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Abstract

In this paper, we presenta simplifiedschedulingschemefor packettransmissionovera fad-

ing channelwhich is modeledasafinite stateblockchannel.Wefirst derivetheoptimalminimum

powertransmissionpolicy with constraintsonbothaveragedelayandpacketloss.Thisproblemis

seento bethedualproblemof thework by Rajanet. al. [1] wherethepacketlossrateis minimized

underconstraintson averagedelayandpower. Theoptimalpolicy requiresa sophisticatedtable-

look-upfor implementation.In orderto alleviatethisproblem,wedesignasimplifiedtransmission

policy thatis basedoncheckingfor threecontrolparameters:atransmissionratethreshold,achan-

nel statethresholdandthe transmissionbuffer size. Our resultsshowthat theminimumaverage

powerwith thesimplifiedschemeis verycloseto thatachievedby theoptimalpolicy. By relaxing

thepacketlossconstraint,thesimplifiedpolicy is alsofoundto allow reducedbuffer sizes,thereby

simplifying systemimplementation.With thesimplifiedschedulingpolicy, thetransmittercanbe

modeledasabulk servicequeueandanupperboundfor theaveragedelayis derived.Further, the

packetlossrateandtheaveragetransmitpowerareestimatedusingan imbeddedMarkov chain

technique.
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1 Introduction

With the developmentof personalcommunicationservices,portableterminalssuchasmobile tele-

phonesandnotebookcomputersareexpectedto be usedmorefrequentlyandfor longertimes,and

hencepowerconsumptionwill becomeevenmoreimportantthanit is now. Oneof the major con-

cernsin supportingsuchmobileapplicationsis energy conservationandmanagementin mobilede-

vices.Hence,variousenergy-efficientmanagementtechniqueshavebeenproposedpermeatingdiffer-

entprotocollayersin wirelessdatacommunicationsystems[2–5].

Currentdatacompressionstandardshaveincludedobject-orientedencodingschemessuchasMPEG-

4whichmakewirelessmultimediaimplementable.In theseschemes,thesourcestreamconsistsof sev-

erallayersof packetstreamswhichmayhavedifferentQualityof Services(QoS)preferences(suchas

delaytoleranceandpacketlossrequirement)[6]. Thus,thetransmissioncontrolstrategyhasto bede-

terminedon thebasisof theQoSrequirementsaswell asthedynamicsof thepacketarrivingprocess.

Someearlierworkhasanalyzedtheproblemof designingapower-efficienttransmissionschedulefor a

wirelessnodein packetdatasystems.In [7], theeffectof traffic burstinessoverGillbert-Elliot channels

wasstudiedwith aconstraintoveraveragedelay. Reference[8] exploredminimalpowertransmission

of burstysourcesfor Gaussianchannels.Berry andGallager[10] analyzedthe tradeoff betweenthe

averagedelayandtheaveragetransmitpowerin fadingenvironments.In addition,theyquantifiedthe

behaviorof thepower-delaytradeoff in theregimeof asymptoticallylargedelay. In [1,9], moregener-

alizedclassof transmissionpoliciesarediscussed,wheresomepacketsareallowedto bedroppedbe-

sidesbeingtransmittedthroughthechannel.Thepacketis consideredlostwhenthebuffer overflows,

whenit is dropped,or whenit is receivedin error. In [1], Rajanet. al. derivedtheoptimalschedul-

ing policy (packettransmissionrate,droppingrate,andtransmitpower)thatminimizesthepacketloss

with constraintsbothon theaveragedelayandtransmitpower. Theyalsodiscusseda simplerpolicy

whereboththepackettransmissionschemeandthedroppingschemeweredesignedasthresholdrules.

Theparametersof thesimplifiedpolicy changesfor differentchannelstates.

In this paper, we first considerthedualproblemof theproblemin [1] by minimizing theaverage

transmitpowerwhile subjectto theconstraintson theaveragedelayandthepacketlossrate.Thema-

jor contributionof our work is to proposea muchsimplersuboptimalpolicy thatperformsaswell as

theoptimalpolicy. Thesuboptimalpolicy is determinedby only threeparameters(a transmissionrate
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threshold,achannelstatethresholdandthecapacityof thetransmissionbuffer) regardlessof thenum-

berof channelstates.Thepacketlossiscontrolledsolelybyprovisioningthebuffercapacitysothatwe

canneglectthepacketdroppingschemein [1]. Further, we alsoobservethatrelaxingthepacketloss

constraint(in areasonablerange)doesnothelptoconservemorepower. However, by usingthesubop-

timal policy, relaxingthepacketlossconstraintcanreducethebuffer sizenotablywhichsubstantially

simplifiesthesystemimplementation.

Thecommonmethodologyin designingeithertheoptimalor thesuboptimalpolicy is to formulate

the averagepowerminimizationproblemasa constrainedMarkov decisionproblem(MDP), which

canbesolvedby dynamicprogramming(DP) approaches[12]. For a largesizebuffer, thenumberof

possiblesystemstatesincreasesignificantlyandhencecomputingtheoptimal(suboptimal)scheduler

is computationallyintensive.In addition,addingtwo constraints(averagedelayandpacketloss)in-

creasesthecomputationalcomplexityfurtherwhenexecutingtheconstrainedDP algorithms[13]. In

thispaper, wemodelthetransmitterwith thesimplifiedpolicyasasingle-serverbulkservicequeueand

useclassicalqueueinganalysisto deriveanalyticalapproximationsthatarepreciseenoughfor policy

design.

This paperis organizedasfollows. Thefinite stateblock fadingchannelmodelandthetransmis-

sionsystemmodelaredescribedin section2 and3 respectively. In section4, theoptimalminimum

transmissionpolicy is found.Section5 proposesthesimplifiedsub-optimalpolicy andsection6 gives

thequeueinganalysisof thetransmittermodelwith thesimplifiedpolicy.

