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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 the high speeddownlinkpadet access
(HSDRA) in a Wideband-CDMA(WCDMA)system.The
AutomaticRepeareQues{ARQ)medanismin the RLC
usually has consideable amount of delay associated
with it which might not be able to sustain real-time
communicatiorwith strict delayrequirrments However,
if retransmissionsare done at a lower layer, suc as
the MAC, the responsdime is quidker which enhances
the performanceof the system. We perform simulation
experimentswith syntheticallygeneated HTTP traffic
andshowhowthedelayandthroughputvary asobserved
from the RLC, for finite numberof retransmissionsat
the MAC layer We observethat there is a substantial
gain in the performancewith the incorporation of fast
retransmissiorat the MAC layer, which incurs a delayof
only 2 ms(equivalento 3 slotsin a WCDMAframe).

1 INTRODUCTION

Transportontrolprotocol(TCP)is still themajorsuite
for the InternetProtocol(IP) and providesreliable end-
to-endtransmissior{11] in the wireline domain. With
the proliferationof the World Wide Web (WWW) in our
daily life, anumberof servicesalsoneedto be supported
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
thesewirelessdatatechnologystill dependon the IP-
basednetwork to leveragethe alreadyexisting andmost
dominantlP-basednfrastructure.

To supportWWW traffic to the mobile devices, it is
importantthat a suitable protocol or standardbe cho-
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sento caterto the growing demandsof data services
over wirelesschannels. One suchpropositionis Wide-
bandCDMA (WCDMA), which is specifiedby the 3rd
GenerationPartnershipProject (3GPP) as the rapidly
emepging global 3G radio accesstechnology Current
WCDMA specificationsupportdataratesup to 2 Mbps
in indoor/small-cell-outdooand up to 384 Kbps with
wide-areacoverage which is in full agreemenwith the
IMT-2000requirements Both high-ratepaclet dataand
high-ratecircuit-switcheddataare currently being sup-
ported. The frame structurefor the WCDMA downlink
is shavnin Figurel. Eachl0msframeis dividedinto 15
slots,eachof which is 2/3 ms, containingboth dataand
control information. Datais carriedover the dedicated
physical datachannel(DPDCH) while control informa-
tion is carried over dedicatedphysical control channel
(DPCCH). The control channelcomprisesthe transport
power control (TPC), the transportformat configuration
indicator(TFCI) andthe pilot channel.

10 ms Frame
Slot 1 Slot2 | ----m oo Slot 15
Data | TPC|TFCI Data Pilot
DPDCH  DPCCH DPDCH DPCCH
2/3 ms

Figurel: Framestructurefor WCDMA

A big challengén 3G systemss how to handleawide
variety of multimediaserviceswith different quality of
service(QoS)requirements.lt will be beneficialto im-
prove the WCDMA air interface beyond the third gen-



eration(3G) requirementdbecausef the increasingde-
mandson paclet dataservices.One of the majorpropo-
sitionsto satisfythesedemandsn WCDMA systemds
theevolution of high-speedlownlinkpadetaccesg{HS-
DPA). Themaingoalof HSDRA is to allow instantaneous
bit ratesupto 10 Mbpsfor best-efort pacletdataservices
with certainboundson delayandcapacity The HSDRA
channels aresourcehatis sharecamongseveraluseran
themobilecommunicatiorsystem By usingafastsched-
uler locatedat the basestation,the HSDFA channelcan
be assignedo the userwith the currently bestchannel,
i.e., the userthat cantransmitwith the highestdatarate.
The ideabehindthis is that all usersshall only usethe
HSDFA channelwhentheir own downlink is good,and
let otheruserautilize the channelwhenit is anyway bad.

Someof the basicprinciplesusedin HSDFA arefast
link adaptationfastschedulingandfastretransmissions
of erroneouslyeceived paclets. In paclet dataservices,
when the recever detectsa paclet in error, it requests
for aretransmissionHowever, therecever doesnot dis-
card the recevved soft information associatedwvith the
incorrectly-receied paclet. Rather it buffers the data
and coherentlycombinesthe buffered datawith the re-
ceived soft information of the retransmittecbad paclet
[10]. This type of packet combining mechanismpro-
videsincreasedeliability in CDMA systems.The error
recosery mechanismis initiated by the radio link con-
trol (RLC) which triggersretransmissionto salvagethe
damagedaclets. The delayassociatedavith retransmis-
sionsat the RLC might not be small enoughto sustain
a real-time application. However, if retransmissionsit
alower layer (for exampleMAC) is supportedthenthe
delaywould beappreciablysmaller

