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Abstract

In this papey we presenta simplified schedulingschemefor packettransmissiorover a fad-
ing channelhichis modeledasafinite stateblock channel We first derivethe optimalminimum
powertransmissiomolicy with constraint®n bothaveragelelayandpacketoss. This problemis
seerto bethedualproblemof thework by Rajanet. al. [1] wherethe packetossrateis minimized
underconstrainton averagedelayandpower The optimal policy requiresa sophisticatedable-
look-upfor implementationin orderto alleviatethis problem we designasimplifiedtransmission
policy thatis basedn checkingfor threecontrolparametersatransmissiomatethresholdachan-
nel statethresholdandthe transmissiorbuffer size. Our resultsshowthatthe minimum average
powerwith thesimplifiedschemaes very closeto thatachievedyy the optimalpolicy. By relaxing
thepacketiossconstraintthesimplifiedpolicy is alsofoundto allow reduceduffer sizes thereby
simplifying systemimplementation With the simplified schedulingpolicy, thetransmittercanbe
modeledasabulk servicequeueandanupperboundfor theaverageadelayis derived.Further the
packetlossrate andthe averagdransmitpowerare estimatedisingan imbeddedVarkov chain

technique.
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1 Introduction

With the developmenbdf personalcommunicatiorservices portableterminalssuchas mobile tele-
phonesand notebookcomputersare expectedo be usedmore frequentlyandfor longertimes,and
hencepowerconsumptiorwill becomeevenmoreimportantthanit is now. Oneof the major con-
cernsin supportingsuchmobile applicationss enegy conservatiorand managemenin mobile de-
vices.Hence yvariousenepgy-eficientmanagemertechniquesavebeenproposegpermeatingliffer-

entprotocollayersin wirelessdatacommunicatiorsystemg2-5].

Currentdatacompressiostandardiaveincludedobject-orienteéncodingschemesuchasMPEG-
4 whichmakewirelessmultimediaimplementableln theseschemeghesourcestreantonsist®of sev-
erallayersof packetstreamsvhich mayhavedifferentQuality of ServiceQoS)preferencegsuchas
delaytoleranceandpacketiossrequirement}6]. Thus,thetransmissiorcontrolstrategyhasto bede-
terminedon the basisof the QoSrequirementaswell asthe dynamicsof the packetarriving process.
Someearlierwork hasanalyzedhe problemof designinga powerefficienttransmissiorscheduldor a
wirelessnodein packetdatasystemsin [7], theeffectof traffic burstinessverGillbert-Elliot channels
wasstudiedwith aconstrainoveraveragalelay Referencg8] exploredminimal powertransmission
of burstysourcedor Gaussiarchannels.Berry andGallager[10] analyzedhetradeof betweerthe
averagalelayandtheaveragdransmitpowerin fadingenvironmentsin addition,theyquantifiedthe
behaviorof the powerdelaytradeof in theregimeof asymptoticalljiargedelay In [1,9], moregener
alizedclassof transmissiompoliciesarediscussedwheresomepacketsareallowedto bedroppedoe-
sidesbeingtransmittedhroughthe channel. The packetis consideredost whenthe buffer overflows,
whenit is dropped,or whenit is receivedin error In [1], Rajanet. al. derivedthe optimal schedul-
ing policy (packetransmissiomate  droppingrate,andtransmitpower)thatminimizesthe packetoss
with constraintdoth on the averagalelayandtransmitpower Theyalsodiscussed simplerpolicy
whereboththepackettransmissioschemeandthedroppingschemeveredesigneasthresholdules.

Theparametersf thesimplified policy changedgor differentchannektates.

In this paper we first considerthe dual problemof the problemin [1] by minimizing the average
transmitpowerwhile subjectto the constrainton theaveragalelayandthe packetiossrate. Thema-
jor contributionof our work is to proposea muchsimplersuboptimalpolicy thatperformsaswell as
theoptimalpolicy. Thesuboptimabolicy is determinedy only threeparametergatransmissiomate



thresholdachannebktatethresholdandthe capacityof thetransmissiorbuffer) regardlessf thenum-

berof channektates.Thepacketossis controlledsolelyby provisioningthebuffer capacitysothatwe

canneglectthe packetdroppingscheman [1]. Further we alsoobservehatrelaxingthe packetloss

constrain{in areasonableange)doesnothelpto conservanorepower However by usingthesubop-
timal policy, relaxingthe packetiossconstraintcanreducethe buffer sizenotablywhich substantially
simplifiesthe systemimplementation.

Thecommonmethodologyn designingeithertheoptimalor thesuboptimapolicy is to formulate
the averaggpowerminimization problemasa constrainedviarkov decisionproblem(MDP), which
canbesolvedby dynamicprogramming DP) approachefl2]. For alarge sizebuffer, the numberof
possiblesystemstatesgncreasesignificantlyandhencecomputingthe optimal (suboptimal)scheduler
is computationallyintensive.In addition,addingtwo constraintaveragedelayandpacketloss)in-
creaseshe computationatomplexityfurtherwhenexecutingthe constrainedP algorithmg[13]. In
thispaperwe modelthetransmittemwith thesimplifiedpolicy asasingle-servebulk servicequeueand
useclassicalqueueinganalysisto deriveanalyticalapproximationghatarepreciseenoughfor policy
design.