2 Finite State Block Fading Channel

For high dataratesystems,block-interferencechannelmodelsaregenerallyusedto characterizethe

wirelesschannel.Oneblock consistsof a batchof symbolsandthesesymbolsin a block experience

thesame“channelstate”.Thatis to say, thereceivedsignal-to-noiseratio(SNR)remainsataconstant

levelfor thedurationof ablock(denotedby
���

). A finitestateblockfadingchannelmodelcanbebuilt

asfollows. In eachblock,thechannelis modeledasanAWGN channel,i.e.,

����� 	�
��� (1)

where
 and� areinputandoutputsignalsrespectively. � is noise,and 	 is thefadingfactor. Normal-

izing thepathlossto 1, for theRayleighfadingchannel,	 is distributedexponentiallywith probability
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densityfunction

����� 
������������ 
 ��!"� (2)

Let !#�$	&%('*),+-	&%/.0),+-121213+4	&%657)8�$9 bea sequenceof pre-selectedthresholds,by whichwe parti-

tion fadingfactor 	 into afinite numberof intervals.Thenthechannelis saidto bein state: %<;=) if 	?>@ 	&%6;2)A�=	B%<;=CD.0)E� , F ��!"�"G��=121213�=H I�G . Let J denotethechannelstateset,i.e., J ��K : %('*)A� : %L.0)A�=12121M� : %65 � .0)AN .
Thesteadystateprobabilityis givenas

OQP*R6SUT3� � R6SUV�WXT
� R<SUT �Y��� 
���Z=
8� : %6;2)&[ 	> @ 	 %6;2) �=	 %<;2CD.0) � (3)

A memoryless . channelmodelis assumedin thiswork, where: %<;=) is i.i.d. in consecutiveblocks.Fur-

ther, weassumeboththetransmitterandthereceiverhavetheperfectchannelstateinformation.

If thepowerof backgroundnoiseis alsonormalizedto 1, andif we let \ representthenumberof

datapacketstransmittedin oneblock on state : %<;2) , thenthe minimumpowerrequiredfor error-free

receptionis givenas

]&^ � : %<;2) � \ ��� G	 %6;2) _
`EaUbaQced IfG � : %<;2)B[ 	?> @ 	 %6;2) �=	 %6;2CD.0) � (4)

where gDh is the numberof informationbits beingtransmittedin oneblock and gDi is the packetsize

in bits. Note that theexpressionin (4) assumesthat thenumberof bits gDh is a fairly largesuchthat

themaximummutualinformationin oneblockcanbeapproximatedby thechannelcapacity. Without

lossof generality, we alsoassumethefraction j bj c happensto beaninteger. Sinceonly finite channel

stateinformationis fedback,we only know 	 belongsto a interval
@ 	B%<;2)A�=	B%6;2CD.0)k� insteadof theexact

value. Therefore,the lower threshold	B%6;2) of interval
@ 	B%6;2)l�Y	&%6;2CD.0)E� is usedto calculatethe transmit

powerbecausewith thispower, \ packetscanbecorrectlyreceivedfor sureby theoptimalencoding.

3 System Model

Let time
�

bequantizedby block duration
���

. Thesystemmodelis shownin Figure1. Assumethat

a buffer with a finite capacityof m packetsis usedto storethe incomingpacketsin the transmitter.

An informationsourcesendspacketsinto thebuffer with rate n (packetsperblock). Thenumberof

o
In fact,theassumptionof amemorylesschannelis necessaryonly whenusingqueueingtheoryto analyzetheschedul-

ing behavioraswill beshownlater.
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Figure1: SystemModel

the arriving packetsin block
@ �qp � �qp CD. � denotedby r p , is assumedto be i.i.d. At eachtime instant

�qp
(s ��!��"GY�=12121 ), thetransmitterwithdrawst p packetsfrom thebuffer. In thecomingblock

@ �qp � �qp CD. � , \ p
packets( \ p�u t p ) areassembled,encoded,andtransmittedwith power

] p
throughawirelesschannel,

wheret p , \ p and
] p

aredeterminedby aschedulingpolicy. If thepacketstransmittedin thisblockcan

not becorrectlydecodedby thereceiver, we assumetheyarelost andno further retransmissionwill

bescheduled.In otherwords,anoutage occurs.Notethatthepacketscanbecorrectlyreceivedif the

inequality

] p � ]&^ � : p � \ p � (5)

canbemet,where: p is thechannelstatein the s -th block,and
]3^ � : p � \ p � is givenin (4). Let thequeue

length
 p denotethenumberof packetsin thebuffer at time instant
�qp

andset v �wK�!��"GY�=12121&� m N . The

buffer dynamicsis givenby thefollowing:


 p CD. ��xzyL{�KM
 p I \ p � r p � m N (6)

Whenthebuffer is full, i.e., 
 p � m , theincomingpacketswill getblocked andcannot berecovered.

Herewedenotepacket loss to includethefollowing situations:thepacketeitherbeingdroppedat the

transmitter, or beingcorruptedin theair channel,or beingblockedwhenthebuffer overflows.

4 Optimal Power and Rate Control

Theobjectivein thissectionis tofindtheoptimalschedulingpolicy thatminimizestheaveragetransmit

powerunderanaveragedelayconstraintandapacketlossconstraint.Thus,ateachtimeinstant
�qp

, we
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needtodecidethewithdrawalratet p , transmissionrate\ p andthetransmitpower
] p

for block
@ �qp � �qp CD. � .

Consideringthedelayandthepacketlossconstraints,t p , \ p and
] p

needto bedeterminedbasedon

boththechannelstate: p aswell asthequeuelength
 p . We define

Definition 1 The system state space |~}�wK���� � 
8� : �QN , where 
 > v and : > J .

