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Abstract

We formulatea resourceallocationproblemin single-hopmulti-servicenetworkswith quality of servicere-
quirements.Wepresentadecompositionof theprobleminto two analyticallytractablesubproblems.Weillustrate
theapproachfor thecasewheretheQoSrequirementis expressedin termsof outageprobability. We establisha
sufficient conditionfor theoptimalityof thegreedypolicy in theaboveresourceallocationproblem.

I . INTRODUCTION-MOTIVATION

The scarcityof available resources,suchas limited bandwidthand low capacity, aswell
as the interferenceamongusersresult in seriouschallengesin the designfor wirelessnet-
works. An importantnetwork layerdesignproblemis theefficient allocationof thoselimited
resources.An efficient allocationmustoptimizea performanceobjective while satisfyingthe
quality of service(QoS)requiredby eachtypeof serviceandconnection(expressedin terms
of signalto noiseplusinterferenceratio (SNIR), andoutageprobability, latency, etc.).

In this paperwe presenta systematicapproachto connectionadmissioncontrol (CAC) in
single-hopmulti-servicewirelessnetworkswith QoSrequirements.Theapproachconsistsof
the decompositionof the resourceallocationprobleminto two subproblems:(

�
) the specifi-

cationof an admissionregion � which guaranteesthe QoSrequirementsfor eachconnected
user, independentlyof theadmissionpolicy; and(

���
) thedeterminationof a connectionadmis-

sion policy that is optimal within the class ��� of policiesrestrictedto the admissionregion� . sucha decompositionresultsin tractableproblemsandcreatesa conceptualframework
for understandingthe interactionamongthe different layersof the wire lesscommunication
networks.

The remainderof the paperconsistsof four parts. In Part 1, we (
�
) formulatethe CAC in

singlehopmulti-servicewirelessnetworkswith QoSrequirements;(
���

) discussthenatureof
this problemandthe needfor alternative tractablemethodsto solve it; and(

�����
) proposethe

aforementioneddecomposition.In Part 2, we (
�
) presentan approachto definingprobability

of outageasa system-wideQoSmeasurefor cellularsystems;and(
���

) constructanadmission
region � where, independentlyof admissionstrategies, the requirementson probability of
outagearesatisfied.In Part 3, we addresstheCAC problemundera constraintdescribedby
theadmissionregion � . In Part 4, wepresentconclusionandreflections.

Part 1. Outage-based Admission region

In a wirelesssystemthe desirableresourceallocation is achieved through two separate
mechanismsof power-rate assignment(PRA) and connectionadmissioncontrol (CAC). In
systemswhererate of transmissionof any userand the power control mechanismis fixed
andknown, CAC is the only mechanismto guaranteea certainlevel of servicewhile max-
imizing total revenueover horizon � . Mathematicallythe questioncan be formulatedas�
	���
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�
underCAC strategy . which is a functionof thesequenceof F " 
� $A&)(CG ���� � . 2 - is suchfunction

andits form dependson thephysicallayerandthepowerassignmentrule.
Noticethatqualityof servicefor aconnectionis adynamicvariablewhosestatisticsdepend

on the chosenadmissionstrategy. Hence,a key featureof this optimizationproblemis that
thereis a two-way couplingbetweentheconstraintsresultingfrom theQoSrequirementsand
theadmissionpolicy. Sucha two-way couplingresultsin a computationallychallengingand
analyticallyintractableoptimizationproblem.

In this paperwe proposethe two stepdecompositiondescribedin the introduction.Sucha
decompositionresultsin a one-way couplingbetweenthe constraintspresentin the resource
allocationproblemand the determinationof an optimal allocationpolicy. Though,in gen-
eral, our approachresultsin a suboptimalsolution for the original problem, it reducesthe
complexity of theproblemto a greatextent. Furthermore,it createsa conceptualframework
for understandingthe interactionamongdifferentlayersof wirelesscommunicationsystems,
suchas physical layer concerns,QoS requirements,and network layer resourceallocation.
In other words, the admissionregion � 0 F 3IH , �- $'./(J<K> �ML N�O9P .Q< ��� G conceptual-
ize the physicalchannelandQoSrequirements;andthe optimizationproblemis reducedto�
	���
SR:TVUW�X���������� ���� � �V! �#" 
� $A&)(Y*

Part 2. Outage-based Admission region

Outageprobability is an importantperformancemeasurein cellularnetworks. In a cellular
scenariolow SNIRcanincreasebit errorrate,but moreimportantlyif this ratioremainslow for
a long enoughduration,it cancauseanoutagein anongoingservice(dueto lossof synchro-
nization,etc).Thiswill resultin disconnectionof anadmittedcall. In mostcommonscenarios,
this is consideredamoresevereform of low performancethanblocking(whichoccurswhena
new call is deniedadmissionto thecell, hencethenetwork). As a result,outageprobability is
considereda mainperfomancemeasurefor traditionalcellularnetworks.

