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ABSTRACT

In this paper, we study the reliability as offered by
the mediumaccesscontrol (MAC) and the radio link
control (RLC)for thehigh speeddownlinkpacket access
(HSDPA) in a Wideband-CDMA(WCDMA)system.The
AutomaticRepeatreQuest(ARQ)mechanismin theRLC
usually has considerable amount of delay associated
with it which might not be able to sustain real-time
communicationwith strict delayrequirements.However,
if retransmissionsare done at a lower layer, such as
the MAC, the responsetime is quicker which enhances
the performanceof the system.We perform simulation
experimentswith syntheticallygenerated HTTP traffic
andshowhowthedelayandthroughputvaryasobserved
from the RLC, for finite numberof retransmissionsat
the MAC layer. We observethat there is a substantial
gain in the performancewith the incorporation of fast
retransmissionat theMAC layer, which incursa delayof
only2 ms(equivalentto 3 slotsin a WCDMAframe).

1 INTRODUCTION

Transportcontrolprotocol(TCP)is still themajorsuite
for the InternetProtocol(IP) andprovidesreliableend-
to-endtransmission[11] in the wireline domain. With
theproliferationof theWorld Wide Web(WWW) in our
daily life, anumberof servicesalsoneedto besupported
in the wirelessdomain. Typical examplesof suchser-
vices include speech,audio, video streaming,file and
web downloading. Although, several advancementin
wireless communicationsmade this possible,most of
thesewirelessdata technologystill dependon the IP-
basednetwork to leveragethealreadyexisting andmost
dominantIP-basedinfrastructure.

To supportWWW traffic to the mobile devices, it is
important that a suitableprotocol or standardbe cho-
�
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sen to cater to the growing demandsof data services
over wirelesschannels.One suchpropositionis Wide-
bandCDMA (WCDMA), which is specifiedby the 3rd
GenerationPartnershipProject (3GPP) as the rapidly
emerging global 3G radio accesstechnology. Current
WCDMA specificationssupportdataratesup to 2 Mbps
in indoor/small-cell-outdoorand up to 384 Kbps with
wide-areacoverage,which is in full agreementwith the
IMT-2000requirements.Both high-ratepacket dataand
high-ratecircuit-switcheddataare currently being sup-
ported. The framestructurefor the WCDMA downlink
is shown in Figure1. Each10msframeis dividedinto 15
slots,eachof which is 2/3 ms,containingbothdataand
control information. Data is carriedover the dedicated
physical datachannel(DPDCH) while control informa-
tion is carriedover dedicatedphysical control channel
(DPCCH).The control channelcomprisesthe transport
power control (TPC), the transportformat configuration
indicator(TFCI) andthepilot channel.

10 ms Frame

Slot 15Slot 1 Slot 2

Data TPC TFCI Pilot

DPDCH DPCCH DPDCH DPCCH

Data

             2/3 ms

Figure1: Framestructurefor WCDMA

A big challengein 3Gsystemsis how to handleawide
variety of multimediaserviceswith different quality of
service(QoS)requirements.It will be beneficialto im-
prove the WCDMA air interfacebeyond the third gen-



eration� (3G) requirementsbecauseof the increasingde-
mandson packet dataservices.Oneof themajorpropo-
sitionsto satisfythesedemandsin WCDMA systemsis
theevolutionof high-speeddownlinkpacket access(HS-
DPA). Themaingoalof HSDPA is to allow instantaneous
bit ratesupto10Mbpsfor best-effort packetdataservices
with certainboundson delayandcapacity. TheHSDPA
channelis aresourcethatis sharedamongseveralusersin
themobilecommunicationsystem.By usingafastsched-
uler locatedat the basestation,the HSDPA channelcan
be assignedto the userwith the currentlybestchannel,
i.e., theuserthatcantransmitwith thehighestdatarate.
The ideabehindthis is that all usersshall only usethe
HSDPA channelwhentheir own downlink is good,and
let otherusersutilize thechannelwhenit is anywaybad.