This paperis organizedasfollows. Thefinite stateblock fadingchanneimodelandthe transmis-
sion systemmodelaredescribedn section2 and 3 respectively In section4, the optimal minimum
transmissiomolicy is found. Section5 proposeshe simplifiedsub-optimabolicy andsection6 gives
thequeueinganalysisof thetransmittermodelwith the simplified policy.

2 Finite State Block Fading Channel

For high datarate systemsplock-interferencehannelmodelsare generallyusedto characterizehe
wirelesschannel.Oneblock consistsf a batchof symbolsandthesesymbolsin a block experience
thesame‘channelstate”. Thatis to say thereceivedsignal-to-noiseatio (SNR)remainsata constant
levelfor thedurationof ablock (denotedy At). A finite stateblockfadingchannemodelcanbebuilt
asfollows. In eachblock, thechannels modeledasan AWGN channelj.e.,

y=vhz+n (1)

wherezr andy areinputandoutputsignalsrespectivelyn is noise,andh is thefadingfactor Normal-
izing thepathlossto 1, for theRayleighfadingchannel . is distributedexponentiallywith probability



densityfunction
fh(m) = e—:r7 T > 07 (2)

LetO = ¥ < pM < ... < BB = o0 beasequencef pre-selectethresholdsby which we parti-
tion fadingfactor & into a finite numberof intervals. Thenthe channels saidto bein states™® if h €
(A p+DY & =0,1,--- , K—1. LetH denotghechannebtateset,i.e.,H = {5, s ... K-,
The steadystateprobabilityis givenas

R(E+1)

Gsth) = / W In@)dr, s®) : h e [p®) plk+D) 3)
h

A memoryless' channeimodelis assumedh thiswork, wheres®) isi.i.d. in consecutivéslocks. Fur-
ther, we assumdoththetransmitterandthereceiverhavethe perfectchannektateinformation.

If the powerof backgroundhoiseis alsonormalizedo 1, andif we let R representhe numberof
datapacketstransmittedn oneblock on states*), thenthe minimum powerrequiredfor errorfree
receptions givenas

Po(s™, R) = % (2%3 - 1) W p e (W), p) 4)
where.S, is the numberof informationbits beingtransmittedn oneblock and .S, is the packetsize
in bits. Notethatthe expressionn (4) assumeshatthe numberof bits S, is a fairly large suchthat
themaximummutualinformationin oneblock canbeapproximatedby the channekapacity Without
lossof generality we alsoassumehe fraction g—;’ happengo beaninteger Sinceonly finite channel
stateinformationis fedback,we only know h belongsto ainterval [»*), h*+1) insteadof the exact
value. Therefore the lower thresholdh*) of interval [p(¥), h(*+1)) is usedto calculatethe transmit
powerbecausavith thispower R packetanbecorrectlyreceivedor sureby the optimalencoding.

3 System Model

Lettime ¢ be quantizedoy block duration/At. The systemmodelis shownin Figurel. Assumethat
a buffer with a finite capacityof I packetss usedto storethe incomingpacketsin the transmitter
An informationsourcesendspacketsnto the buffer with rate A (packetsperblock). The numberof

HIn fact, theassumptiommf amemorylesghannels necessargnly whenusingqueueingheoryto analyzetheschedul-
ing behavioraswill beshownlater
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Figurel: SystemModel

the arriving packetsin block [¢;,¢;1) denotedby 6;, is assumedo bei.i.d. At eachtime instantt;
(t=0,1,---), thetransmittewithdrawsU; packetdrom thebuffer. In thecomingblock [t;, ¢;11), R;
packetd R; < U;) areassembledzencodedandtransmittedvith power P; throughawirelesschannel,
whereU;, R; and P, aredeterminedy aschedulingoolicy. If the packetdransmittedn thisblockcan
not be correctlydecodedy thereceivey we assumehey arelost andno further retransmissionvill
bescheduledin otherwords,anoutage occurs.Notethatthe packetsanbe correctlyreceivedf the
inequality

Py > Po(si, ) ()

canbemet,wheres; is thechannektatein thei-th block,and P, (s;, R;) is givenin (4). Letthequeue
lengthz; denotethe numberof packetsn thebuffer attimeinstantt; andsetX’ = {0,1,---, L}. The

buffer dynamicss givenby thefollowing:

Whenthebuffer is full, i.e.,z; = L, theincomingpacketswill getblocked andcannotberecovered.
Herewe denotepacket loss to includethefollowing situations:the packeteitherbeingdroppedatthe

transmitteyor beingcorruptedn theair channelpr beingblockedwhenthe buffer overflows.

4 Optimal Power and Rate Control

Theobjectivein thissectionstofind theoptimalschedulingpolicy thatminimizestheaveraggransmit
powerunderanaveragealelayconstrainanda packetossconstraint.Thus,ateachtime instantt;, we



needo decidehewithdrawalrateU;, transmissiomateR; andthetransmitpower P, for block|t;, ¢;11).
Consideringhe delayandthe packetlossconstraints{/;, R; and P, needto be determinedasedon
boththe channektates; aswell asthe queudengthz;. We define

Definition 1 The system state space S = {v={(z,s)},wherex € X and s € H.