We describean outageby two parameters:$ � ( the SNIR thresholdZ ; and $ ��� ( a minimum
duration[ . An outageoccurswhentheSNIRremainsbelow thethresholdZ for aperiodlonger
thanor equalto [ . In mostof thecurrentlyavailableliterature(e.g. see[9], [12]), anoutage
is assumedto occurwhen the SNIR falls below a thresholdZ \ . We believe that this is not
sufficientto capturetheessenceof anoutage,sinceit ignoresstatisticalcorrelationorburstiness
in the incomingtraffic stream.It is intuitively expectedthat traffic streamswith high level of
burstinessaremoreprobableto causeanoutagethannon-burstyor iid streamswith thesame
level of instantaneousinstantaneousinterference.Similarly, thememorypresentin shadowing
channelsdirectly affects how long the impairmentwill last, henceit affects the occurance
of an outage. In other words, the drop in the SNIR below Z doesnot result in an outage
instantaneously;anoutageresultsin whentheSNIR is low for anextendedperiodof time, i.e.
a timeperiodthatexceedsaminimumduration[ . With thisdefinition,theoccuranceof outage
eventsstrictly dependon the secondorderstatisticsof the interferenceand/orshadowing. A
characterizationof outagebothin termsof thethresholdZ andthetimeduration[ hasappeared
only in [10] and [20]. Onekey featureof [10] and [20] is that the effect of otheruserson
theoutageprobability is not takeninto account.That is, theeffect of the(random)numberof
activeusersandthestatisticalvariationof theirchannelsontheprobabilityof outageis ignored.
Attentionin both[10] and[20] is restrictedononeuserandontheeffectof its physicalchannel
on theoutageprobability. In general,theperformanceof a wirelesssystemcritically depends
on two factors: $ � ( theconditionof thephysicalchannel;and $ ��� ( the interferencecreatedby
otherusers.Indeed,we show thatby incorporatingthe effect of multiple accessinterference
into our approach,we areableto relatetheoutageprobabilityto thenumberandtypeof users
presentin the systemand, therefore,to determinean admissionregion associatedwith the
maximumacceptableoutageprobabilityfor eachtypeof users.



Thesalientfeaturesof our approacharethefollowing: $�]^4Y( We modelthestatisticalvaria-
tion of thephysicalchannelby aMarkov Chain(asin [20]). $�]`_a( Weconsiderseveraltypesof
usersin termsof their statisticalactivity, andQoSrequirements.$M]`bc( Wefix thetotal number
of usersadmittedby thesystem,andwe assumethat thestatusof eachuserswitchesbetween
“active” and “inactive” accordingto a Markov rule (independentof $�]^4Y( ). The statusof a
particularuseris notnecessarilyindependentof thatof anotheruser.

As a resultof the aforementionedfeatures,we canconstructa modelwhich allows us to
define,for any multipleaccessscheme,theSNIRratioandhence,determinefor any parametersZ and [ the probability of outageasa function of the fixed numberof userspresentin the
system.This in turn allows usto analyticallydeterminethecapacityof thesystem(described
in termsof an admissionregion) associatedwith maximumacceptableprobabilityof outage.
Therefore,we achieve two main goalsin this part of the paper: $ � ( the developmentof an
approximatestatisticalmodel for outageandcalculationof the outageprobability; and $ ��� (
theanalyticdeterminationof anadmissionregionbasedtheon thedesiredperformanceof the
systemwith regardto outageprobability.

Thispartis organizedasfollows: In Section2.I, weconstructastochasticmodel,analytically
calculatetheprobabilityof outage,andprovide a procedureto constructanoutage-basedad-
missionregion. In Section2.II we presentexamplesillustrating the modelingandresultsin
Section2.I.

