimumamountof accumulativeservicein aperiodof
length ê is � 6 ê . Thus,Å�Ç � è Þ q�ê\t�ò¥·�� u�ÿ , { if ·��¥��6"ê,���Å�Ç � ýè Þ qfê\t�È¥·é�£�y6�ê�� { if ·`ò¥��6"ê w



Thefollowing� propositiongivestheprobabilitiesÅ�Ç � è 5 qfê\t�ò ·�� and Å�Ç � è 6 q�ê\t�ò ·�� by solving the partial
differentialequations(PDE)for theconsumptionrate èéq�ê\t .
Proposition 3.1 The probabilities ÅTÇ � è Þ qfê\t ò ·U� { ã ��.°¾{�±0� when · ò�� 6 ê , are given byÅTÇ � è�5:q�ê\t�ò�·U� u�p ������	� p ��
:} � ����ì��
 Á q å�� ��90;��·vq�ê����·GtWtÏ õ�| � Á 9��·qsa�� t���� qsaéÏ�, { ;*qfê����·Gt7t�� (12)Å�Ç � è 6 qfê\t¢ò¥·��*u¨p ������ õ�| � Á 9��·qsa�� t � � qsaéÏ�, { ;*qfê����·�t7t (13)

where �·_u qs·�� ��6"ê\tW-�qs�þ5(�D��6�t , 
 Á q Ø t is the Bessel function
of order zero given by
 Á q Ø t(u õ�| � Á q7�k,.t | q Ø - å t � |q�a�� t�� {
and � qsa { Ø t is the incomplete gamma function given by:� q�a { Ø t(u ë ÚÁ p ��� · |J��� µ · w
Proof. See[8].

Equation(13)in Proposition3.1issubstitutedinto(10)to
evaluatethe delaydistribution. Somenumericalcomplex-
ity is associatedwith theinfinite sumsin Equation(12)and
(13). Weobservedthatthevaluesof theseinfinitesumscon-
vergefastfor moderatevaluesof a , e.g., a�u å ¯ .
Uniformization Approach

As a secondapproachto obtaining Å�Ç � è Þ q�ê\täÈ ·U� , ã ��.°¾{�±0� , we usetheuniformizationapproach.In continuous-
time Markov chains,uniformizationis a techniquefor uni-
formizing thetransitionratesbetweenstatesby introducing
transitionsfrom a stateto itself [15, 16].

Let ê75 and ê\6 denotethe accumulativesojourntimesof
GoodandBadchannelstatesduringanintervalof length ê ,
respectively. Thatis,ê75 ºu ë �Á����! } Ä � � 5#" µ Êê 6 ºu ë �Á ���! } Ä � � 6$" µ Ê w
Then,theaccumulativeserviceèïqfê\t is givenbyèéq�ê\t�u�� 5 ê 5 ÏÓ� 6 ê 60{ ¯ È�ê 5�{ ê 6 È�ê w (14)

Sinceê�uúê75�ÏÑê\6 , èéqfê\t canbeexpressedasèéqfê\t�u�� 5 ê 5 Ï�� 6 q�ê���ê 5 t or èéq�ê\t�u¨� 5 qfê(�¼ê 6 t*Ï�� 6 ê 6 w (15)

In [8], we provide the probability distribution of ê75 andê 6 conditionedon the channelstate. Then,the probabilityÅ�Ç � è Þ q�ê\tVò ·U� , ã � �.°�{\±0� canbe directly obtainedfrom
(15).

Proposition 3.2 The probabilities ÅTÇ � è�52q�ê\t ò ·�� andÅ�Ç � è
6þqfê\t�ò¥·�� are given byÅ�Ç � è 5 qfê\t�ò¥·U�Juä,���p �*}%�7��
:� � õ�| � � qs9yê\t |a�� |�& � � � ané��, �� � ; 9('
& �v� |� Þ � & � a ã �*) Þ q\,�� ) t |G� Þ (16)

and ÅTÇ � è
6þqfê\t�ò�·U� u�p �*}%�7��
:� � õ�| � � q^;Uê\t |a�� |�& � � � ank�Ð, �� � 9; �
& ��� |� Þ � & � a ã � ) |G� Þ q\,�� ) t Þ (17)

where ) u ��� x$+ �} x�, � x + � � .
Proof. See[8].