Assumethe systemis on statev; attimet;. We now definethefollowing threefunctions
Ui = ui("i): Ri = T‘Z‘<Vi) and PZ = pz(vz) (7)

whereu;,r; : X x H — {0,Z*} andp; : X x H — {0,R*}, whereZ* andR™" represenpositive
integerandrealnumbergespectively A control policy 7 is definedasa sequencef thetriple vector
[w;, iy pi], 1., m = {[uo, o, pol, (w1, 71, pals - -+ [wi, iy pi], - - - . FOranaveragecostproblemwith a
finite stateandcontrolspaceit is knownthattherealwaysexistsa stationarypolicy whichis optimal
[12]. Thus,only stationarypoliciesareconsideredn this work, which meanghe controlpolicy does
notdependn systentime. Thereforeequation(7) canberewrittenas

Ui=u(v;), R;=r(v;) and P,=p(v;). (8)

Foragivenpolicy 7, assumev(v) denoteghe steadystateprobability of statev. Then,theaverage
poweris givenby

P =3 w)p(v). (9)
S
andtheaveragedroppingrateis
Pp =1 Y w(v)u(v) ~ r(v)] (10)
S

Thepacketblock rate(whenthe buffer overflows)is givenas

Pp =Y w(v=(Ls)) (11)
H

Thus, the realincoming packetrate acceptedy the buffer is A(1 — Pg). By Little’s Theorem the

averagalelayis givenas

_ 1
D = I= By ZS: zw(V) (12)



Theaverageoutageprobabilityis givenas

1
P = 3 > w(v) l(p(v) < Pm(s,r(v))) (13)
S
wherel(-) is theindicatorfunction,thatis 1(x) = 1 if z istrueandO0 if z is false.Finally, the packet
lossrateis definedasP,,; + Pp + P. Theoptimumminimum powerproblemcannow be formally

statedasfollows.

Problem A
min P (A.1)
subjectto D < Dy, (A.2)
and Pout+PD+PB§7] (A3)

NotethatProblemA is the dual problemof the optimizationproblemin [1].

Theorem 1 Assume policy 7* = [u*, r*, p*] is one solution of Problem A, it follows
p(v) = Pu(s®,r(v)) (14)

Sincethe proofis very similar with the proof of Propositionl in [1], the proofis notgivenhere.The
abovetheoremshowsthat the transmitpoweris alwayschosento be the minimum requiredpower
i.e., Py (m*) = 0. In otherwords,in orderto conservethe power to drop packetdirectly is more
efficient thanto transmitthem (but without enoughpower)in an outage because¢hosepacketswill
getlostanyway Therefore we needto now determineonly two functionsu(v) andr(v) thatsolve
ProblemA. A DP algorithmcanbe usedto solve ProblemA. We needto noticethatin the discrete
systemtherecursiverelationshipof the queuelengthin equation(6) assumeshatthe packetsarrive
right atthetimeinstantt;, i = 0, 1, ---. However packetsarrivein a continuousmannerduringthe
blockinterval. If we assumehe packetarriving processs independenodf channelvariation,thereal
averaggacketbuffereddelayis half block lessthantheaveragelelaywe obtainby the DP algorithm.
Dueto thisreasonijn all the numericalexamplesthis delayhasto be compensatetbr.

5 A Simplified Suboptimal Control Scheme

Therearesomedrawbacksf the optimalpolicy of ProblemA:
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1. The DP algorithmis tediouswhenthe bufferssizeis big;
2. It requiresa sophisticatedablelook-upfor implementation;

3. Thedroppedpacketswill not be receivedat the receivey but they also contributeto the aver
agequeuedengthof thetransmitterbuffer. Therefore the averagebuffereddelaycalculatedoy
Little’s Theoremcannotpreciselycharacterizéhe end-to-endlelayatthereceiver

We now presenthefollowing preliminarieghatwill leadusto a simplifiedpolicy.
Theorem 2 If v* and r* are one solution of Problem A, then

1. For a memoryless channel, r* is non-decreasing in channel state s.
2. u* isnon-decreasing in queue length x.
3. u* and r* have the following relationship
(V) = s (15)

Ru(s,m), 77(v) = Ru(s,n).

where R, (-, -) isa value depending on the channel state s and the packet |oss constraint 7.



The proof of Theorem2 is givenin the Appendix. Accordingto Theorem2 andbasedon numerical
examplegshownin Figure2), we makethefollowing statements:

1. r* =0 for somelow SNRstates;

2. Forhigh SNR statesy* = z (the queuelength)whenz is small. In otherwords,whenthere
areonly few packetsn thebuffer, theoptimalpolicy is to transmitall of themwhenthechannel
qualityis good.

3. For eachchannelstates, thereexistsa thresholdvalueof queuelengthz,, wherer(z;,,s) =
R.(s,n). Thuswhentherearelessthanz,, packetsn the buffer, no packetis dropped.How-
ever whenthereare morethanz,;, packetssomepacketshaveto be droppedbut the optimal
transmissiomatestaysata constant?,, (s, ) whichis notrelatedto thequeudength.

4. Whenz > zy,, theoptimaldroppingrateu® — r* is almosta linearfunction (with slopel) of
gueudengthz. Thatistosay u* — r* ~ = — xy, for r > y,.