I . OUTAGE-BASED ADMISSION REGION FOR MULTIUSER SYSTEMS WITH MARKOV

CHANNELS

A. Philosophyof Our Approach

Weaddresstheissueof outagewithin thecontext of QoSrequirements.A userin thesystem
encountersanoutageeventwhenits receivedSNIR at thebasestationfalls below a threshold
for an extendedperiodof time. Hence,an outageis experiencedby eachuserindividually.
Therefore,thekey conceptualissueis how to analyticallydescribeanoutageeventasasystem-
wide QoS criterion. We addressthis issueby introducinga fictitious observer/userand by
defining an outageincurring during this user’s servicetime. To guaranteethat the outage-
basedQoSrequirementsaresatisfiedfor everytypeof userthatmaybeadmittedby thesystem
we proceedasfollows: We considera separatefictitious observer/userfor eachtypeof traffic.
Sucha useris alwaysactive andis identical to the actualusersof the sametype in termsof
the statisticsof the physicalchannel,SNIR threshold,andminimum outageduration. Each
fictitious observer/userdoesnot createany interferencein thesystem,hencehasno effect on
theperformanceof thesystem.Theoutageprobabilityfor sucha useris a conservativebound
on theoutageprobabilityof eachuserof thesametype.Thesystem-wideQoSrequirementin
termsof outageprobability is met if andonly if theprobabilityor the frequecy of outagefor
eachof theaforementionedfictitious usersis below a prespecifiedvalue(thatdependson the
typeof user)whichreflectstheQoSrequirement.In thissection,weconstructtheoutage-based
admissionregion following theabovephilosophy.

B. OutageFormulationfor a GivenObserver/Userin thePresenceof a FixedNumberof Users

Wefix thenumberof admittedusers,andthendevelopanapproachto definingandcomput-
ing outageprobabilityfor a fictitious observer/userd � , whosechannelstatistics,SNIR thresh-
old Z , andminimumoutageduration[ aregiven.

In a wirelesssettingthe received SNIR of an observer/userd � dependson two decoupled
factors: 1) the effect of physicalchannelin the absenceof otherusers;this capturesevents
like additive noise, fading, and/orshadowing (in the presenceor absenceof power-control
mechanisms).2) the effect of the presence,power, andchannelstatisticsof the otheractive
usersadmittedin thesystem.Therefore,to determinetheprobabilityof outage,weneed: $ � ( to



modelthechanneldegradation;$ ��� ( to modeltheinterferenceof otheradmittedusers;and $ ����� (
to constructa “SuperMarkov Chain” combining $ � ( and $ ��� ( in orderto describethereceived
SNIR of d � . For a detaileddescriptionof a modelthat completelyaccountsfor theeffect of
thesephenomenasee[6]. In this paperwe consideronly theworstcasescenariofor d � , where
the channelof all the otherusersare in their bestrealization. Furthermore,we assumethat
usersof similar typewith similar channelrealizationareassignedsimilar transmissionpower.
In this situationthereceivedSNIR of d � dependssimply on theeffect of thephysicalchannel
andthepresenceof otheractiveusers.

It is very commonto modeltheeffect of thechannelon SNIR in theabsenceof otherusers
asa Markov chain.Thevalidity of suchmodelhasbeenextensively studiedandconfirmedin
theliterature(see[19]). Themostcommonlyusedexampleof thiskind is theGilbertChannel.
In general,sucha MC is definedby its state-spacee 0 FSf � 6 f B 69898:8D6 f�g G , andits transition
matrix h 0 ikj -mlon Hp0 iProbF+q $'&�r�4+(s0 f lut q $'&)(v0 f - G n 8 Note that in the caseof an ideal
power controlmechanism,thestate-spacee is reducedto a singleton FSf G , henceh 0w4 ; in
caseof power control with quantizederror xzy , we have e 0 FSf|{}y 6 f 6 f r y G . We assume
thatchannelstatesof individualusersaremutuallyindependent.

To modeltheinterferenceof otheradmittedusers,weassumethatthereare ~ typesof users
in termsof QoSrequirements,transmissionPower, andtheactivity factor[14], andthereare$�� � 6C� B 69�+�+��6C� � ( usersadmittedto the system(not including d � ). At any time slot, each
admittedusercanbe active (“on”) or inactive (“off ”). Sinceonly active usersinterferewith
thereceivedsignalof d � , weneedto find anappropriatemodelto describetheevolutionof the
users’“on” periods.In thispaper, weassumethatactiveandinactiveperiodsfor auserof type�

evolveaccordingto a � l -orderMarkov chain.Consequentlythenumberof type
�
activeusers

canbemodeledby a Markov chainwhosestateis denotedby aninteger O l < F�� 6:4a6989898 6C� l G .
In generalweassumethattheactivity of all userscanbecorrelated.Basedontheabovewecan
expressthestateof thenumberof active usersby the the randomvector $ O � 6 O B 698:898�6 O � ( . By
construction,thisarrayevolvesaccordingto aknown Markov rule. Let � bethetransitionma-
trix for thisMarkov chain,i.e. � 0�i & ��� n H�0�iProbF $ O � 6 O B 69898:8D6 O � (v0�� t $ O � 6 O B 6989898D6 O � (�0 � G n 8
Notethat � is asquarematrixof dimension� �l � � $�� l r�4Y( .