Theequationsin Proposition3.2alsohavesomenumer-
ical issuesdueto thepresenceof multiplesums.Thetriple
sumsin the equationscausesignificantcomplexity. How-
ever, observingtheduplicatecomputationin thelastsumfor
consecutiveindexesn ’s,wecanachieveasignificantreduc-
tion in thecomputationtime.

Up to this point, we havediscussedthe alternativeap-
proachesto obtainingthe probability ÅTÇ � è Þ q�ê\tVòÌ·�� { ã ��.°�{\±0� . In thefollowing, theresultsfrom Proposition3.2are
usedto obtainthedelaydistribution. Thefollowing propo-
sitiongivesa closed-formexpressionfor delaydistribution
by substituting(16)and(17) into (10).

Proposition 3.3Å�Ç � çñÈÓê�� u +ù�q ¿ �   5 qs� 5 ê\t*Ï ¿ �   6 q�� 6 ê\t7t� +ù�p �*}%�7��
:� � õ�| � � qs9yê\t |qsaéÏ�,.t#� |�& � � � an ��, � � ; 9 '
& �v�

� |� Þ � & qs� 5 �V� 6 t�ê � � Ý � p Ú � x$+ �$- q ã Ï¥,/.\aéÏ å . Ø � qs� 5 ��� 6 tsê\tÏ +ù�p �*}%�7��
:� � õ�| � � q^;Uê\t |qsaéÏ�,.t#� |�& � � � an ��, � � 9; �
& �v�

� |� Þ � & qs� 5 �V� 6 t�ê �10 Ý 0 p Ú32 x$+ �� - q�a_� ã Ï�,4.�akÏ å . Ø 0 qs� 5 ��� 6 tsê\t (18)



where5 ø �   5:q�·¾t_u76 � Ý �fp Ú � � , ø �   6Wq�·¾t_u86 0 Ý 0 p Ú#29� , the
indexes : {<; are used to index the negative eigenvalues, and- q�·9.<=�. Ø t ºu õ�& � Á q�·¾t &q>=�t & Ø

&
n��

with q Ý t | ºu Ý q Ý Ï�,.t*�0�.�Wq Ý ÏÐa_�Ð,.t .
Proof. See[8].

SinceEquation(18) hasa similar numericalstructureto
theexpressionsin Proposition3.2,wecanreducethecom-
putationtime by avoidingtheduplicatesumsasmentioned
previously. We alsoobtainedthe delaydistributionusing
Proposition3.1. However, theresultingexpressioncontains
multiple sums,andhenceprovidesno advantagesover the
uniformizationapproach.Accordingly, to obtainthedelay
distribution in thefirst approach(Proposition3.1),we rely
onnumericalintegration.This is mainlyusedin contrasting
ourtwo analysisapproaches;mostnumericalresultsin Sec-
tion 4 arebasedonProposition3.3.

Wireless Effective Bandwidth

Thenotionof effectivebandwidthhasbeentraditionallyem-
ployed to provide a guaranteedpacketloss rate in wire-
line [4] andwireless[7]. In this study, we extendthis no-
tion for awirelessconnectionunderprobabilisticdelaycon-
straints.

Wedefinedthewireless effective bandwidth � 476 underthe
delayconstraintÅ�Ç � delay ?Ñê��îuA@ asfollows:��476 ºuABDCFE � �:÷ � satisfies Å�Ç � delay ?Óê�� uG@ � (19)

where � is the servicerate. In contrastto wireline effec-
tive bandwidth, the wirelesseffective bandwidthis con-
figuredalongwith the optimal numberof correctablebits
whichminimizestheuseof bandwidthwhile providingthe
requestedreliability at the physicallink. In Section4, we
provide somenumericalexamplesrelatedto this concept
andinvestigatethecharacteristicsof thepairof QoSparam-
eters( ��476 { o ) in moredetail.