Basedntheaboveobservationsye selecthreeparametersafadingchannektatethresholdh,, which
is oneof thresholdw®, k = 0,1,--- , K — 1; atransmissiorratethresholdr,, anda queuelength
thresholdfor droppingpacketsr;. Bothr, andz; arechoserno beintegers.Consideithe following
transmissiomatefunction:

0, hF+H) < h,:
ro(v=(x,5%) =3 2 A+ > andz < r,; (16)

re, R*tD > h andz > r,.

Accordingto (16),thetransmitteonly transmitsvhenthechannels goodenough(i.e.,h» > h,). When
therearea smallnumberof packetsn thebuffer (z < r,), thetransmittetransmitsall of them.When
thenumberof the bufferedpacketds morethanr,, thetransmittetransmits-, packetsn eachblock.
Furthera packetwithdrawalschemas definedas

u(v) = rs(v), T < T (17)

T+r,— T, T>2TL

wherewe chooser; > r,. Figure3 showsthe conceptuaturvesof u, andr, comparingthemwith
the optimalpolicy on a particularchannelstate. Accordingto «,, whenthe numberof packetss less
thanzx,, nopacketwill bedropped.Assumingattime ¢; therearemorethanz; packetsj.e.,z > z;,
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Figure3: A SimplifiedPolicy

thetransmittemwill withdrawu; = z; + r, — x;, packetsLet z;+ denotehenumberof packetsattime
tF, i.e.,right afterapplyingthepolicy, then

Tit = X; —U; =T — Tq (18)

Equation(18) impliesthatby applyingpolicy u,, x — (x — r,) packetsarewithdrawnandthequeue
lengthis keptbelowz; — r,. Assumingthereis no priority differencebetweernpacketsthereis no
differenceon the QoS metricsbetweendroppingpacketsat the packetarriving end of the buffer, or
droppingthematthe server(buffer withdrawal)end. We cannow definea policy 7, asfollows.

Definition 2 Assume the capacity of the buffer is L. packets. On each state v = (z, s), definea policy
7, such that the transmission rate function r,(v) isasgiven in equation (16). Further let the minimum
required power for reliable transmission given in (4) be chosen to be the transmit power.

Accordingto 7, the packetwill getlostonly whenthe buffer overflows,which meanghe packet
block rateis equivalento the packetlossrate. Notethatr, is equivalentto the policy [us, 7] if L is
choserasz; — r,. Comparingthe suboptimabpolicy proposedn [1], theadvantagesf =, arelisted
below

1. 7, dependnonly 3 parametersh,, r, and L regardles®f the numberof the channelstates,
whichis mucheasierto beimplemented.
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2. Sincenopackets allowedto bedroppedthebuffereddelaycalculatedhroughLittle’ s Theorem
IS precise.

3. Thepacketiossrateis controlledonly via the buffer capacityL. Hence for arelativelyrelaxed
packelossconstraintywedonothaveto useahugebufferto avoidbuffer overflow It will greatly
simplify the complexityof the DP algorithmaswell asthe systemimplementation.

4. 7, is simpleenoughto be analyzedusingclassicalqueueingheory We will find a relatively
easymethodto estimatehe QoSmetricsin the nextsectionwhich simplifiesthe systemdesign
in comparisorto usingthe DP approach.

We cannowformally statetheminimumaveraggowerproblemwith thesimplifiedpolicy asfollows.

Problem B

e —
subjectto D < Dy, (B.2)
and Pp <n (B.3)

Thesolutionof ProblemB is thesimplifiedschemeéhatresultsin asuboptimakolutionto ProblemA.

Toillustratetheperformancef thesuboptimapolicy, we assuméhenumberof arriving packetsn
oneblock obeysa Poissordistribution,i.e., the probabilityof j packetsarrivingin oneblockis given
as

vj:Pr{sz}:e’\j—)\!, j=0,1,2,---. (19)
Considera packetstreamwith rate500Kbps. If the block durationis assumedo be 1 msandpacket
size S,=100bits/packetthen\ = 5 packets/block.Further we chooseS,=2000bits/block. An 8-
state(K = 8) block fading channelmodelis usedby partitioningthe channelinto SNR intervals
with identical steadystateprobabilitiesas follows: S(©=(—o0, -8.47dB),S(V=[-8.47dB,-5.41dB),
S(?=(-5.41dB,-3.28dB),5*=(-3.28dB -1.59dB),5¥'=(-1.59dB,-0.08dB),5(*=(-0.08dB,1.42dB),
S6)=(1.42dB,3.18dB),5"=(3.18dB,x).

Figure4 showsthe averagdransmitpowerunderboththe suboptimabolicy andthe optimal pol-
icy (which servesasalowerbound)varyingwith theaveragelelayconstraintvhenthe packetlossis
constrainedinder10~7 and10~3 respectively It is observedhatwhenthe averagedelayconstraint
is small,thetransmitpowerunderthe suboptimalolicy is very closeto the powerunderthe optimal
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policy. Whenthe delayconstraintis large, the differenceof the consumedgoweris lessthan0.5dB.
This suggestshatthe suboptimakchedulingpolicy workseffectively.