To describethe received SNIR of d � , we constructa “superMarkov chain” (SMC) which
representsthevariationof thephysicalchannelfor d � andthenumberof the admittedusers.
Thestatesof this SMC arevectorsof form $ fV�7� 6 O � 6 O B 6:�+�+��6 O � ( . where fV�7� < e �7� is thestate
of the channelbetweenuser d � and the base-station,and O l , � 0 4a6C_�6:89898�6 ~ , asmentioned
before,denotesthenumberof type

�
active user. Thestate-spaceof this SMC is � 0 e ���z�� �l � � F�� 694�6C_�69898:8�6C� l G . Sinceby assumption,the stateof the physicalchannelfor a useris

independentof thenumberof theotherusersandtheir channelstate,thetransitionprobability
for this SMCcanbeeasilyobtainedby � 0 ���Jh � (1)

where h � is the transitionmatrix of the Markov physicalchannelbetweenobserver/userd �
andthebase-station,and ����� denotestheKroneckerproductof thematrices� and � . If we
denoteby � �7� , thesizeof set e �7� , thenthesizeof matrix

�
is � �7��� � �l � � $�� l r�4+( .

Todefineanoutageeventmathematically, wemustspecifythereceivedSNIRof observer/userd � at eachstate � < � . This SNIR is a function L � � H ���{ �  ¢¡ . The exact form of L � � $5��(
dependsonthedynamicsof multipleaccessinterference,andpossiblythepowercontrolmech-
anism.For instance,for aCDMA systemwhereusersof thesameclasshaveacommontrans-
mittedpowerandthereis no powercontrol,theform of function L �7� is:L � � $ � (v0 fV��Y£ �¥¤z�¦ r � �l � � f l§A¨ª© � £ l O l (2)



where ¦ is the noisepower (that includesthe expectedtotal interferencefrom the adjacent
cells), O l is the the total numberof active usersof type

�
,
¤z�

is the spreadinggain for userd � , fV��� is thechannelgainbetweend � andthebasestation,and £ l is thecommontransmitted
power for all type-

�
users.This form canextendto CDMA systemswith power controlwhere

eachclassof usershasa commontargetedpower, andwhere f lo« - representsthe error of the
powercontrolmechanism.

After specifyingtheSNIR of userd � at eachstate,wedefinethesetof “badstates”¬ as¬ H�0 F�� < � t L �7� $ � (®­ Z G¯8 (3)

Basedon theaboveclassificationof stateswecannow formally definethefollowing:
Definition1: An outageis aneventwherethestateof theSMC enters¬ andstaysin ¬ for

at least[ unitsof time.
Definition2: Theprobability of an outageis definedto be theprobability thata randomly

selectedtimeslot belongsto anoutageeventandis denotedby £±° � �³²u´ ¨ .
C. OutageAnalysisfor a GivenObserver/Userin thePresenceof a FixedNumberof Users

Theprobabilityandfrequency of anoutageeventin theconstructedSMC canbestudiedin
theframework of [20].

Considerthe constructedSMC andthe associatedtransitionmatrix

�
with it. We follow

[20] to establishthenecessaryequationsandrelationsthatdescribetheprobabilityof outage.
Note that the SMC is mathematicallyequivalentto the physicalMarkov Channelstudiedin
[20], even thoughthe SMC, in general,hasa muchlarger statespace,andit hasa very spe-
cific structuredueto its construction.Hence,after introducingthe appropriatenotationand
definitionswecanuseresultsprovidedfrom [20] for theanalysisof theprobabilityof outage.

C.1 Definitionsµ Let therow-vector ¶ denotethestationarydistributionof SMC.µ Define ¶¸· as ¶¸· $ � (v0?¹ ¶ $ � ( if � <�º� otherwise
6 (4)µ Define »�¼ asthematrixwith entries»½¼ $ � 6¾��(�0?¹ � $ � 6¾��( if �
< ¬� if �
<=º (5)

C.2 Results

We establishananalyticalexpressionfor probabilityof outage.For thatmatterwe needthe
following resultfrom [20].