Our main motivation behindour work is to studythe
reliability offeredjointly by the RLC andthe MAC lay-
ersof WCDMA systemsn supportingHTTP traffic. We
modelthe wirelesschannelasITU-A channelsandcon-
sidersoft paclket combiningat the recever which effec-
tively lowers the frame error rate (FER). We take into
accountthe possibility of misinterpretationsf acknavl-
edgmentgthougha smallfraction)atthe MAC layerdue
to fastdecoding. Simulationexperimentsare also con-
ductedto obtainthe delayandthroughputasexperienced
by the MAC andthe RLC, for finite numberof retrans-
missions. It is obsenedthatthereis tremendougain if
the MAC hasat leastone retransmissionhowever, the
gain doesnot increasesubstantiallyif the numberof re-
transmissionss more thantwo. The recovery rate of
missingframesat the RLC is prominentat higher FER
and also when the misinterpretationsof acknavledge-
mentsarehigh.

The rest of the paperis organizedas follows. Sec-
tion 2 discusseghe architectureand protocol stackfor
WCDMA systems.Section3 dealswith the retransmis-
sionsatthe RLC andMAC layers.Thesimulationmodel
andexperimentaresultsarepresentedn Section4. Sec-
tion 5 shavs how the resultsare affectedwhen someof
the ACKs aremisinterpreted.Conclusionsaredravn in
thelastsection.
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Figure2: UTRAN Architecture

2 WCDMA ARCHITECTURAL SUPPORT

The basicarchitectureproposedor UTRAN (Univer
sal TerrestrialRadio AccessNetwork) [7] is shavn in
Figure 2. A numberof RNCs (Radio Network Con-
trollers)areconnectedo thecorenetwork. TheRNCsare
connectecamongthemselesvia the I,,. interface. Each
RNC supportsmultiple basestationsor basetransmitter
systemgBTS). The userequipmeni{UE) communicates
directly with the BTS throughthe U,, interface.

Theradiointerfaceprotocolstackfor WCDMA, shavn
in Figure 3, primarily consistsof threelayers. Layer 1
is the physical layer (PHY). Layer 2 hasfour sublayers:
the mediumaccesscontrol (MAC), the radio link con-
trol (RLC), thebroadcast/multicasiontrolandthe paclet
datacorvergenceprotocol. Layer 3 containsthe radio
resourcecontrol (RRC) which is mainly responsibldor
theradioresourceaallocationto the UEs. It alsodoesall
the control planeand userplanesignalling betweenthe
UTRAN andthe UEs, andtriesto deliver the negotiated
quality of service(QoS)to the UEs. In orderfor theRRC
to do so, it sendscontrol signalsto all the sublayersn
Layer 2 throughthe serviceaccesgoints (SAPs)indi-
catedby ovals. Any applicationcan also provide data
directlyinto the RLC layerthroughthe appropriateSAR

APPLICATION (e.g. WWW|

— RRC ==
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—{ = By | ) |

Figure3: RadiolnterfaceProtocolStack



The RLC layerprovidestransparentynackneviedged
or acknavledgedmodeof datatransferto the upperlay-
ers. Themainfunctionsof RLC arecipheringof dataand
AutomaticRepeareQues{ARQ). The MAC layermaps
thelogical channelof the RLC to thetransporichannels
at the physical layer The MAC upon receving infor-
mationfrom the RRC aboutthe quality of serviceto be
supporteddoesthe resourceallocationand the priority
handlingof differentdataflows. Since this papemainly
dealswith theretransmissionatthe MAC andthe RLC,
we discusghemin the next section.

3 WHY RETRANSMISSIONS?

TCP is the most widely used protocol suite for IP
which provides reliable end-to-endtransmission[11].
The designof TCP hasbeendonein sucha way thatit
performswell in wireline networkswherethe channeker
ror ratesare extremelylow andwhatever congestioroc-
cursis dueonly to lossof paclets. However, whenTCP
is usedin thewirelessdomainwhich is characterizedby
high bit errorrate,the performanceof TCP severely de-
gradesAny pacletlossatthewirelesslink is interpreted
as congestionby TCP; and it respondgo it by reduc-
ing the transmissiorwindow size, initiating the conges-
tion control mechanismandresettingthe retransmission
time [6]. The congestioncontrol mechanismbuilt for
wireline networkscausesanunnecessargeductionin the
TCP throughput. Several schemeshave beenproposed
to alleviate the effects of non-congestionelatedlosses
over wirelesslinks [1, 3, 8]. Retansmission®f dam-
agedpaclets is one such schemewhich recovers erro-
neoudramesbeforethe TCPtimer expiresandleavesthe
TCPthroughputunafected.