If wewrite theaverageransmitpower P(7*|n) asanexplicit functionof the packetossconstraint
7, it is easyto showthatwith the samedelayconstraint,

P(r*|m) > P(n*|n2), ifp < (20)

becausavith biggern, morepacketsanbedroppedn orderto savethe power However by observ-
ing the numericalexamplesn Figure4, we find P(7*|10~7) ~ P(7*|10~?). Similarresultsarealso
observedvhenn < 1072, It impliesthatallowing packetiossis not aneffectivetechniqueto savethe
transmitpower However in theabovenumericakexampleswhenD,,, < 10 (blocks),withn = 1077,
the minimumrequiredbuffer size L* ~ 1000, while L* < 100 if » = 10~3. Basedon the aboveob-
servationwe canconcludehatby usingthe simplifiedschedulingoolicy, therequiredbuffer capacity
decreasesignificantlyasthe packetiossincreases.
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6 Queueing Analysis

In this section,we useclassicalqjueueingesultsto analyzethe schedulingoehaviorof the simplified
policy 7,. With theassumptiorof a Poissordistributionon the packetarriving processthe transmis-
sionsystemcanbemodeledasaslotted)M | DP|1| L queueingnodel[14], whichis asingleserversys-
temwith Poissorarriving customersbulk servingability (with maximumbatchsizeof r, packetsfor
constanservicetime (At), andwith finite buffer size(L). In this slotted M| D?|1| L model,the slot
correspond$o thechanneblock, i.e., theserver(transmitter)withdrawsthe packetonly atthespeci-
fiedtimeinstantt;, i = 0, 1, - - - . At themomentwhentheservercanstartwith theservicejf thequeue
lengthis morethanr, packetsr, packetswill beservedatthesameime;butif thequeudengthisless
thanr,, theservewill startservingall thebufferedpacketsmmediatelyinsteadf waitingtill r, pack-
etsareavailable.The packetghatarriveduringthe servicetime haveto wait for the nextservingslot.
Thedistributionof servicetime of everybatchof packetss deterministicj.e, oneblocktime. Further
sincethetransmitterdoesnottransmitanypacketwhenthefadingstatush < h,, we regardtheserver
to bein amandatorywacationunderthis condition. Notethatthemandatorywacationthatariseshereis
differentfrom theclassicahotionof vacationin queueinganalysig16]. Let M denotethedurationof
amandatoryacationandit is anintegermultiple of theblock time At. Sincethechannels assumed
memoryless)M obeysa geometriadistributionas

Pr{M =mAt} =a(l —a)”, m=0,1,--- (21)

wherea = Pr[h > h,| = e "= for aRayleighfadingchannel. Theaveragevacationtime A/ = =2
blocks.Let F' denotethe numberof packetghatarriveduringavacationinterval,then

(o)

j
Pr{F = j} = fi=> {a(l — oz)me_)‘mM}, J=0,1,--- (22)
m=0
Notethatthe probabilityof no packetarriving duringthevacationis

fo=a i (1—a)me™ (23)

m=0

Figure5 showsasampleealizatiorof thethreedifferentfunctionalsystenstates:*busy” (i.e., transmitting
packets);idle” (i.e.,emptybuffer) and“vacation”(i.e., waiting).
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6.1 An Upper Bound for the Average Delay

We searchor anupperboundfor the averagelelayusingthe conceptof mean residual service time
[15]. Theresiduakerviceimehererefersto thetime spanfromthearrivinginstantof aspecificmarked
packetto thebeginningnstantof thenextbusyblock. Let W denotehisresidualservicetime seerby

thepacketn consideratiomnd D representhe buffereddelayof this packet.Notethatboth1W and D

herearerandomvariables.Thedelay D canbewritten asfollows:

DW+V+%J (24)

whereV refersto thenumberof vacatiorblockswhichtheserverexperiencebeforethemarkedpacket
getsserved.z is the queudengthseenby this packetuponarrival. L%J representghenearesinteger
whichis smallerthan, which denoteshe numberof busyblocksbeforeservingthe markedpacket.
Sincefunction || is nonlinear it is very difficult to derivethe averagedelay D directly. Hence,we

approximatehe systemasthefollowing simplified system:whenthe systemis in the busystate(i.e.,

busyperiodsasshownin Figure5), we modelthe systemasa M| D|1| L. queuewherethe packetsare
servedoneby onewith aconstanservicetime Tl (in unitsof blocks).However whenthesystemisin

theidle stateor in avacationwe still treatthe systemasa slottedsystemwherea slot correspond$o

ablock. Since{ x J < % it follows that

iz
Ta

D<W+V+ = (25)

Ta

By takingexpectation®n bothsideswe obtain

D<W+(1—a)(D-W)+Z (26)

Ta

wherelV is the meanresidualtime andz is the averagequeuelengthobservedy arriving packets.

Notethattheaveragevacationtime duringthewaiting periodis givenasV = (1 — «)(D — W). With
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theassumptiorof Poissorarrivals,accordingo Little’s Theorem,
T=M1-Pg)D <)\D (27)

From (26), theupperboundfor theaverageavaitingtimeis givenas

p< (28)
L—p
wherep = 2-. Themeanresidualime IV canbe approximatedy
- A 1 1—a
2 — 1—

whichis derivedin AppendixB. Notethatwhenr, = 1 and L = oo, theequalityin (28) holds. If we
chooseo transmitonly onepacketin eachblock (i.e.,r, = 1) andtransmiton all channektateqi.e.,
h, = 0 whichresultsin a = 1), theaveragalelayreducego thewell knownP-K formula[15].