Fact.1: Theprobabilityof outageis givenas£±° � �³²u´ ¨ 0 [�¶¢·®»½¼ ¿cÀ r ¶¢·¢»�¼Á¿ ¡ � $ �`{Â»�¼ (¥Ã � À (6)
Basedon Fact1 we establishanalternative analyticalexpressionfor theprobabilityof out-

age. Thenew expressionis easierto computeasit involvesneitherinversionof a matrix nor
calculationof vector ¶¸· . For theproof of Proposition1 see[6].

Proposition1: £±° � �³²u´ ¨ 0 ¶Ä»�¼Á¿ $ [V�Å{ $ [^{ 4Y( »�¼ ( À
D. Constructionof an Outage-BasedAdmissionRegion

We now discusshow to usetheresultsobtainedin Section2.I-C to constructanadmission
region whentheprobabilityof outageis theQoSrequirementunderconsideration.An admis-
sionregion is thesetof all combinationsof admitteduserssuchthat if connectionadmissions



arerestrictedto a subsetof its interior, theprobabilityof anoutageencounteredby a fictitious
observer/userof type

�
is lessthanaprespecifiedthreshold£ lÆ ²uÇ for all

� 0È4a6¥_�6989898 6 ~ .
The formulation of probability of outagepresentedin Section2.I-B and the analysisof

Section2.I-C provide an expressionfor the probability of outageof a fictitious userof type�
(
� 0 4a6C_�6:89898�6 ~ ) as a function É l H`Ê �¡ � { �  ¢¡ of the vector of admittedusers � 0$�� � 6C� B 698:898D6C� � ( . Therefore,for a fixed type

�
fictitious user(i.e. e ��� 0 e l , h � 0 h l ,[ � 0 [ l , Z � 0 Z l , and L ��� $5�o(z0 L l $u�o( ) the region whereQoS(expressedby the probability of

outage)is guaranteedfor thattypeof userisË l Hp0 É Ã �l $)i � 6 £ lÆ ²5Ç n (v0 F � H É l $�� (®Ì £ lÆ ²5Ç G¯8 (7)

Consequently, theregionwheretheQoSis guaranteedfor all theusersisË H�0 �Íl � � Ë l 0 �Íl � � F � H É l $�� (¸Ì £ lÆ ²5Ç G¯8 (8)

Sinceit is notdesirablefor any admissionstrategy to terminateanunfinishedservice,wedefine
theadmissionregion � asthelargestcoordinateconvex subsetof

Ë
, i.e.� Hp0ÈÎ;ÏVÐÑYÒ¯Ó F9Ô H if � < Ô 6C� ÕÁÌ�� then � ÕÁ< Ô G¯8 (9)

Recallthatour analysisis valid for a fixednumberof admittedusers.In a wirelesssystem
thenumberof users(active andinactive) presentin thesystemvarieswith time. We establish
thevalidity of our analysisfor wirelesssystemsthroughthefollowing theorem(For theproof
see[6]).

Theorem1: The admissionregion � is a conservative boundon the numberof admitted
usersfor which theQoSexpressedby theprobabilityof outageunderany admissionstrategy
is met.

I I . SPECIAL CASES, EXAMPLES, DISCUSSION

In thissectionwepresentexamplesillustratingourapproach.In all theexamplesweconsider
theoutageproblemin aCDMA pre-third-generationwirelesssystems.In suchsystems,traffic
mainly consistsof voice,or datastreamsthat arecompressedandthentreatedasvoice [16].
This kind of traffic, whenthe numberof usersis fixed, canbe appropriatelymodeledby an
Engsethbirth-deathchain(see[1]).

In the remainderof the sectionwe formally introducethe Engsethtraffic model. In Sec-
tions2.II-A wecomputetheprobabilityof outage,andtheresultingadmissionregionsundera
varietyof powercontrolscenariosandsystemparameters.