Someof the basicprinciplesusedin HSDPA arefast
link adaptation,fastschedulingandfastretransmissions
of erroneouslyreceivedpackets. In packet dataservices,
when the receiver detectsa packet in error, it requests
for a retransmission.However, thereceiver doesnot dis-
card the received soft information associatedwith the
incorrectly-received packet. Rather, it buffers the data
andcoherentlycombinesthe buffereddatawith the re-
ceived soft information of the retransmittedbad packet
[10]. This type of packet combining mechanismpro-
videsincreasedreliability in CDMA systems.Theerror
recovery mechanismis initiated by the radio link con-
trol (RLC) which triggersretransmissionsto salvagethe
damagedpackets. Thedelayassociatedwith retransmis-
sionsat the RLC might not be small enoughto sustain
a real-timeapplication. However, if retransmissionsat
a lower layer (for exampleMAC) is supported,thenthe
delaywould beappreciablysmaller.

Our main motivation behindour work is to studythe
reliability offeredjointly by the RLC andthe MAC lay-
ersof WCDMA systemsin supportingHTTP traffic. We
modelthewirelesschannelasITU-A channelsandcon-
sidersoft packet combiningat the receiver which effec-
tively lowers the frame error rate (FER). We take into
accountthepossibilityof misinterpretationsof acknowl-
edgments(thoughasmallfraction)at theMAC layerdue
to fastdecoding. Simulationexperimentsarealsocon-
ductedto obtainthedelayandthroughputasexperienced
by the MAC andthe RLC, for finite numberof retrans-
missions.It is observed that thereis tremendousgain if
the MAC hasat leastone retransmission,however, the
gain doesnot increasesubstantiallyif the numberof re-
transmissionsis more than two. The recovery rate of
missingframesat the RLC is prominentat higherFER
and also when the misinterpretationsof acknowledge-
mentsarehigh.

The rest of the paperis organizedas follows. Sec-
tion 2 discussesthe architectureand protocol stackfor
WCDMA systems.Section3 dealswith the retransmis-
sionsat theRLC andMAC layers.Thesimulationmodel
andexperimentalresultsarepresentedin Section4. Sec-
tion 5 shows how the resultsareaffectedwhensomeof
the ACKs aremisinterpreted.Conclusionsaredrawn in
thelastsection.
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Figure2: UTRAN Architecture

2 WCDMA ARCHITECTURAL SUPPORT

Thebasicarchitectureproposedfor UTRAN (Univer-
sal TerrestrialRadio AccessNetwork) [7] is shown in
Figure 2. A numberof RNCs (Radio Network Con-
trollers)areconnectedto thecorenetwork. TheRNCsare
connectedamongthemselvesvia the ����� interface.Each
RNC supportsmultiple basestationsor basetransmitter
systems(BTS).Theuserequipment(UE) communicates
directlywith theBTS throughthe 	
� interface.

Theradiointerfaceprotocolstackfor WCDMA, shown
in Figure3, primarily consistsof threelayers. Layer 1
is the physical layer (PHY). Layer2 hasfour sublayers:
the mediumaccesscontrol (MAC), the radio link con-
trol (RLC), thebroadcast/multicastcontrolandthepacket
dataconvergenceprotocol. Layer 3 containsthe radio
resourcecontrol (RRC) which is mainly responsiblefor
the radio resourceallocationto theUEs. It alsodoesall
the control planeanduserplanesignallingbetweenthe
UTRAN andtheUEs,andtries to deliver thenegotiated
qualityof service(QoS)to theUEs.In orderfor theRRC
to do so, it sendscontrol signalsto all the sublayersin
Layer 2 throughthe serviceaccesspoints (SAPs)indi-
catedby ovals. Any applicationcan also provide data
directly into theRLC layerthroughtheappropriateSAP.