TCP Segment
heatd Payload heatér Payload heatd Payload
RLC frame No. 1 RLC frame No. 2 RLC frame No. L
beaer  RLC frame

Physical Layer Packet

Figure4: Fragmentatiorof TCP segments

3.1 Retransmissionsat RLC Layer

The objectie of theradiolink controlis to shieldthe
effect of the lossover wirelesslinks from the TCP layer
[2, 5]. The RLC segmentsan upperlayer paclet (an IP
paclet or a TCP segment)into several RLC framesbe-
fore transmittingover the wirelesschannel. The frag-
mentationas showvn in Figure 4 is doneto increasethe

granularityof the transmissionj.e, in caseof ary error,

anRLC framewhichis of asmallersizeis affectedrather
thanthe whole TCP segment. In caseof an RLC frame
lossduringtransmissionthe RLC usesan ARQ errorre-
covery mechanisnto retrieve the lost RLC frame. The
procesdor recovery of erroneoudramesis initiated by

the recever by requestingetransmissiomf the missing
or damagedrames. The recovery of erroneoudrames
shouldbe donebeforethe TCPtimer expiresfor the TCP
throughputo remainunafected.

3.2 Retransmissionsat MAC Layer

Radio link control protocolsare usually sufiicient to
shield the physical layer impairmentfrom the TCPR, but
might fail to do soif the applicationhasvery strict de-
lay requirementsThe delayassociateavith 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,the TCPtimer mighttime-outbeforethe RLC re-
coversa missingframe. To avoid the delay associated
with retransmissionatthe RLC, alower layerfastMAC
retransmissionsanbe used. The fasterretransmissions
canprovide a betterroundtrip time for real-timeapplica-
tions. Sincethe numberof transmissionsllowed at the
MAC layeris finite, it doesnot completelyeliminatethe
possibility of having missingor damagedrames. If the
fastARQ fails to deliver a framecorrectlyeven after re-
transmittingthe maximumallowednumberof times,then
theresponsibilityis passedn to the RLC to retrieve the
frame. Thuswe attaintwo layersof retransmissiomeli-
ability asshawn in Figure5. Let usdiscusshe principal
mechanismwhichleadsto delayreductionby MAC layer
retransmission.

From application |

‘ To application
Air interface

RLC header added RLC header remove
RLC NACK
H | Payload| [ ! H| Payload
RC |
MAC :
MAC header added ACK/NACK MAC header remove
H | Payload W H | Payload
transmmitted.
Transmitter side | Receiver side

Figure5: Two layerreliability

A larger delay at the RLC is dueto the fact that the
RLC detectsa bad RLC framewhenit detectsa “hole"
(i.e. amissingnumberor a sequenc®f numbers).This
couldtake severalframesif, for instancethemobileis in
a deepfadefor along time. Only after detectinga hole



canan RLC NACK be sentby the recever. The RLC

NACK is oftenroutedto acentralizecpartof the network

(accountindor the80- 100msround-triptime). Therea-
sonRLC oftentimesis terminatedn a centralpartof the
network is due primarily to the possibility of handwers.
Tomake RLC terminaten thebasestationwouldresultin

theentireRLC instancebeingmoved from onebasesta-
tion to anothemwhenthemobileexecutesafastcell selec-
tion. Thiswould meanall theRLC frameswhichthebase
stationhasbufferedin anticipationof NACKs, which can
possiblycomeat ary time, would be wasted. This im-

plies a large throughputrequiremenion basestation-to-
basestationcommunicatiorduringhandwers.

The HSDRA fast ARQ mechanism delivers an
ACK/NACK synchronouslywith the ARQ phasesre-
ceived. Therefore jf a NACK hasto be sent,the mobile
doesnot wait for a hole but sendsthe NACK within a
fixed time offset from receiptof the framein error The
basestationreceverdecodeshe NACK andsendghere-
transmissioralsoin HSDR,; it doesnotroutethe NACK
to somecentralentity suchasa BSC. This is possible
sincefor HSDRA, themobilestationrecevesframesfrom
only onebasestationat a time. Whenthe mobile station
movesfrom onebasestationto anotherit simply restarts
thefastARQ mechanisnwith the new basestation.

4 SIMULATION MODEL

We performsimulationexperimentgo obtaintheaver
agedelayandthroughput. In our simulationmodel,we
assumehatthe RLC payloadis of constansizeandeach
RLC framemapsto onephysicallayerframe.We choose
HTTPastheapplicationto besupportedecaussupport-
ing real-timeWWW traffic on the mobile terminalsis a
major challenge.Let us briefly discussthe assumptions
on soft-informationcombiningandthe modelfor HTTP
traffic.

4.1 Packet Combining

In orderto ensurehattherecever doesnottry to com-
bine pacletsfrom one ARQ phasewith anotherit is as-
sumedthat outbandsignalingis senton a forward con-
trol channekoncurrentlywith eachframethereceverre-
ceiveson the forward sharedchannelcalled HS-DSCH,
or the high-speeddownlink sharedchannel. It canbe
notedthat the FER experiencedby a paclet during its
firsttransmissiois notthesameasthatduringthesecond
transmissionlt is lessin thelattercasebecausé¢hereis at
leasta 3-dbgainin thebit enegy-to-noiseratio (Ep/N,)
dueto paclketcombining[10].