Weconsider~ typesof traffic. Let thecomponent� - of thevector � 0�$�� � 69898:8D6C� � ( rep-
resentthefixednumberof usersof type E admittedto thesystem.Let Ö $A&)(s0È$ Ö � $'&)(76:89898�6 Ö � $A&)(;(
denotethevectorof thenumberof activeusersof eachtypeat time & . Thenthetransitionprob-
ability for theEngsethmodelis givenasfollows:

£ F�Ö $A&×r�4+(�0XØ t Ö $'&)(v0�ÙÚ6C� GÛ0
ÜÝÝÝÝÞ ÝÝÝÝß
$�� - {áà - (;â - if ã 0 à r�ä -à -:å�- if ã 0 àæ{ ä -4 { � - R+ç�èMé à -:å�-{ � - R9ç è�ê5ê $�� - {áà - (;â - if ã 0 à� otherwise

where ä - is acolumnvectorwhoseelementsareall zeroexceptfor the E �³ë elementwhich is 1,â - is theactivationrateof eachinactive userof type E , å�- is theprobabilityof thatanactive
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Fig. 1. Left) ì�íMî;ï�ðªñuò vs. ó , for casesin 2.II-A. Right) AdmissionRegionsfor casesin 2.II-A.

userbecomesinactive, ô °¾õCõ 0 FSE H à - ­�� - G , and ô °�ö 0 FSE H � ­ à - G . Notethat ÷7ø÷ ø ¡Vù ø is
theactivity factorof eachstream.For voiceusers,this is around� 8ûú . For datausers,it varies
with theapplication,andit dependsontheburstinessandinformationbandwidthof thestream,
aswell asthecompressionmethodemployed.

A. NumericalExamples

Wefirst constructtheSMCassociatedwith thismodel.Let � denotethenumberof admitted
usersin thesystem.Weconstruct�ýü 0þiProbF O 0 �ªÿ O 0 �a6¥� G n .

For thecasesthatfollow we usedifferentchannelmodels $ e 6 h � ( . We constructthetransi-
tion probability

�
associatedwith each$ e 6 h � ( pair, using(1). After identifyingthetransition

matrix,determiningtheSNIR at eachstate,andfinally labelling“bad” statesaccordingto (3),
wecalculatetheprobabilityof anoutagefor type

�
connectionsasa function É l $�� ( .

We first study the homogeneoustraffic scenarios.For all the scenariosunderstudy, we
assumethat ÷÷ ¡Vù 0 � 8kú , � 0K8 �a� _ [ õ ( � is the time slot durationand [ õ is the fadingcycle),Z 0 bV8 4 dB, and the spreadinggain is

¤ � 0 � ú . Fig. 1. Left) shows the result of sucha
calculationfor CDMA systemswhen: 1) the channelfollows a Gilbert modelwith average
burst lengthsof 4, with steady-stateprobabilityof thebad-channel-stateequalto � 8 4 and [ 0� � (thevaluerecommendedby ITU-T [13]); 1’) channelis similar to oneof (1), and [ 0È4�� � ;
2) thechannelis anappropriateapproximationto aRayleighfadingchannelwith themaximum
Dopplerfrequency of 100Hz asgivenby [19] and [ 0 � � ; 2’) thechannelis similar to (2) and[ 0È4�� � ; 3) anidealpowercontrolmechanismis implementedand [ 0 � � ; 3’) thechannelis
similar to (3) and [ 0þ4�� � ; and4) powercontrol is appliedwith errorof 5% and [ 0 � � . 4’)
thechannelis similar to (4) and [ 0 4�� � ;

Now we studytheoutageproblemfor thesameCDMA systemwhenthetraffic consistsof
two classesof userswith differentactivity factors,spreadinggains,andoutageparameters;
theseparametersare ÷��÷ � ¡Vù � 0 � 8kú , ÷��÷ � ¡Vù � 0 � 8 � , ¤ � 0 � ú , ¤ B 0 bc_ , £ B 0Ú_ £ � [ � 0 [ B 0 [ ,Z � 0 bV8 4 dB, and Z B 0Kb�8pb dB. We set the maximumacceptableprobability of outageto be
equalto 4 � Ã
	 . Underthis specification,Fig. 1. Right) shows theadmissionregion, when: 1)
thechannelis describedby aGilbertmodelsimilar to theonein Section2.II-A and [ 0 � � ; 2)
thechannelis describedby a Gilbert modelsimilar to theonein Section2.II-A and [ 0þ4�� � ;
and3) thereis an idealpower controlmechanismand [ 0 � � ; and4) thereis an idealpower
controlmechanismand [ 0 4�� � .

B. Discussion

Fig.1 illustratesthatfor all casesdiscussedin Section2.II-A É � $�� ( is anincreasingfunction
of � . Similarplotsareprovidedin [6]. Theseplots,likeFig.1,show that É l $�� � 6C� B ( , � 0È4a6¥_ ,
is increasingin � �

and � B
. This impliesthattheregion

Ë
definedby (8) is coordinateconvex,



hence � 0 Ë
for the examplesstudied. Basedon theseresult we proposethe following

conjecture:
Conjecture1: In any cellularsystem,É l $�� ( is increasingin eachcoordinate� l for all

� 04a6C_�6989898�6 ~ ; Hence,� 0 Ë
.