PHY

MAC

RLC

RRC

APPLICATION (e.g. WWW)

Figure3: RadioInterfaceProtocolStack
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RLC layerprovidestransparent,unacknowledged
or acknowledgedmodeof datatransferto theupperlay-
ers.Themainfunctionsof RLC arecipheringof dataand
AutomaticRepeatreQuest(ARQ). TheMAC layermaps
thelogical channelsof theRLC to thetransportchannels
at the physical layer. The MAC upon receiving infor-
mationfrom the RRC aboutthe quality of serviceto be
supported,doesthe resourceallocationand the priority
handlingof differentdataflows. Since,thispapermainly
dealswith theretransmissionsat theMAC andtheRLC,
wediscussthemin thenext section.

3 WHY RETRANSMISSIONS?
TCP is the most widely usedprotocol suite for IP

which provides reliable end-to-endtransmission[11].
The designof TCP hasbeendonein sucha way that it
performswell in wirelinenetworkswherethechanneler-
ror ratesareextremelylow andwhatever congestionoc-
cursis dueonly to lossof packets. However, whenTCP
is usedin thewirelessdomainwhich is characterizedby
high bit error rate,theperformanceof TCPseverelyde-
grades.Any packet lossat thewirelesslink is interpreted
as congestionby TCP; and it respondsto it by reduc-
ing the transmissionwindow size,initiating the conges-
tion control mechanismandresettingthe retransmission
time [6]. The congestioncontrol mechanismbuilt for
wirelinenetworkscausesanunnecessaryreductionin the
TCP throughput. Several schemeshave beenproposed
to alleviate the effects of non-congestionrelatedlosses
over wirelesslinks [1, 3, 8]. Retransmissionsof dam-
agedpackets is one suchschemewhich recovers erro-
neousframesbeforetheTCPtimerexpiresandleavesthe
TCPthroughputunaffected.

TCP Segment

Physical Layer Packet

PayloadPayloadPayload

header

header header header

RLC frame No. 1 RLC frame No. 2 RLC frame No. L

RLC frame

Figure4: Fragmentationof TCPsegments

3.1 Retransmissions at RLC Layer
Theobjective of the radio link control is to shieldthe

effect of the lossover wirelesslinks from theTCPlayer
[2, 5]. The RLC segmentsan upperlayer packet (an IP
packet or a TCP segment)into several RLC framesbe-
fore transmittingover the wirelesschannel. The frag-
mentationasshown in Figure4 is doneto increasethe

granularityof the transmission,i.e, in caseof any error,
anRLC framewhich is of asmallersizeis affectedrather
thanthe whole TCP segment. In caseof an RLC frame
lossduringtransmission,theRLC usesanARQ errorre-
covery mechanismto retrieve the lost RLC frame. The
processfor recovery of erroneousframesis initiated by
the receiver by requestingretransmissionof the missing
or damagedframes. The recovery of erroneousframes
shouldbedonebeforetheTCPtimerexpiresfor theTCP
throughputto remainunaffected.

3.2 Retransmissions at MAC Layer
Radio link control protocolsare usually sufficient to

shield the physical layer impairmentfrom the TCP, but
might fail to do so if the applicationhasvery strict de-
lay requirements.Thedelayassociatedwith retransmis-
sionsat the RLC might not be small enoughto sustain
a real-time application. Similar problemswill arise if
we deal with interactive real-timetraffic. In suchsce-
narios,theTCPtimer might time-outbeforetheRLC re-
covers a missingframe. To avoid the delay associated
with retransmissionsat theRLC, a lower layerfastMAC
retransmissionscanbe used. The fasterretransmissions
canprovideabetterroundtrip timefor real-timeapplica-
tions. Sincethe numberof transmissionsallowed at the
MAC layer is finite, it doesnot completelyeliminatethe
possibility of having missingor damagedframes. If the
fastARQ fails to deliver a framecorrectlyevenafter re-
transmittingthemaximumallowednumberof times,then
theresponsibilityis passedon to theRLC to retrieve the
frame. Thuswe attaintwo layersof retransmissionreli-
ability asshown in Figure5. Let usdiscusstheprincipal
mechanismwhichleadsto delayreductionby MAC layer
retransmission.