Assumethesystemis onstate� p at time
�qp

. Wenowdefinethefollowing threefunctions

t p ��� p � � p ��� \ p ��� p � � p � and
] p ��� p � � p �Q� (7)

where� p ��� p [ v���J �� K�!��*��C3N and� p [ v���J �� K�!"�*��CBN , where�7C and ��C representpositive

integerandrealnumbersrespectively. A control policy � is definedasa sequenceof thetriple vector@ � p ��� p ��� pA� , i.e, � ��K @ � ' ��� ' ��� ' � � @ � . ��� . ��� . � �=12121�� @ � p �q� p ��� pl� �=12121YN . For anaveragecostproblemwith a

finite stateandcontrolspaceit is knownthattherealwaysexistsa stationarypolicy which is optimal

[12]. Thus,only stationarypoliciesareconsideredin this work, which meansthecontrolpolicy does

notdependonsystemtime. Thereforeequation(7) canberewrittenas

t p ��� � � p �Q� \ p ��� � � p � and
] p ��� � � p �Q� (8)

For a givenpolicy � , assume� � ��� denotesthesteadystateprobabilityof state� . Then,theaverage

poweris givenby

�] � � � � ���l� � ����� (9)

andtheaveragedroppingrateis

]3� � Gn � �
� ��� @ � � ����I�� � ��� � (10)

Thepacketblock rate(whenthebuffer overflows)is givenas

]3� � � � � � � � m � : �Q� (11)

Thus,the real incomingpacketrateacceptedby the buffer is n � G�I ]3� � . By Little’s Theorem,the

averagedelayis givenas

�  � G
n � G¡I ]&� � � 
 �

� �,� (12)
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Theaverageoutageprobabilityis givenas

]3¢U£¥¤ � Gn � �
� ���M¦ � � ���§+ ]3^ � : ��� � ����� (13)

where ¦ � 1/� is theindicatorfunction,thatis ¦ � 
��§�¨G if 
 is trueand0 if 
 is false.Finally, thepacket

lossrateis definedas
]3¢U£¥¤ � ]3� � ]3� . Theoptimumminimumpowerproblemcannowbeformally

statedasfollows.

Problem A

x©y/{ª �]
(A.1)

subjectto
�  u  ¬«q¯®

(A.2)

and
]3¢°£*¤ � ]&� � ]3� u²± (A.3)

NotethatProblemA is thedualproblemof theoptimizationproblemin [1].

Theorem 1 Assume policy �§³ � @ � ³ �q� ³ �q� ³ � is one solution of Problem A, it follows

� ³ � ���¡� ]3^ � : %6;2) ��� � ���Q� (14)

Sincetheproof is very similar with theproof of Proposition1 in [1], theproof is not givenhere.The

abovetheoremshowsthat the transmitpoweris alwayschosento be the minimum requiredpower,

i.e.,
]&¢U£¥¤ � �§³ �?�´! . In otherwords,in orderto conservethepower, to droppacketsdirectly is more

efficient thanto transmitthem(but without enoughpower)in anoutage,becausethosepacketswill

get lost anyway. Therefore,we needto now determineonly two functions� � ��� and � � ��� thatsolve

ProblemA. A DP algorithmcanbeusedto solveProblemA. We needto noticethat in the discrete

system,therecursiverelationshipof thequeuelengthin equation(6) assumesthat thepacketsarrive

right at thetime instant
�qp

, s �µ!"�"G��=12121 . However, packetsarrive in a continuousmannerduringthe

block interval. If we assumethepacketarriving processis independentof channelvariation,thereal

averagepacketbuffereddelayis half blocklessthantheaveragedelayweobtainby theDPalgorithm.

Dueto this reason,in all thenumericalexamples,thisdelayhasto becompensatedfor.

5 A Simplified Suboptimal Control Scheme

Therearesomedrawbacksof theoptimalpolicy of ProblemA:
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± �¼G*! ��½

1. TheDPalgorithmis tediouswhenthebufferssizeis big;

2. It requiresa sophisticatedtablelook-upfor implementation;

3. Thedroppedpacketswill not be receivedat the receiver, but they alsocontributeto the aver-

agequeuelengthof thetransmitterbuffer. Therefore,theaveragebuffereddelaycalculatedby

Little’sTheoremcannotpreciselycharacterizetheend-to-enddelayat thereceiver.

Wenowpresentthefollowing preliminariesthatwill leadusto asimplifiedpolicy.

Theorem 2 If � ³ and � ³ are one solution of Problem A, then

1. For a memoryless channel, � ³ is non-decreasing in channel state : .
2. � ³ is non-decreasing in queue length 
 .

3. � ³ and � ³ have the following relationship

� ³ � ���¡� � ³ � �,�Q� � ³ � ����+ \ £ � : � ± ��¾
\ £ � : � ± �Q�¿� ³ � ����� \ £ � : � ± ��� (15)

where \ £ � 1X�=1/� is a value depending on the channel state : and the packet loss constraint
±

.
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Theproof of Theorem2 is givenin theAppendix. Accordingto Theorem2 andbasedon numerical

examples(shownin Figure2), wemakethefollowing statements:

1. � ³ �¿! for somelow SNRstates;

2. For high SNRstates,� ³ �µ
 (thequeuelength)when 
 is small. In otherwords,whenthere

areonly few packetsin thebuffer, theoptimalpolicy is to transmitall of themwhenthechannel

quality is good.

3. For eachchannelstate: , thereexistsa thresholdvalueof queuelength 
 ¤ � where� � 
 ¤ � � : ��
\ £ � : � ± � . Thuswhentherearelessthan 
 ¤ � packetsin thebuffer, no packetis dropped.How-

ever, whentherearemorethan 
 ¤ � packets,somepacketshaveto bedroppedbut theoptimal

transmissionratestaysataconstant\ £ � : � ± � which is not relatedto thequeuelength.

4. When 
ÁÀ$
 ¤ � , theoptimaldroppingrate � ³ I²� ³ is almosta linearfunction(with slope1) of

queuelength
 . Thatis to say, � ³ I�� ³�Â 
�I�
 ¤ � for 
 À�
 ¤ � .
Basedontheaboveobservations,weselectthreeparameters:afadingchannelstatethreshold	 « which

is oneof thresholds	 %<;=) , F �Ã!"�"GY�=121213�=HÃI¨G ; a transmissionratethreshold� « , anda queuelength

thresholdfor droppingpackets
BÄ . Both � « and 
BÄ arechosento beintegers.Considerthefollowing

transmissionratefunction:

� P � � � � 
8� : %6;2) ���¡�
!"� 	 %<;2CD.0) +�	 « ¾

8� 	B%<;2CD.0)&�w	 « and
 u � « ¾� « �Å	B%<;2CD.0)&�w	 « and
��²� « �

(16)

Accordingto(16),thetransmitteronly transmitswhenthechannelisgoodenough(i.e., 	?�w	 « ). When

thereareasmallnumberof packetsin thebuffer (
�+�� « ), thetransmittertransmitsall of them.When

thenumberof thebufferedpacketsis morethan� « , thetransmittertransmits� « packetsin eachblock.