Part 3. Connection Admission Control

As discussedin theintroduction,We proposeto formulatetheConnectionAdmissionCon-
trol (CAC) problemin a single-hopmulti-servicenetwork with QoSrequirementsasa con-
strainedstochasticdynamicoptimizationproblem,wherethe constraintdescribesthe admis-
sionregion. Onestandardapproachto describingtheadmissionregion for sucha problemis
to definea total capacityfor thenetwork andassociateaneffectivebandwidthto eachclassof
users.Thisapproachapproximatestheboundaryof theadmissionregionwith a linearfunction
of thenumberof eachtypeof users(see[3], [17], and[18]). In caseswhereall theQoSrequire-
mentsaresummarizedby aneffectivebandwidth-basedadmissionregion,theCAC problemis
equivalentto a classicalknapsackproblem.(see[15] chapters2-4, andthereferencestherein
for detailson theclassicalstochasticknapsackproblem).

In general,all QoSrequirementsconsideredsimultaneouslyaresummarizedbyanadmission
region theboundaryof which neednot bea line. In sucha situationa reasonableassumption
on the natureof the admissionregionsand their boundariesis coordinateconvexity, which
implies that no forcedterminationof serviceis requiredin orderto meetQoSrequirements.
Basedon this observation, in this paperwe proposethe formulation and investigationof a
“generalizedknapsack”whoseschedulingis equivalentto theCAC problemwith acoordinate
convex admissionregion.

To motivatethe analysisof the CAC problempresentedin Section3.I we first briefly dis-
cussandcritique the resultsavailableon theclassicalknapsackproblem. Several variantsof
theclassicalknapsackproblemhave beencarefullystudiedin literature(for examplesee[2],
[4],[5], [7], [8], [11], and[15]. In [11] reward that is fixedandknown, andis obtainedat the
instanceof admission.This featuremakestheproblemconsideredin [11] distinctly different
from the problemwe considerin this paper. In [8] it is assumedthat no job admittedto the
knapsackleavesthesystem,i.e. theproblemchangesto apackingproblem.Suchaproblemis
alsodistinctively differentfrom ours.Themodelandtheformulationof theknapsackproblem
consideredin [2], [5], [7], and[15, Ch. 4] aresimilar to our problem. A Markov Decision
Process(MDP) approachis usedin this classof referencesfor the analysisof the classical
knapsackproblem. It hasbeenshown that solving the appropriateMDP, throughstandard
numericprogrammingmethods,canbeanalyticallyintractableandcomputationallycomplex.
Furthermore,it is known that theoptimalsolutionto suchMDP (which is theoptimaladmis-
sionpolicy for theclassicalknapsack),in general,lacksany specificstructureor well-definable
property(See[7]).

Thecomplicatednatureof theoptimalconnectionadmissioncontrolpoliciescreateapracti-
cal difficulty for their implementationasviableCAC policiesin high speednetworks. Conse-
quently, in thispaperweconsiderthe“greedypolicy” whichhasaverysimpleimplementation.
Thegreedypolicy admitsany requestfor connectionif theresultingnumberandconfiguration
of admittedusersbelongsto set � . Wedetermineconditionson theratesof revenuegenerated
by differentclassesof connectionssufficient to guaranteethe optimality of the greedypol-
icy. Theproblemwe addresscanbe thoughtof asfollows: How shouldeachtypeof service
provided by the network be chargedso that it shouldbe optimal to admit every requestfor
connectionprovidedthattherearesufficient resources?

The remainderof this part of paperis organizedas follows: In Section3.I we formulate
theCAC problemwith two classesof connectionsasa generalizedknapsackproblem,called
Problem(P). Weprovidea sufficientconditionon theoptimality of greedypolicy for Problem



(P) (for theproof,see[6]). Section3.II includesabrief discussionof a furtherextensionof the
CAC problem.