Sincetheaverageadelaydecreaseasr, increasest impliesthatthe averagelelayapproachesgs
minimumasr, — oo. This correspondso the situationwherein everybusyblock, the transmitter
transmitsall the packetsin the buffer. Therefore the averagedelayis actuallythe averagewaiting
time to the nextbusyblock,i.e.,

_ _ 1 1-
Dyin = lim D=~ +-—2

Tq—00 o

(30)

Figure6 showsthe upperboundof the averagedelayvaryingwith the transmissiorratethresholdr,
with afixed channelstatethresholdh,. We alsoplot the averagedelayobtainedby runninga DP al-
gorithmandby a systemsimulation(a Monte Carlo simulationof the systemshownin Figurel with
thesimplifiedpolicy). It is observedhatthe averagealelayobtainedvia the DP algorithmis accurate
in comparisorwith thatobtainedhroughthe simulations.Moreover the upperboundis lessthan0.5
blocktime higherthantheactualdelay It suggestshatgiventhe controlparametersf the simplified
policy (r,, h, and L), theaveragealelaycanbedirectly approximatedisingequation(28).

6.2 Packet Loss Rateand Average Transmit Power

Thepacketblockrate Pg (i.e., the packetlossratefor the simplified policy) andthe averagdransmit
power P canbeobtainedvia equationg9) and(11). The steadystateprobabilityw(v) in (9) and(11)
canbe calculatedhroughdynamicprogrammingwhich hasbeenusedto generateall the numerical
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Figure6: AverageDelaywith h, = h® and Pz = 1077

examplesn section5. However the computationatomplexity of the DP approachincrease®xpo-
nentiallyasthebuffer sizeincreaseslin this sectionwe usetheimbeddedVarkov chaintechniqué to
analyzethe M| D?|1| L. queueingnodelandprovidea mucheasiemethodto evaluatePp and P.

Lettd ¢4, ... ¢4, ... representheendinginstantsof everybusyblockasshownin Figure4. In fact
thetime sequencdt?} denoteshe sequencef the customer(packet)departuranstants.Let Q,, be
the queuelengthatt?, i.e., the numberof bufferedpacketsight afterthe n-th block of transmission.
Thus,the sequencd @, } formsa Markov chain. Let w? denotethe steadystateprobability of this
Markov chain.Notethatw? is probabilitythattherearez packetsn the buffer atthe departuregpoints
t?. Theprobabilitiesv?, forz = 0, 1, - - - , L canbeeasilyobtainedusingtheimbeddedVarkov chain
techniqug16] whichis givenin AppendixC. Sincefor a bulk servingsystenthe probabilitiesw? at
thedepartingpointsis notequivalento the steadystateprobability seerby anoutsideobservemwhen
r. > 1[17], we cannotusew? to computeP and P directly via equationg9) and(11). Hence we

consideranalternativeway to calculatePz and P by exploitingthe probabilitiesv¢ aswill beshown
now.

Let R,, denotehenumberof packetgransmittedn block[t? — At, t1). Assumehequeudengthat

2In referencq14], anotherttechniquethe supplementaryariabletechniqueas employedoy which the closedform of
the steadystateprobabilityw(v) maybe derived.However thecomplexityof thistechniqguemakest notsoattractivefor
practicalsystemdesign.
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td_isQ,_; andF,_; packetsarriveduringthevacationbetweertwo busyblock,i.e, [td_,, td — At).
Then,if given@,,_; andF,,_, we have

R, = min{r,,Q,_1 + F,_1} (31)

Note R, € X = {0,1,---, L}. Consideracommunicatiorwindow of N blocks,andassumehere

are N, busyblocksoutof these/V blocks. Thustheaveragenumberof transmittecpacketsn thebusy
periodis definedas

= AL 1
R= NIdILIlOO N 7;) R, (32)

Dueto the ergodicity of the Markov chain{Q,}, R canbealsoobtainedoy takingexpectationgas

R = Z R, -Pr{R,}
RpeX

= > 3 > R Pr{Ry|Quor, Fust} Pr{Quor } Pr{F 1}

RnEX Qn—l Fn—l

L oo
= Z Zlnin{ra,m +5}-wd- fi (33)
2=0j=0
wheref; is definedin (22) andw? is the steadystateprobability of the queuelengthat the departing
instantswhichwe haveobtained.Notethatthesummationzﬁ’g0 R, in (32)is alsothetotal numberof
transmittecpacketan thecommunicatiorwindow N. Thereforethe packetblock rateis givenas

. 1

wherethefraction %i is thefractionof time thesystemis busy Sincethesystemis busyunlesst isin
avacationor the buffer is empty in AppendixD, we derivethe systembusyratioto be

N,
lim —* = ———, (34)

wherew{ is the probabilityof anemptybuffer atthedeparturenstants.f, andv, denotethe probabil-
ities of no packetarriving in the vacationtime (23) andin oneblock (19) respectively As numerical
examplesFigure7 showsthe packetblock ratecalculatedrom equation(34) with givencontrolpa-

rametergr,, h, andL). In thefigure,wealsodepictthepacketlockrateobtainedy theDP approach
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Figure7: PacketBlock Ratewith h, = h(?

andby theMonte Carlosimulation.It is observedhatequation(34) workswell to estimatehe packet

lossrateof the simplifiedpolicy.