Furtherapacketwithdrawalschemeis definedas

� P � �,��� � P � ����� 
�+�
BÄ�¾

?��� « I�
BÄ3��
��²
BÄ (17)

wherewe choose
BÄÆ�$� « . Figure3 showstheconceptualcurvesof � P and � P comparingthemwith

theoptimalpolicy on a particularchannelstate.Accordingto � P , whenthenumberof packetsis less

than
BÄ , nopacketwill bedropped.Assumingat time
�qp

therearemorethan
BÄ packets,i.e., 
 À²
BÄ ,
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Figure3: A SimplifiedPolicy

thetransmitterwill withdraw � p ��
 p ��� « I�
BÄ packets.Let 
 p V denotethenumberof packetsat time� Cp , i.e., right afterapplyingthepolicy, then


 p V �²
 p I�� p ��
BÄ#I�� « (18)

Equation(18) impliesthatby applyingpolicy � P , 
�I � 
BÄÇI�� « � packetsarewithdrawnandthequeue

lengthis keptbelow 
BÄ�IÈ� « . Assumingthereis no priority differencebetweenpackets,thereis no

differenceon theQoSmetricsbetweendroppingpacketsat thepacketarriving endof the buffer, or

droppingthemat theserver(buffer withdrawal)end.We cannowdefineapolicy � P asfollows.

Definition 2 Assume the capacity of the buffer is m packets. On each state ��� � 
8� : � , define a policy

� P such that the transmission rate function � P � ��� is as given in equation (16). Further let the minimum

required power for reliable transmission given in (4) be chosen to be the transmit power.

Accordingto � P , thepacketwill getlost only whenthebuffer overflows,whichmeansthepacket

block rateis equivalentto thepacketlossrate.Notethat � P is equivalentto thepolicy [ � P , � P ] if m is

chosenas 
BÄ©IÉ� « . Comparingthesuboptimalpolicy proposedin [1], theadvantagesof � P arelisted

below.

1. � P dependson only 3 parameters:	 « , � « and m regardlessof thenumberof thechannelstates,

which is mucheasierto beimplemented.
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2. Sincenopacketisallowedtobedropped,thebuffereddelaycalculatedthroughLittle’sTheorem

is precise.

3. Thepacketlossrateis controlledonly via thebuffer capacitym . Hence,for a relativelyrelaxed

packetlossconstraint,wedonothavetouseahugebuffer toavoidbufferoverflow. It will greatly

simplify thecomplexityof theDP algorithmaswell asthesystemimplementation.

4. � P is simpleenoughto be analyzedusingclassicalqueueingtheory. We will find a relatively

easymethodto estimatetheQoSmetricsin thenextsectionwhichsimplifiesthesystemdesign

in comparisonto usingtheDPapproach.

Wecannowformally statetheminimumaveragepowerproblemwith thesimplifiedpolicy asfollows.

Problem B

xzy/{��ÊQË ÌQÊ�Ë Ä �] (B.1)

subjectto
�  u  Í«q¯®

(B.2)

and
]3� u²±

(B.3)

Thesolutionof ProblemB is thesimplifiedschemethatresultsin asuboptimalsolutionto ProblemA.

To illustratetheperformanceof thesuboptimalpolicy, weassumethenumberof arrivingpacketsin

oneblockobeysa Poissondistribution,i.e., theprobabilityof Î packetsarriving in oneblock is given

as

Ï�ÐÑ��Ò�ÓÔK r � Î N¬�w� ��Õ nÎ×Ö � Î ��!"�"G�� _ �=12121&� (19)

Considera packetstreamwith rate500Kbps. If theblock durationis assumedto be1 msandpacket

size gDi =100bits/packet,then n �ÙØ packets/block.Further, we choosegDh =2000bits/block. An 8-

state( H � Ú ) block fading channelmodel is usedby partitioningthe channelinto SNR intervals

with identicalsteadystateprobabilitiesasfollows: g %6'*) =( IÍ9 , -8.47dB), g %L.0) =[-8.47dB,-5.41dB),

g %6Û*) =(-5.41dB,-3.28dB),g % ½ ) =(-3.28dB,-1.59dB),g %(Ü*) =(-1.59dB,-0.08dB),g %6Ý*) =(-0.08dB,1.42dB),

g %6Þ*) =(1.42dB,3.18dB),g %/ß0) =(3.18dB,9 ).

Figure4 showstheaveragetransmitpowerunderboththesuboptimalpolicy andtheoptimalpol-

icy (whichservesasa lowerbound)varyingwith theaveragedelayconstraintwhenthepacketlossis

constrainedunder G�! � ß and G�! ��½ respectively. It is observedthatwhentheaveragedelayconstraint

is small,thetransmitpowerunderthesuboptimalpolicy is very closeto thepowerundertheoptimal
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policy. Whenthedelayconstraintis large,thedifferenceof theconsumedpoweris lessthan0.5dB.

Thissuggeststhatthesuboptimalschedulingpolicy workseffectively.

If wewrite theaveragetransmitpower
�] � �§³�à ± � asanexplicit functionof thepacketlossconstraint±

, it is easyto showthatwith thesamedelayconstraint,

�] � � ³ à ± . ��� �] � � ³ à ± Û ��� if
± . u²± Û (20)

becausewith bigger
±

, morepacketscanbedroppedin orderto savethepower. However, by observ-

ing thenumericalexamplesin Figure4, we find
�] � �§³=à G�! � ßq� Â �] � �§³2à G*! ��½ � . Similar resultsarealso

observedwhen
±áu G�! � Û . It impliesthatallowingpacketlossis notaneffectivetechniqueto savethe

transmitpower. However, in theabovenumericalexamples,when
 ¬«�¯® +ÅG*! (blocks),with

± �¼G*! � ß ,
theminimumrequiredbuffer size m§³ Â G*!�!�! , while m§³ +âG*!�! if

± �ãG*! ��½ . Basedon theaboveob-

servation,wecanconcludethatby usingthesimplifiedschedulingpolicy, therequiredbuffer capacity

decreasessignificantlyasthepacketlossincreases.