I. THE GENERALIZED STOCHASTIC KNAPSACK PROBLEM WITH TWO CLASSES OF

CONNECTIONS

Thegeneralizedstochasticknapsackproblemwith two classesof userscanbeformulatedas
follows:
Problem(P)
Considerafinite coordinate-convex set ���}  B¡ whichcontainstheorigin. A two dimensional
generalizedknapsackassociatedwith set � , consistsof asystemof identicalserversin parallel
that canserve two classesof servicewithin its supportregion � . That is, the knapsackmay
serve " � numberof class-1connections,and " B of class-2connections,only if $ " � 6 " B ( <� . Eachconnectionof class E , E 0 4a6¥_ , is characterizedby its arrival rate, â - , and the
rateof its servicetime, å�- . We assumethat: arrival andservicestatisticsof eachconnection
are independentof eachother and independentof the arrival and servicestatisticsof other
connections;theservicetime for aconnectionof type E is amemorylessrandomvariablewith
mean

�ù ø ; eachunit of time thereis at mostonenew connectionarrival to the system.Each
arriving connectioncanbeadmittedto theknapsackif theresultingnumberof connectionsis
in � . If a requestfor connectionis rejected,the connectionis lost. An admittedconnection
remainsin theknapsackuntil its serviceis completed.Without any lossof generalityandfor
clarity, we assumethatarrivalsanddepartureswithin thetime slot from time & to &±r 4 occur
in theopeninterval $'&C6)&/r�4Y( ; furthermore,departuresoccurat theendof a time slot whereas
arrivalsoccurat thebeginningof a timeslot. Thus,if wedefine& ¡ and & Ã as& ¡ 0 
���� F�� < $A&C6;&Dr�4Y(¸H � is thetimeafterthearrival timeof new

connectionrequestsandadmissiondecisionsin timeslot &¥G$'&�r�4Y(mÃ 0 Î)Ï�Ð F�� <Â$A&C6;&�r�4Y(¸H � is thetimebeforethecompletiontime

of any connectionwhoseserviceendsin timeslot &¥G¯8
wehave & ¡ ­ $'&�r�4Y( Ã . Eachadmittedconnectionof type E 0 4a6C_ generatesa revenueof rate! - while beingserved in theknapsack.Thegoal is to find anoptimaladmissionstrategy that
maximizesthetotal expectedrevenueoverhorizon � , where� maybeinfinite.

Remark: As a resultof our formulation,apacketof type E maybeadmittedin thesystemat& ¡ , completeserviceat $A&Dr�4Y( Ã , andresultin a revenue! - .
Themainresultof this sectionis summarizedby thefollowing theorem:
Theorem2: If â Bå B Ì ! �! B Ì å �â � 6 (10)

thenthepolicy thatfollows thegreedyrule at all timesis optimalfor Problem(P).
For theanalysisof Problem(P) andproof of Theorem2, see[6].

I I . EXTENSIONS AND GENERALIZATIONS

A. GeneralizedKnapsack Problem~ ( ~�� _ ) Classesof Connections

It is possibleto establish,by argumentssimilar to thoseusedin theproof of Theorem2, the
following resultfor thegeneralizedknapsackproblemwith ~ typesof connections.

Theorem3: ConsiderProblem(P) with ~ typesof users.If! l���� -��� l ! - â -å�- 6 P � < F 4�6C_�69898:8�6 ~ G (11)



thenthepolicy thatfollows thegreedyrule at all timesis optimal.
Wenotethatas ~ increasesthesufficientconditions,describedby (11),for optimalityof the

greedyadmissionpolicy becomeincreasinglyweak.

Part 4. Conclusion

In thispaperwepresentedanapproachto theconnectionadmissioncontrolfor asingle-hop
multi-servicewirelessnetwork with QoSrequirements.In general,a connectionadmission
controlstrategy createsa complicatedtwo-way couplingbetweenthephysicallayer, i.e. QoS,
andthenetwork layer, i.e. theoptimal resourceallocation. Our approachproposesa decom-
positionof the problemin two subproblems:admissionregion constructionandgeneralized
knapsackscheduling.Theresultof suchdecompositionis reducingthe interactionof thetwo
layerinto a one-waycouplingbetweenthephysicallayer(QoS)andthenetwork layer(CAC).
To demonstratethemethodology, we, then,constructedanoutage-basedadmissionregion. Si-
multaneousconsiderationof QoSrequirementssuchasoutageprobability, averagebit error
rate,delay, etc.,canbeincorporatedinto theadmissioncontrolproblemby takingtheintersec-
tion of thecorrespondingadmissionregionsresultingfrom theaboveQoSrequirements.Such
an intersectiondefinesthe admissionregion for a generalizedknapsackproblem. We inves-
tigateda generalizedknapsackproblemandestablishedconditionssufficient to guaranteethe
optimality of thegreedyadmissionpolicy.
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