MAC header removedMAC header added ACK/NACK

Packets
transmmitted

Air interface
From application To application

Payload

Payload Payload

PayloadH

H H

H

Transmitter side Receiver side

RLC header added RLC header removed

RLC
MAC

RLC NACK

Figure5: Two layerreliability

A larger delayat the RLC is due to the fact that the
RLC detectsa badRLC framewhenit detectsa “hole"
(i.e. a missingnumberor a sequenceof numbers).This
couldtakeseveralframesif, for instance,themobileis in
a deepfadefor a long time. Only after detectinga hole



can an RLC NACK be sentby the receiver. The RLC
NACK is oftenroutedto acentralizedpartof thenetwork
(accountingfor the80- 100msround-triptime). Therea-
sonRLC oftentimesis terminatedin a centralpartof the
network is dueprimarily to thepossibilityof handovers.
TomakeRLCterminatein thebasestationwouldresultin
theentireRLC instancebeingmovedfrom onebasesta-
tion to anotherwhenthemobileexecutesafastcell selec-
tion. Thiswouldmeanall theRLC frameswhichthebase
stationhasbufferedin anticipationof NACKs,whichcan
possiblycomeat any time, would be wasted. This im-
plies a large throughputrequirementon basestation-to-
basestationcommunicationduringhandovers.

The HSDPA fast ARQ mechanism delivers an
ACK/NACK synchronouslywith the ARQ phasesre-
ceived. Therefore,if a NACK hasto besent,themobile
doesnot wait for a hole but sendsthe NACK within a
fixed time offset from receiptof the framein error. The
basestationreceiverdecodestheNACK andsendsthere-
transmissionalsoin HSDPA; it doesnot routetheNACK
to somecentralentity suchas a BSC. This is possible
sincefor HSDPA, themobilestationreceivesframesfrom
only onebasestationat a time. Whenthemobilestation
movesfrom onebasestationto another, it simply restarts
thefastARQ mechanismwith thenew basestation.

4 SIMULATION MODEL

Weperformsimulationexperimentsto obtaintheaver-
agedelayandthroughput. In our simulationmodel,we
assumethattheRLC payloadis of constantsizeandeach
RLC framemapsto onephysicallayerframe.Wechoose
HTTPastheapplicationto besupportedbecausesupport-
ing real-timeWWW traffic on the mobile terminalsis a
major challenge.Let us briefly discussthe assumptions
on soft-informationcombiningandthemodelfor HTTP
traffic.

4.1 Packet Combining
In orderto ensurethatthereceiverdoesnot try to com-

binepacketsfrom oneARQ phasewith another, it is as-
sumedthat outbandsignalingis senton a forward con-
trol channelconcurrentlywith eachframethereceiverre-
ceiveson the forward sharedchannelcalledHS-DSCH,
or the high-speeddownlink sharedchannel. It can be
notedthat the FER experiencedby a packet during its
first transmissionis notthesameasthatduringthesecond
transmission.It is lessin thelattercasebecausethereis at
leasta 3-dbgain in thebit energy-to-noiseratio ( ��
������ )
dueto packetcombining[10].

4.2 Effective FER
Whenever a packet is not correctlydecodedat the re-

ceiver, thepacket is notdiscardedbut storedin thebuffer
andis usedto re-combinepacketsresultingin a gain in
the ��
������ value. If the packet is not correctlydecoded
even after the packet combining, it is retransmittedfor
thesecondtime, if allowed. With thesecondretransmit-
ted packet the gain in ��
������ would be 6-db. That is,
with every retransmissionthereis a gain of 3-db. If we
considerindoor A channelwith �� rate QPSK modula-
tion, thenaccordingto simulationstheeffective FERfor

Table1: EffectiveFER

Initial First Second Third
Tx RET RET RET

0.05 0.023 0.012 0.005
0.10 0.045 0.021 0.011
0.15 0.072 0.032 0.017
0.20 0.094 0.042 0.0205
0.25 0.128 0.057 0.027
0.30 0.140 0.071 0.031

successive retransmission(RET) would be as shown in
Table1. Thesevalueswereobtainedthroughsimulation
of the saidchannel. For example,if the FER is 0.1 for
the initial transmission(Tx), thenon successive retrans-
missionstheeffectiveFERwouldbedecreasingas0.045,
0.021,0.011andsoon. Althoughthedecreasein theef-
fective FERcouldnot begeneralized,it workswell with
ITU pedestrianA andITU vehicularA channels.