For computingtheaveragdransmitpower let usfirst define

= > qsPu(s, Ry) (35)
seH
h>hg

wheres is thechannektateandg, is the steadystateprobabilityof channektatein (3). P4(R,) gives
theaveragdransmitpowerfor transmittingiz,, packetsn oneblock. Thenthelongtermaveragedrans-
mit poweris givenas

_ 1
P = lim — Panfhm— PYR,)-Pr{R,
N—oo NnZ::O ( ) N—oo N RdZE:X { }
= — {ZZPd min{r,, z + j}) - e fj} (36)
WofO
1+ T—vo o =0 j=0

Sincethe averageransmitpower P is non-increasingn the averagedelay constraintD,,,, for a
givenpacketossrate themaximumaveragdransmitpoweris reachedvhentheaveragealelayis min-
imum (30). This correspond$o the situationthatin everybusyblock, the transmittetransmitsall of
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Figure8: AverageTransmitPowerwith h, = h(?)

thebufferedpackets.In otherwords,thetransmittedoacketsn eachblock arethe packetghatarrive

within theintervalbetweerthetwo busyblocks.Hence anupperboundfor theaveragéransmitpower
is givenas

Poow = lim P=—— szlfjpd (i +75) +v02fjpd (37)

famee 1_U0f0 =1 j=0

wherev; and f; aregivenin (19) and(22), respectively

Figure8 showsthe packetaveragdransmitpowerobtainedoy queueinganalysisvhenh, = h®),
wherewe alsodepicttheaveraggowerobtainedoy the DP approactandby the Monte Carlosimula-

tion. Theresultsshowthatthequeueinganalysigrovidesagoodmatchto boththe DP andsimulation
results.

In summary consideringa transmissiorsystemusingthe simplified schedulingpolicy (which is
determinedhroughthreecontrol parametersjamelyatransmissiomatethresholdr-,, a channektate
thresholdh, andabuffer size L), the QoSmetrics(i.e., averagdransmitpower P, averagebuffered
delay D andpacketlossrate Pz) canbe approximatedy equationg36), (28) and(34) respectively
Thereforewith thedelayandpacketconstraintsD,,,, andn, the suboptimalpolicy canbe derivedby
minimizing the averagdransmitpowetr
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7 Conclusion

In this paper a simplifiedschedulingschemevasproposedor packetdatacommunicationsverfad-
ing channels.Firstly we found the optimal policy that minimizedthe averagdransmitpowerunder
constraint®n bothaveragealelayandpacketioss. This problemwasthe dual problemof the problem
solvedby Rajanet. al. [1] wherethepacketiossratewasminimizedwith constraint®naveragalelay
andpower Sincea complicatedable-look-upwasneededinderthe optimalpolicy in theimplemen-
tation,we designedavery simpletransmissiompolicy determinedy threeparametersatransmission
ratethresholdafadingchannektatethresholdandthetransmissiorbuffer size. It wasshownthatthe
minimum averagepowerwith the simplified schemewvasvery closeto thatachievedoy the optimal
policy. Undera relaxedpacketlossconstraintwe canreducethe buffer sizeby usingthe simplified
policy. Further we modeledhetransmissiorsystemwith the simplifiedpolicy asasingleserverbulk
servicequeueandderivedanalyticalapproximationdo the QoS metricsthat are preciseenoughfor
policy design.

A Proof of Theorem 2

Proof: Theproofsof statement and2 aresimilarto the proofsof Lemmab.2.4andLemma5.2.6in

referencdg1l] andarenotgivenhere.

Firstly, we assumehecapacityof thebufferis big enoughsothatnooverflowoccurs.Thus,packet
lossrateis reducedo the packetdroppingrate. Thenwe havethefollowing claim.

Claim 1 The solution of the following problemis also the solution of Problem A:

Prin = max {J* (Br, B2) — 51Dy — 5277} (38)

for fu. s € [0, 00), and
T (61,8 = lim(1 = (v | Bu fo), W €S (39
where J*(v | 1, 5.) satisfies the following equality
W ) = agin { Pl r9) 4 B+ Balulv) = r(v)

e 3 Parta T2 (f(z — u(v).0), 5| B, @)} (40)

s'.0
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with p, thetransition probability between channel states, vy asgivenin (19) and function f(z —u(v))
asgivenin (6).

Proof: Due to the ergodicity of the channelmodel,all the QoS metricscanbe calculatedby using
along-termaveragen time. Therefore for any 3, 5> € [0, ), considerthe following long-term
averageveightedcombination

. 1[I

L(B1, B2) = 11]1\”? sup NE {Z [Pi + B + B2 (Us — Rz)}} (41)
—0 i=1

Theproblemof minimizing(41)overall policiest isaMDP. Theconstants); andj, canbeinterpreted

asLagranganultipliersassociateavith the constraintsSincethe channektatedorm a Markov chain

whereall the statescommunicatein the abovefinite stateaveragecostproblem,the minimumvalue

of (41)doesnotdependntheinitial state12]. Thus,we definetheminimumaverageostasfollows:

T (B, B2) £ J(v | By, B) = min L(By. ) (42)

wherev is anyinitial state.Takinginto accounthe constrainton averagedelayandpacketloss,the
problemgivenin (38) canbetreatedasequivalento ProblemA solongas( P, + fiz; + 52 (U; — R;) ) is
aconvexfunctionof thepolicy = [13]. Theconvexityis guaranteetly thechoiceof thepowerfunction
asgivenin (4). Thisprovesclaim 1. a
Notethatif thenobuffer overflowassumptiomloesnothold,thenanadditionalconstrainexplicitly
characterizingpuffer overflowcanbeincludedto provea moregeneralersionof Claim 1.