4. Numerical Results and Discussion

In thissection,wepresentnumericalexamplesbasedon
our analyticalresults.We verify theadequacyof thesere-
sultsby contrastingthemagainstmorerealisticsimulations.

Similartotheanalysis,thesimulationresultsareobtained
usingon-off traffic sourceswith exponentiallydistributedon
andoff periods.TheARQ retransmissionprocessis simu-
latedin a morerealisticmanner, wherebya packetis trans-
mitted repeatedlyuntil it is receivedwith no errorsor un-
til it reachesthelimit on thenumberof transmissions.The

probabilityof a packeterror is computedfrom (1) for both
channelstates.TransitionsbetweenGoodandBadstatesare
assumedtooccuronlyatthebeginningof apackettransmis-
sion slot. A packetis retransmittedif it hasuncorrectable
errors.It is assumedthatthepropagationdelayis small,so
that theACK/NAK messagefor a packetis receivedat the
senderbeforethenextattemptof transmission.Finally, we
useaninfinite-capacitybuffer in oursimulations.

In ourexperiments,wevarytheBERduringtheBadstate
( 3 4W6 ) andfix theBERduringtheGoodstateat 3 4�5 uä,.¯ ��H .
We set the meanof the off periodto ten timesthat of the
on period. In addition,we take the parametersrelatedto
thewirelesschannelfrom [6]. We adoptBose-Chaudhuri-
Hocquenghem(BCH)code[10] for FEC. Weconsiderfixed
packetsizes,e.g.,ATM cells. Sincewe treattheCRCcode
aspart of the payload,the FECcodeis appliedto 424-bit
blocks(i.e., n uJI å I bits). In [8], a table is availableto
showthesize,thecoderate,andthenumberof correctable
bitsof theBCH codeusedin ourexamples.All simulations
arereportedwith K4L4M confidenceintervals. For thedelay
distribution, ,0¯4N to IPOï,0¯4N sampleswereneededin thesim-
ulations.Table1 summarizesthevaluesof thevariouspa-
rametersin thesimulationsandnumericalexamples.Forthe
parameters� , 3�476 , o , and �k� , the valuesin the parenthesis
areassumedunlessspecifiedotherwise.

Figure4 depictsthe complementarydelaydistribution.
We vary the servicerate( � ) from Q:¯�¯ to , å ¯�¯ packets/sec
while fixing the otherparametersat 3�4W6�uÉ,0¯ � � { o�uSR ,
and � �_uUT . The differencebetweenthe analyticaland
simulationresultsisquitenegligiblefor all servicerates.We
observea slightdeviationat thetail partof thedistribution.
However, it is associatedwith thenumberof samplestaken
from thesimulation.For �éu , å ¯:¯ , we generatedIVO�,0¯ N
packetsto obtainthe shownresults. Note that the simula-
tion is basedon the realisticscenarioin which the packet
is transmitteduntil it is successfullytransmittedor until it
reachesthelimit on theretransmission,whereastheanalyt-
ical resultsarebasedon thefluid approximation.

Figure5 showstheeffectivebandwidthasa functionof
thenumberof correctablebits( o ) for threetargetdelaycon-
straints Å�Ç � delay ?7@�� , with @�u ¯ w ¯J, { ¯ w ¯4L { ¯ w , . Expect-
edly, morebandwidthis neededto achievea morestringent
delayguarantee.Interestingly, weobservethata very large
amountof bandwidthis requiredwhenonly ARQ ( oVu&¯ )
is usedfor errorcontrol. Thus,theuseof FECis essential
to achieveefficientbandwidthallocationwith delayguaran-
tees.Thefigureclearlyindicatesthat thereis anoptimal o
( oéuWR in thisexample)for agivenBERthatsatisfiesadelay
QoSconstraintwhile minimizing theuseof bandwidth.