13

6 Queueing Analysis

In this section,we useclassicalqueueingresultsto analyzetheschedulingbehaviorof thesimplified

policy � P . With theassumptionof aPoissondistributionon thepacketarrivingprocess,thetransmis-

sionsystemcanbemodeledasaslottedä¼à   � à G à6m queueingmodel[14], whichis asingleserversys-

temwith Poissonarrivingcustomers,bulk servingability (with maximumbatchsizeof � « packets)for

constantservicetime (
���

), andwith finite buffer size( m ). In this slotted ä¼à   � à G à<m model,theslot

correspondsto thechannelblock,i.e.,theserver(transmitter)withdrawsthepacketsonly at thespeci-

fiedtimeinstant
�qp

, s ��!"��GY�=12121 . At themomentwhentheservercanstartwith theservice,if thequeue

lengthis morethan� « packets,� « packetswill beservedatthesametime;butif thequeuelengthis less

than� « , theserverwill startservingall thebufferedpacketsimmediatelyinsteadof waitingtill � « pack-

etsareavailable.Thepacketsthatarriveduringtheservicetimehaveto wait for thenextservingslot.

Thedistributionof servicetimeof everybatchof packetsis deterministic,i.e,oneblocktime. Further,

sincethetransmitterdoesnot transmitanypacketwhenthefadingstatus	?+�	 « , weregardtheserver

to bein amandatoryvacationunderthiscondition.Notethatthemandatoryvacationthatariseshereis

differentfrom theclassicalnotionof vacationin queueinganalysis[16]. Let ä denotethedurationof

amandatoryvacationandit is anintegermultipleof theblock time
���

. Sincethechannelis assumed

memoryless,ä obeysageometricdistributionas

Ò§Ó�K ä ��å ��� Næ�wç � GèIéç8� ^ � åâ��!"�"GY�Y12121 (21)

where ç��ÅÒ�Ó @ 	êÀ¼	 « � �¨� � �ëÊ for a Rayleighfadingchannel.Theaveragevacationtime
�ä � . ��ìì

blocks.Let í denotethenumberof packetsthatarriveduringavacationinterval,then

Ò�ÓQK í � Î N }� � Ðî� ï^Ñð ' ç
� GèIéç�� ^ ����Õ ^ � n åê� ÐÎ×Ö � Î ��!"��GY�=12121 (22)

Notethattheprobabilityof nopacketarrivingduringthevacationis

� ' �wçñï^Ñð '
� G¡IÈç8� ^ �ÔÕ ^ (23)

Figure5showsasamplerealizationof thethreedifferentfunctionalsystemstates:“busy” (i.e.,transmitting

packets),“idle” (i.e.,emptybuffer) and“vacation” (i.e.,waiting).
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Figure5: TheFunctionalStatesof theTransmitter

6.1 An Upper Bound for the Average Delay

We searchfor anupper-boundfor theaveragedelayusingtheconceptof mean residual service time

[15]. Theresidualservicetimehererefersto thetimespanfromthearrivinginstantof aspecificmarked

packetto thebeginninginstantof thenextbusyblock. Let ò denotethisresidualservicetimeseenby

thepacketin considerationand
 

representthebuffereddelayof thispacket.Notethatboth ò and
 

herearerandomvariables.Thedelay
 

canbewrittenasfollows:

  � ò �²óé� 
� « (24)

whereó refersto thenumberof vacationblockswhichtheserverexperiencesbeforethemarkedpacket

getsserved.
 is thequeuelengthseenby thispacketuponarrival. ô �Ì ÊÔõ representsthenearestinteger

which is smallerthan �Ì Ê , whichdenotesthenumberof busyblocksbeforeservingthemarkedpacket.

Sincefunction ô 1 õ is nonlinear, it is very difficult to derivetheaveragedelay
� 

directly. Hence,we

approximatethesystemasthefollowing simplifiedsystem:whenthesystemis in thebusystate(i.e.,

busyperiodsasshownin Figure5), we modelthesystemasa ä¼à   à G à<m queuewherethepacketsare

servedoneby onewith aconstantservicetime .Ì Ê (in unitsof blocks).However, whenthesystemis in

theidle stateor in a vacation,we still treatthesystemasa slottedsystemwherea slot correspondsto

ablock. Since �Ì Ê u �Ì Ê , it follows that

  u ò �Èóé� 
� « � (25)

By takingexpectationsonbothsides,weobtain

�  u �ò � � G¡IÈç8� � �  I �ò �M� �
� « (26)

where
�ò is themeanresidualtime and

�
 is theaveragequeuelengthobservedby arriving packets.

Notethattheaveragevacationtimeduringthewaitingperiodis givenas
�ów� � GMI�ç8� � �  I �ò � . With



15

theassumptionof Poissonarrivals,accordingto Little’sTheorem,

�
�� n � G¡I ]3� � �  u n �  (27)

From(26), theupperboundfor theaveragewaiting time is givenas

�  u �òGèI÷ö (28)

whereö� Õì Ì�Ê . Themeanresidualtime
�ò canbeapproximatedby

�ò Â n
_ � Û«
� � G
_
� GèIéçç � � GèIéç�ö�� (29)

which is derivedin AppendixB. Notethatwhen� « �¼G and m ��9 , theequalityin (28)holds.If we

chooseto transmitonly onepacketin eachblock (i.e., � « �¨G ) andtransmitonall channelstates(i.e.,	 « ��! whichresultsin ç��~G ), theaveragedelayreducesto thewell knownP-K formula[15].