Foranystatev, equation40) (alsoreferredto asthe optimality equation)canbe decouplednto a
summatiorof threetermsas:

JI(v=_(x,35) = [+ mrin {P(s,7(v)) = Bar(v)}

+ min {ﬁzu(v) + €Y pesv ) (flz —u(v),0), s)} (43)

s'.,0

Note thatthe optimal transmissiomrate scheme-* andwithdrawalschemeu* aredeterminedy the
secondermandthethird termof theright handsiderespectively Sinceby design,-(v) < u(v) has
to besatisfiedfor all statesv, we considerthefollowing constraineaptimizationproblem:

min {P.(s,m(v))— Gor(v)} subjecto r(v)<wu(v) (44)
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It is easyto verify thatthesolutionto theaboveproblemsatisfiesequation15). Furtheratthesolution,
thethresholdrate R, (s, n) is givenas

Sh B5h™S,
log,
25, 2(In2)S,

Ry(s,n) = (45)
where[z| denoteshenearesintegerto = andg; is solutionto themaximizationproblemin (38). This
concludeghe proofof Theoren?. a

B TheAverage Residual Service Time

Fortheapproximatedjueueingsystemn section6.1,themeanresiduatime W is comprisedf three
parts: meanresidualservicetime (denotedby 1W7), meanresidualidle time (/) andmeanresidual
vacationtime (1773). During the busyblock, the systemis modeledasa M |D|1|L queue.When L is
enoughbig, fromtheP-K formula,W; ~ ﬁ Forthemearresiduaidletime, I, = (3 +2)(1—p),
wherel — p is the probability thatthe approximatedystemis not busyfor a systemload p. Forthe
meanresidualvacationtime, W5 = (5 + =2)(1 — a)p, where(1 — «)p is the probability thatthe

systemis on amandatoryacationwith anon-emptybuffer. Thusequation(29) follows. a

C Steady State Probabilitiesw? for the Markov Chain {Q, }

Considerthe Markov chain {Q,,} where(),, is the numberof packetsin the buffer at the n-th de-
partureinstantt¢. The transitionprobability matrix of {Q,,} is denotedby T, = {p;;} where
pij = Pr{Q, = j| Qn-1 =i} fori,j =0,1,---, L. Assumel,,_, arethenumberof packetghathave
arrivedduringthevacationt¢_,, ¢4 — At) andV,,_, is thenumberof packetghathavearrivedduring

thebusyblock[t? — At, t¢). Thedistributionof F;,_; andV,,_, is givenin (22) and(19), respectively
Thenwe havethefollowing recursiverelationship.

Qn—l + Fn—l —Ta + ‘/;1,—1 Qn—l + Fn—l 2 Ta
Qn = (46)
‘/n—l 0< Qn—l + Ez—l < Tq

If Q, 1+ F, 1 = 0, thesystemwill experienceneblock of idle state,and(@,, will dependon the
numberof packetsthathavearrivedin thisidle interval. As aresult,for j = 0,1,---,L — 1, the
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transitionprobabilitycanbe expresseds

f ¢ Ta o0 )
s + Z Jrvj + Z JiVjsrag—t, 1 =0;
L—wofo /= 1 k=ra+1
bij = Z kaJ + Z fkvj i+re—k> Tq 2 1> 07 (47)
k=rqs—i+1
Z JrVj—itra—is 1>,

where

ra—1re—k 7 ratk
= v; {fozvk +Utok: +> > fkvz} 3> Ufrath—tVj—k (48)

k=1 [=1 k=1 1=0

Whenj; = L, it follows that
L-1
pir = Pr{Qn1 = L[Q, =i} =1~ Zpi,j (49)
ThesteadydistributionQ? = {w?} is determinedrom the setof equations

L
QUT=0! and Y wi=1
=0
Fromthe abovetransitionprobabilities,any standarchumericalprocedurecanbe usedto derivethe
steadystateprobabilitiesw? of {Q, }. Notethatthe computationatomplexityof solving for w? in-
creasesisthebuffer size L increasesHowever it is still substantiallysmallerwhencomparedo tra-
ditional valueiterationDP approachefor solvingProblemB.

D System Busy Ratio

To deriveequation(34), considera communicatiorwindow N andlet N; denotethe numberof busy
blocks. Let N; denotethe numberof idle blocksand N, denotethe numberof departurgointswith

emptybuffer. Sincethe probabilityof beingin vacationis «, we have

Nd—l—N[:(l—Oé)N (50)
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If atadepartingnstant,the buffer is empty the averagenumberof theidle blocksfollowing this de-

partinginstantis givenas— . Hencejt follows that

1-wvofo®

No

N; = 51
T 1 —wofo 1)
From(50) and(51), equation(34) follows, wherewd = %—3 a
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