Theoptimalnumberof correctablebits asa functionof
theBERof theBadstateis shownin Fig.6. Thetargetdelay
constraintis fixedat Å�Ç � delay ?�¯ w ¯J,��¾u�¯ w å L . We vary the3 4   6 from 0.001to 0.0158.For eachBER,we observethe
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sourcepeakrate + 1 Mbps(or 2604.1667packets/sec)
servicerate � ,.¯�¯Â�XQ:¯�¯:¯ packets/sec(1000)
meanonperiod ,.-�/ ¯ w ¯ å4Y ¯�I sec
meanoff period ,.-r1 ¯ w å4Y ¯ZI sec
meanGoodchannelperiod ,0-:9 ¯ w , sec
meanBadchannelperiod ,0-2; ¯ w ¯ Y4Y/Y sec
BER in Goodchannelstate 3�4�5 ,.¯ ��H
BER in Badchannelstate 3�4W6 ,.¯ � � �¥,.¯ ��[ ( ,.¯ � � )
numberof correctablebits o ¯Â� å ¯ (7)
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Figure7 showsthe effective bandwidthversusthe tar-

get delay constraints@ u Å�Ç � delay ? ê�� , for ê u¯ w ¯:¯J, { ¯ w ¯:¯/L { ¯ w ¯J, { ¯ w , (sec).As expected,morebandwidth
is required for a more stringentdelay requirement,i.e.,
smaller Å�Ç � delay ? ê�� at a fixed ê . Notice that the mini-
mum andmaximumvaluesof the effective bandwidthare��u å Q å and ��u Y:å L:¯ (packets/sec),respectively. Themin-
imumvaluecorrespondsto theminimumserviceratesatis-
fying thestabilityconditionof thequeue,whereasthemax-
imumvalueis theminimumserviceratesatisfyingthecon-
dition ��6\? + , i.e., B�CFE � �:÷ ��6\? + � . Consideringthe the
sourcepeakrate + u å4u ¯�I w , u4u R (packets/sec),the max-
imum effective bandwidthis surprisinglygreaterthan the
sourcepeakrate. This is in disagreementwith the well-
knownfactthatthewirelineeffectivebandwidthis bounded
by thesourcepeakrate.In theunderlyingwirelessscenario,
theassignedservicerateis reduceddueto thepacketerrors
andFECoverhead,andthustheprinciplein wirelineeffec-



tive bandwidth
v

cannotbeappliedhere.Anotherinteresting
observationin thisfigureis associatedwith theshapeof the
curveswith decreasingÅ�Ç � delay ?�ê�� . Considerthecaseofê¢u ¯ w ¯:¯G, . To improvetheQoSfrom Å�Ç � delay ?¨¯ w ¯�¯G,þ�Ju, w ¯ to Å�Ç � delay ? ¯ w ¯�¯G,���u&¯ w Q , we needto assignanex-
trabandwidth1950.0(packets/sec),whereasweneed143.0
(packets/sec)for êTu�¯ w , . Thatis, thebehaviorof theeffec-
tive bandwidthdependson theselectionof ê aswell asthe
constraintÅ�Ç � delay ?Óê�� .
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5. Conclusions

In this paper, we investigatedthedelayperformancefor
anon/off sourcetransportedoverawirelesschannel.Simple
yetaccuratefluid modelswereusedtocapturetheburstyna-
tureof thearrivingtraffic andthechannel’stime-varyinger-
ror characteristics.Error controlschemes(ARQ andFEC),
which are essentialelementsof any wirelesspacketnet-
work, were incorporated.We obtainedthe delaydistribu-
tion using two alternativeapproaches:Laplacetransform
anduniformization. The solutionwasthenusedto obtain
thewirelesseffectivebandwidth(definedhereasthemini-
mumamountof bandwidthrequiredto satisfyagivenprob-
abilistic delayconstraint),which canbeusedasa valuable
tool in resourceallocationandadmissioncontrol in wire-
lessnetworks.Ouranalyticalresultswerevalidatedby con-
trastingthemwith simulations.It wasobservedthatthean-
alytically obtaineddelaydistribution is quiteaccurateover
awiderangeof parameters.In afuturework, weplanto in-
vestigatethesystemcapacityof thewirelesslink, which is
constrainedbydiverseQoSparameters,e.g.,delay, loss,and
jitter, of multipleconnectionsovera sharedchannel.
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