Sincetheaveragedelaydecreasesas � « increases,it impliesthattheaveragedelayapproachesits

minimumas � « � 9 . This correspondsto thesituationwherein everybusyblock, the transmitter

transmitsall the packetsin the buffer. Therefore,the averagedelayis actuallythe averagewaiting

time to thenextbusyblock, i.e.,

� ¬^ pùø � ú/y/xÌ�ÊQû
ï
�  � G

_
� G¡Iéçç (30)

Figure6 showstheupperboundof theaveragedelayvaryingwith thetransmissionratethreshold� «
with a fixed channelstatethreshold	 « . We alsoplot theaveragedelayobtainedby runninga DP al-

gorithmandby a systemsimulation(a MonteCarlosimulationof thesystemshownin Figure1 with

thesimplifiedpolicy). It is observedthattheaveragedelayobtainedvia theDP algorithmis accurate

in comparisonwith thatobtainedthroughthesimulations.Moreover, theupperboundis lessthan0.5

block timehigherthantheactualdelay. It suggeststhatgiventhecontrolparametersof thesimplified

policy (� « , 	 « and m ), theaveragedelaycanbedirectlyapproximatedusingequation(28).

6.2 Packet Loss Rate and Average Transmit Power

Thepacketblock rate
]3�

(i.e., thepacketlossratefor thesimplifiedpolicy) andtheaveragetransmit

power
�]

canbeobtainedvia equations(9) and(11). Thesteadystateprobability � � �,� in (9) and(11)

canbecalculatedthroughdynamicprogrammingwhich hasbeenusedto generateall thenumerical
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Figure6: AverageDelaywith 	 « ��	&%(Û*) and
]3� �ÅG�! � ß

examplesin section5. However, thecomputationalcomplexityof theDP approachincreasesexpo-

nentiallyasthebuffer sizeincreases.In thissection,weusetheimbeddedMarkovchaintechniqueÛ to

analyzethe ä¼à   � à G à<m queueingmodelandprovideamucheasiermethodto evaluate
]3�

and
�]
.

Let
�qü' � �qü . �Y12121�� �qüø �=12121 representtheendinginstantsof everybusyblockasshownin Figure4. In fact

the time sequenceK � üø N denotesthesequenceof thecustomer(packet)departureinstants.Let ý ø be

thequeuelengthat
� üø

, i.e., thenumberof bufferedpacketsright afterthe � -th block of transmission.

Thus,the sequenceK ý ø N forms a Markov chain. Let � ü� denotethe steadystateprobability of this

Markovchain.Notethat � ü� is probabilitythatthereare
 packetsin thebuffer at thedeparturepoints� üø
. Theprobabilities� ü� , for 
���!��"GY�=12121&� m canbeeasilyobtainedusingtheimbeddedMarkovchain

technique[16] which is givenin AppendixC. Sincefor a bulk servingsystemtheprobabilities� ü� at

thedepartingpointsis notequivalentto thesteadystateprobabilityseenby anoutsideobserverwhen� « ÀþG [17], we cannotuse� ü� to compute
]3�

and
�]

directly via equations(9) and(11). Hence,we

consideranalternativeway to calculate
]3�

and
�]

by exploitingtheprobabilities� ü� aswill beshown

now.

Let \ ø denotethenumberof packetstransmittedin block
@ � üø I ��� � � üø � . Assumethequeuelengthat

ÿ
In reference[14], anothertechnique,thesupplementaryvariabletechniqueis employedby which theclosedform of

thesteadystateprobability � ·X¸D¹ maybederived.However, thecomplexityof this techniquemakesit notsoattractivefor
practicalsystemdesign.
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� üø � . is ý ø � . and í ø � . packetsarriveduringthevacationbetweentwo busyblock,i.e,
@ � üø � . � � üø I ��� � .

Then,if given ý ø � . and í ø � . , wehave

\ ø ��xzy/{DKY� « � ý ø � . � í ø � . N (31)

Note \ ø > v ��K�!"�"GY�Y121213� m N . Considera communicationwindow of
�

blocks,andassumethere

are
� ü busyblocksoutof these

�
blocks.Thustheaveragenumberof transmittedpacketsin thebusy

periodis definedas

�\ }� ú/yLx��� û ï
G� ü
� �
ø ð ' \

ø
(32)

Dueto theergodicityof theMarkovchain K ý ø N , �\ canbealsoobtainedby takingexpectationsas

�\ � d����
	 \
ø 1�Ò§ÓQK \ ø N

� d����
	 � �� W � �� W \
ø 1�Ò§ÓQK \ ø àQý ø � . � í ø � . N§Ò�ÓQK ý ø � . N§Ò�ÓQK í ø � . N

� Ä
� ð '
ïÐ ð ' xzyL{�KY�

« �q
� Î N�1 � ü� 1 � Ð (33)

where
� Ð is definedin (22) and � ü� is thesteadystateprobabilityof thequeuelengthat thedeparting

instantswhichwehaveobtained.Notethatthesummation
� �ø ð ' \ ø in (32) is alsothetotalnumberof

transmittedpacketsin thecommunicationwindow
�

. Therefore,thepacketblock rateis givenas

]3� �~G�I úLy/x� û ï
G
n �

� �
ø ð ' \

ø �ÅG¡I �\ n 1�úLy/x� û ï
� ü�

wherethefraction
� �� is thefractionof timethesystemis busy. Sincethesystemis busyunlessit is in

avacationor thebuffer is empty, in AppendixD, wederivethesystembusyratio to be

ú/yLx� û ï
� ü� � ç

Gè� � ���� �. � � �  �
� (34)

where� ü' is theprobabilityof anemptybuffer at thedepartureinstants.
� ' andÏ ' denotetheprobabil-

ities of no packetarriving in thevacationtime (23) andin oneblock (19) respectively. As numerical

examples,Figure7 showsthepacketblock ratecalculatedfrom equation(34) with givencontrolpa-

rameters(� « , 	 « and m ). In thefigure,wealsodepictthepacketblockrateobtainedby theDPapproach
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andby theMonteCarlosimulation.It is observedthatequation(34)workswell to estimatethepacket

lossrateof thesimplifiedpolicy.