Packet call Packet call

Download time

Viewing time

Main page
Embedded objects

Figure6: Webpagetraffic

4.3 HTTP Model

Insteadof trying to investigate the natureof HTTP
traffic, we syntheticallygenerateHTTP traffic by using
the resultsobtainedin [4]. Thebasicmodelof HTTP is
shown in Figure6. A packet call representsthe down-
loadof a webpagerequestedby a user. It usuallyhasa
main pagefollowed by someembeddedobjects.A new
request(packet call) is immediatelygeneratedafter the
expiration of the viewing period. The model is similar
to anON/OFFsourcewheretheON staterepresentsthe
activity of a pagerequestandtheOFFstaterepresentsa
silent periodafter all objectsin that pageare retrieved.
The download time of a pagefollows Weibull distribu-
tion, themeanof whichdependson theunderlyingband-
width of thewirelesschannel.Wehaveconsideredadata
rateof 76.8Kbps (9600bytes/sec).Otherstatisticsand
parametersusedto generatethe HTTP traffic areshown
in Table2.



Table2: Statisticsfor HTTP Traffic

Component Distribution Mean
Main pagesize Lognormal 10710bytes
Embeddedobjectsize Lognormal 7758bytes
No. of embeddedobjs Pareto 5.55
Viewing time Weibull 40 ms

Table3: SimulationParameters

Numberof ARQ phases( � ) 6
Max. numberof retransat MAC (M) 1, 2 and3
FER(� ) 0 - 30%
Frameduration( � ) 10 ms
RLC payload 400bytes

4.4 Fast ARQ
Eachobject(mainpageandembeddedobjects)is frag-

mented into multiple equal-sizedRLC packets. The
transmittertransmitsone RLC packet in each2 ms (3
slots)physical layer frameandwaits for theACK. If the
ACK doesnot arrive in 3 slot timings, the frame is re-
transmittedimmediately. TheACK timer for thatpacket
is again reinitialized. If we considerthe downlink, then
it is not necessarythat themobilestationwill deliver the
ACK/NACK preciselyat theslot boundaries.Theactual
physical layer boundaryis moreprecise.This is dueto
the fact that normally whenusingcoherentreceivers in
the reverselink, the base-stationsuffers from somepro-
cessingdelay. The numberof retransmissiontrials al-
lowed is variedbetween1 and3. If a packet is not suc-
cessfullyreceived or combinedat the receiver even af-
ter themaximumnumberof MAC retransmissions,then
theRLC retransmissionis triggered.We assumethat the
MAC frameis of equalsizeasthatof anRLC frame.The
informationonARQinstanceissentthroughoutbandsig-
nalingandthereforedoesnotaffect thethroughput.Also,
theWCDMA MAC headeris normallylessthananoctet,
thusaddingminimal overhead.Theotherparametersfor
thesimulationaregivenin Table3.

4.5 Simulation Results
Figure7 shows thedelaywhenthemaximumnumber

(M) of allowedretransmissionsattheMAC is varied.The
delayis tremendouslyhigh whenonly the RLC retrans-
missions( i.e., M = 0) is considered.With just onere-
transmission(M = 1) at theMAC, thereis a tremendous
improvementin the delay. However, thereis not much
differencebetweenM = 2 andM = 3. This is dueto the
fact thatafter two transmissions,mostof thepacketsare
recoveredandthethird retransmissionis hardlyrequired.
Figure8 showsthethroughputof thesystem.By through-
put we meanthecombinedthroughputdueto MAC and
RLC. It canbeseenthat thethroughputdecreasesasthe
FER increases. This is obvious becausea larger FER
damagesmorepacketsduring transmissionandthusthe
numberof retransmittedpacketsbecomeslarge. In Fig-
ure9 weobservetheefficiency of theRLC recoveringthe
missingpackets. The � -axis indicatesthe fractionof the
packetsrecoveredby RLC. If the fastARQ mechanism
at theMAC is turnedoff, whicheffectively meansM = 0,
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all the
�

missingpacketsarerecoveredby RLC. With M =
1, thereis a considerabledrop in the RLC recovery be-
causethe MAC doesmostof the recovery with just one
retransmission.With M = 2 or 3, theRLC recovery is al-
mostzerodueto thefactthatvirtually all thepacketsare
recoveredwith threeretransmissions.

5 MISINTERPRETATION OF ACK/NACK
Thereis asmallprobabilitythatsomeof theACKsand

NACKs from the fastARQ will be misinterpreted.The
decoderat the transmittermight interpreta NACK asan
ACK, and hencewould not transmitthe packet assum-
ing correctreception. The RLC at the receiver will de-
tectthemissingpacketandtriggerits own retransmission
mechanismto recover the packet. On the otherhand,if
anACK is decodedasa NACK, a retransmissionwill be
triggeredby the MAC if the numberof retransmissions
hasnot reachedthe maximumlimit. If the numberof
allowed retransmissionsat the MAC is exhausted,then
theRLC will recover thepacket. No matterwhich layer
doestherecovery, it resultsin duplicateretransmissionof
a previously (correctly)receivedpacket. It canbenoted
that, any kind of wrong interpretationat the MAC can
only be detectedby the RLC andthus the reliability of
theRLC cannotbeignored.This is wheretherealbenefit
andimportanceof RLC is manifested.Thepercentageof
error recovery by theRLC dependson thepercentageof
themisinterpretations,which wecall the“f alseACK".

5.1 Results with ��� �"!$#$%'&)(
We conductour simulationsincorporatinga certain

percentageof misinterpretationsof ACKs. Themisinter-
pretationspercentageis variedfrom *,+.-0/ to *,+213/ .
Figure 10 shows the meandelay for M = 2. It can be
notedthatthedelayis morecomparedto Figure7 where
* = 0. Figure11showsthedegradationin thesystemper-
formancein termsof throughputfor M = 2. Thepercent-
ageof RLC recovery for M = 2 is shown in Figure12.
With M = 1, the RLC recoversmorepackets thanwith
M = 2. This happensbecausewith two retransmissions
at the MAC layer, almostall the packetsarerecovered.
TheRLC mostlyrecoverstheoneswhich weremisinter-
preted.It canbeexpectedthat theRLC recovery will be
morefor even greaterFER values. But we did not con-
sidermorethan30%FERbecauseatthathigherrorrates,
therewill beothersevereconsequenceswith maintaining
thelink.

6 CONCLUSIONS

As thedemandfor real-timewirelessdatacommunica-
tion increases,moreefficientandfastprotocolsarebeing
designed.High speeddownlink packet access(HSDPA)
is one of the major propositionsfor WCDMA systems
whichcanallow bit-ratesupto10Mbps. It is alsoimpor-
tant to recover the lost or damagedpackets throughre-
transmissionsat lower layersthanTCP. In this paper, we
showed how the combinationof the RLC andMAC re-
transmissionscanenhancetheperformanceof WCDMA
systems.The fast retransmissionsat the MAC sublayer
quickly recoversmostof thedamagedpacketsbeforethe
RLC cantrigger its retransmissionscheme.Due to soft
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pack4 et combining, the effective FER experiencedby a
packet undergoing retransmissionis lowered for every
successive retransmissions.Fromour simulationresults,
weobserve thatthefastretransmissionmechanismat the
MAC layer enhancesthe overall systemperformance.
However, there is not much improvementif the maxi-
mum numberof retransmissionsat the MAC is greater
thantwo. The recovery by the RLC becomescrucial if
the FER is high andalsowherethe ACKs aremisinter-
pretedat theMAC sublayer.
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