For computingtheaveragetransmitpower, let usfirst define

���� "!$#�%'&� (*)
+,.-/,10
2 ( �435 76189!$#:% (35)

where
6

is thechannelstateand 2 ( is thesteadystateprobabilityof channelstatein (3).
� �  7!$#�%

gives

theaveragetransmitpowerfor transmitting
!$#

packetsin oneblock. Thenthelongtermaveragetrans-

mit poweris givenas

;� � <>=@?A$BDC EF
AHG
#JI/K �L�� 7!$#�% � <@=>?A$BDC F �F M N G )PO �L�� 7!$#�% MJQSRUT !$#:V

� WEYX Z G[]\ [^�_J` [ \ [ M
a
b I/K

C
c I/K ���� ?d=>efT9gh� 8ji Xlk VJ% M9m �b Mon c (36)

Sincetheaveragetransmitpower
;�

is non-increasingin theaveragedelayconstraintpq� `sr for a

givenpacketlossrate,themaximumaveragetransmitpoweris reachedwhentheaveragedelayismin-

imum (30). This correspondsto thesituationthatin everybusyblock, thetransmittertransmitsall of
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Figure8: AverageTransmitPowerwith �:�L�t���u��

thebufferedpackets.In otherwords,thetransmittedpacketsin eachblockarethepacketsthatarrive

within theintervalbetweenthetwobusyblocks.Hence,anupperboundfor theaveragetransmitpower

is givenas

;�43 � b � <>=>?v 0 BDC ;� � EExwzy K n K
C
{ I ^

C
c I/K y { n c � �  }| X~k % X~y K

C
c I ^ n c � �  k % (37)

where
y { and n c aregivenin (19)and(22),respectively.

Figure8 showsthepacketaveragetransmitpowerobtainedby queueinganalysiswhen ���'�t� ���� ,
wherewealsodepicttheaveragepowerobtainedby theDPapproachandby theMonteCarlosimula-

tion. Theresultsshowthatthequeueinganalysisprovidesagoodmatchto boththeDPandsimulation

results.

In summary, consideringa transmissionsystemusingthe simplifiedschedulingpolicy (which is

determinedthroughthreecontrolparameters,namelya transmissionratethresholdgh� , a channelstate

threshold��� anda buffer size � ), theQoSmetrics(i.e., averagetransmitpower
;�
, averagebuffered

delay
;p andpacketlossrate

�4�
) canbeapproximatedby equations(36), (28) and(34) respectively.

Therefore,with thedelayandpacketconstraintspq� `sr and� , thesuboptimalpolicy canbederivedby

minimizingtheaveragetransmitpower.
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7 Conclusion

In thispaper, asimplifiedschedulingschemewasproposedfor packetdatacommunicationsoverfad-

ing channels.Firstly we found theoptimalpolicy thatminimizedtheaveragetransmitpowerunder

constraintsonbothaveragedelayandpacketloss.Thisproblemwasthedualproblemof theproblem

solvedby Rajanet. al. [1] wherethepacketlossratewasminimizedwith constraintsonaveragedelay

andpower. Sincea complicatedtable-look-upwasneededundertheoptimalpolicy in theimplemen-

tation,wedesignedaverysimpletransmissionpolicy determinedby threeparameters:a transmission

ratethreshold,a fadingchannelstatethresholdandthetransmissionbuffer size.It wasshownthatthe

minimumaveragepowerwith thesimplifiedschemewasvery closeto thatachievedby theoptimal

policy. Undera relaxedpacketlossconstraint,we canreducethebuffer sizeby usingthesimplified

policy. Further, wemodeledthetransmissionsystemwith thesimplifiedpolicy asasingleserverbulk

servicequeueandderivedanalyticalapproximationsto the QoSmetricsthatarepreciseenoughfor

policy design.

A Proof of Theorem 2

Proof: Theproofsof statement1 and2 aresimilar to theproofsof Lemma5.2.4andLemma5.2.6in

reference[11] andarenotgivenhere.

Firstly, weassumethecapacityof thebuffer is bigenoughsothatnooverflowoccurs.Thus,packet

lossrateis reducedto thepacketdroppingrate.Thenwe havethefollowing claim.

Claim 1 The solution of the following problem is also the solution of Problem A:

;�43 { # ��?d����.�]� �h� �Y�  }� ^ 8j� � % w � ^ pq� `sr w � � � (38)

for
� ^ 8j� �L� �u� 8���%

, and

�Y�  }� ^ 8j� � % ��<>=@?� B ^  Exw�� % �Y��  ����7� ^ 8j� � %*8 ��� ��� (39)

where � ��  ����7� ^ 8j� � % satisfies the following equality

�Y��  ����7� ^ 8�� � % � ?d=@e  � v �43¡ "6h8 g  ��H%U% X � ^ i X � �  }¢£ ��¤% w g  ��¤%j%
X5� (¦¥ � §©¨ ("(]¥ y § �Y��  n  }i w ¢£ ��H%*8�ª1%*8�6$�7� ^ 8�� � % (40)
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with ¨ (¦(¦¥ the transition probability between channel states,
y § as given in (19) and function n  }i w ¢£ ��¤%j%

as given in (6).

Proof: Due to the ergodicity of the channelmodel,all the QoSmetricscanbe calculatedby using

a long-termaveragein time. Therefore,for any
� ^ 8j� �«� ��� 8���%

, considerthe following long-term

averageweightedcombination

�  ¬� ^ 8j� � % ��<>=@?®U¯©°A$BDC
EF²±

A
{ I ^ � { X � ^ i { X � �  "³ { w ! { % (41)

Theproblemof minimizing(41)overall policieś isaMDP. Theconstants
� ^ and

� � canbeinterpreted

asLagrangemultipliersassociatedwith theconstraints.Sincethechannelstatesform aMarkovchain

whereall thestatescommunicate,in theabovefinite stateaveragecostproblem,theminimumvalue

of (41)doesnotdependontheinitial state[12]. Thus,wedefinetheminimumaveragecostasfollows:

�¤�  }� ^ 8j� � %µ&� �  ��¶�7� ^ 8j� � % �·?d=@e¸ �  }� ^ 8j� � % (42)

where
�

is anyinitial state.Takinginto accounttheconstraintson averagedelayandpacketloss,the

problemgivenin (38)canbetreatedasequivalentto ProblemA solongas
 "� { X � ^ i { X � �  "³ { w ! { %U% is

aconvexfunctionof thepolicy ´ [13]. Theconvexityisguaranteedby thechoiceof thepowerfunction

asgivenin (4). Thisprovesclaim1. ¹
Notethatif thenobufferoverflowassumptiondoesnothold,thenanadditionalconstraintexplicitly

characterizingbuffer overflowcanbeincludedto proveamoregeneralversionof Claim1.

Foranystate
�

, equation(40) (alsoreferredto astheoptimalityequation)canbedecoupledinto a

summationof threetermsas:

� ��  �� �  ¬i�8�6�%U% � � ^ i X ?d=>ev T �43¡ "6h8 g  ��H%U% w � � g  ��¤%UVX ?d=@e  � � ¢£ ��¤% Xº� (]¥ � § ¨ (¦(]¥ y § �Y��  n  }i w ¢£ ��H%U8�ª.%U8�6�% (43)

Note that theoptimal transmissionrateschemeg � andwithdrawalscheme
¢ � aredeterminedby the

secondtermandthethird termof theright handsiderespectively. Sinceby design,g  ��H%�»t¢£ ��¤%
has

to besatisfiedfor all states
�

, weconsiderthefollowing constrainedoptimizationproblem:

?¼=>ev T �43¡ "6h8 g  ��H%U% w � � g  ��H%*V subjectto g  ��H%½»º¢£ ��H%
(44)
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It is easyto verify thatthesolutionto theaboveproblemsatisfiesequation(15). Furtheratthesolution,

thethresholdrate
!    "6h8 � % is givenas

!    76h8 � % � ¾À¿Á ¾ÀÂ <>ÃJÄ �
� �� ���uÅ�� ¾À¿Á  <>e Á % ¾ÀÂ (45)

where
� iÇÆ

denotesthenearestintegerto
i

and
� �� is solutionto themaximizationproblemin (38). This

concludestheproofof Theorem2. ¹

B The Average Residual Service Time

For theapproximatedqueueingsystemin section6.1,themeanresidualtime È is comprisedof three

parts: meanresidualservicetime (denotedby È ^ ), meanresidualidle time ( È � ) andmeanresidual

vacationtime ( È¶É ). During thebusyblock, thesystemis modeledasa Ê � p � E � � queue.When � is

enoughbig, from theP-K formula, È ^½Ë Ì� v �0 . Forthemeanresidualidle time, È � �  ^� X
^�_JÍÍ %� EÎwÐÏ %

,

where
EÑw²Ï

is theprobabilitythat theapproximatedsystemis not busyfor a systemload
Ï
. For the

meanresidualvacationtime, È¶ÉÒ�  ^� X
^�_JÍÍ %� ELw W % Ï , where

 ELw W % Ï is theprobability that the

systemis onamandatoryvacationwith anon-emptybuffer. Thusequation(29) follows. ¹

C Steady State Probabilities ÓzÔi for the Markov Chain Õ×Ö
Considerthe Markov chain ToØ #:V where Ø # is the numberof packetsin the buffer at the Ö -th de-

partureinstant Ù �# . The transitionprobability matrix of ToØ #ÚV is denotedby Û aÝÜ�a � T ¨ {Þc V where

¨ {Þc ��Q½R*ToØ # � k � Ø # _À^ � |*V
for

|
8 k � � 8 E 8 M�M�M 8 � . Assumeß # _À^ arethenumberof packetsthathave

arrivedduringthevacation
� Ù �# _À^ 8 Ù �# wáà Ù % and â # _À^ is thenumberof packetsthathavearrivedduring

thebusyblock
� Ù �# wzà Ù 8 Ù �# % . Thedistributionof ß # _À^ and â # _À^ is givenin (22)and(19),respectively.

Thenwehavethefollowing recursiverelationship.

Ø # � Ø # _À^ X ß # _À^ w gh� X â # _À^ Ø # _À^ X ß # _À^Sã gh�
â # _À^ �åä Ø # _À^ X ß # _À^ ä g�� (46)

If Ø # _À^ X ß # _À^ � �
, thesystemwill experienceoneblock of idle state,and Ø # will dependon the

numberof packetsthat havearrivedin this idle interval. As a result,for
k � � 8 E 8 M�M�M 8 � wæE

, the
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transitionprobabilitycanbeexpressedas

¨ {Þc �
n KhçEYwzy K n K X

v 0
Å I ^ n Å

y c X C
Å I v 0�è ^ n Å

y c è v 0 _ Å 8é| � �Jê
v 0 _J{
Å I/K n Å

y c X C
Å I v 0 _J{ è ^ n Å

y cU_J{ è v 0 _ Å 8 gh� ã |ìë �Jê
C
Å I/K n Å

y c*_J{ è v 0 _ Å 8 |ìë gh�1í
(47)

where

ç � y c n K v
0

Å I ^
y Å Xly K

v 0
Å I ^ n Å

X v 0 _À^
Å I ^

v 0 _ Åî I ^ n Å y î X c
Å I ^

v 0 è Åî I/K y î n v 0Uè Å _ î y c*_ Å (48)

When
k �t� , it follows that

¨ { a �·QSR*ToØ # è ^ ��� � Ø # � |
V � Exw a _À^c I/K ¨ { � c (49)

Thesteadydistribution ï �b ��T9m �b V is determinedfrom thesetof equations

ï �b Ûð��ï �b and

a
b I/K m �b � E

Fromtheabovetransitionprobabilities,anystandardnumericalprocedurecanbeusedto derivethe

steadystateprobabilitiesm �b of ToØ #ÚV . Note that thecomputationalcomplexityof solving for m �b in-

creasesasthebuffer size � increases.However, it is still substantiallysmallerwhencomparedto tra-

ditionalvalueiterationDPapproachesfor solvingProblemB.

D System Busy Ratio

To deriveequation(34),considera communicationwindow
F

andlet
F � denotethenumberof busy

blocks. Let
F'ñ

denotethenumberof idle blocksand
FLK

denotethenumberof departurepointswith

emptybuffer. Sincetheprobabilityof beingin vacationis W , wehave

F � X F'ñ �  Exw W %*F (50)



24

If at a departinginstant,thebuffer is empty, theaveragenumberof theidle blocksfollowing this de-

partinginstantis givenas \ [^�_J` [ \ [ . Hence,it follows that

FLñ � FLKE½wzy K n K (51)

From(50)and(51),equation(34) follows, whereò �K � A [A�G . ¹
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