4.2 Effective FER

Wheneer a paclet is not correctlydecodedat the re-
ceiver, thepacletis notdiscardedut storedin thebuffer
andis usedto re-combinepacletsresultingin a gain in
the E} /N, value. If the pacletis not correctlydecoded
even after the paclket combining, it is retransmittedor
the secondime, if allowed. With the secondretransmit-
ted paclet the gain in E,/N, would be 6-dh  That s,
with every retransmissionthereis a gain of 3-dh If we
considerindoor A channelwith % rate QPSK modula-
tion, thenaccordingto simulationsthe effective FER for

Tablel: Effective FER

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

successie retransmissior{RET) would be as showvn in

Tablel. Thesevalueswereobtainedthroughsimulation
of the saidchannel. For example,if the FERis 0.1 for

theinitial transmission(Tx), thenon successie retrans-
missiongheeffective FERwould bedecreasings0.045,
0.021,0.011andsoon. Althoughthe decreasén the ef-

fective FER could not be generalizedit workswell with

ITU pedestriarA andITU vehicularA channels.

Packet call Packet call
Viewing time
Download time / \V
Main page
Embedded objects

Figure6: Web pagetraffic

43 HTTP Mode

Insteadof trying to investigate the natureof HTTP
traffic, we syntheticallygenerateHTTP traffic by using
theresultsobtainedin [4]. The basicmodelof HTTP is
showvn in Figure 6. A paclet call representshe down-
load of aweb pagerequestedy a user It usuallyhasa
main pagefollowed by someembeddedbjects. A new
request(paclet call) is immediatelygeneratedhfter the
expiration of the viewing period. The modelis similar
to an ON/OFFsourcewherethe ON staterepresentshe
actiity of a pagerequestandthe OFF staterepresents
silent period after all objectsin that pageare retrieved.
The downloadtime of a pagefollows Weibull distribu-
tion, the meanof which depend®n theunderlyingband-
width of thewirelesschannel We have consideredh data
rate of 76.8 Kbps (9600 bytes/sec).Other statisticsand
parametersisedto generatehe HTTP traffic areshovn
in Table2.



Table2: Statisticsfor HTTP Traffic

Component Distribution Mean
Main pagesize Lognormal | 10710bytes
Embeddedbjectsize | Lognormal | 7758bytes
No. of embeddeabjs Pareto 5.55
Viewing time Weihull 40ms

Table3: SimulationParameters

Numberof ARQ phasegN) 6

Max. numberof retransatMAC (M) | 1,2 and3

FER(p) 0-30%

Frameduration(T") 10ms

RLC payload 400bytes
44 Fast ARQ

Eachobject(mainpageandembeddeabjects)is frag-
mentedinto multiple equal-sizedRLC paclets. The
transmittertransmitsone RLC paclet in each2 ms (3
slots)physicallayerframeandwaits for the ACK. If the
ACK doesnot arrive in 3 slot timings, the frameis re-
transmittedmmediately The ACK timer for that paclet
is acain reinitialized. If we considerthe downlink, then
it is not necessaryhatthe mobile stationwill deliverthe
ACK/NACK preciselyat the slot boundaries The actual
physical layer boundaryis more precise. This is dueto
the fact that normally when using coherentreceversin
the reverselink, the base-statiorsufiers from somepro-
cessingdelay The numberof retransmissioririals al-
lowedis variedbetweenl and3. If a pacletis not suc-
cessfullyreceved or combinedat the recever even af-
ter the maximumnumberof MAC retransmissionghen
the RLC retransmissiotis triggered.We assumehatthe
MAC frameis of equalsizeasthatof anRLC frame.The
informationon ARQ instances sentthroughoutbandsig-
nalingandthereforedoesnotaffectthethroughputAlso,
theWCDMA MAC headeiis normallylessthananoctet,
thusaddingminimal overhead.The otherparameter$or
thesimulationaregivenin Table3.

45 Simulation Results

Figure7 shaws the delaywhenthe maximumnumber
(M) of allowedretransmissionattheMAC isvaried.The
delayis tremendouslyhigh whenonly the RLC retrans-
missions( i.e., M = 0) is considered.With just onere-
transmissior(M = 1) atthe MAC, thereis atremendous
improvementin the delay However, thereis not much
differencebetweenM = 2 andM = 3. Thisis dueto the
factthataftertwo transmissionsmostof the pacletsare
recoveredandthethird retransmissioiis hardlyrequired.
Figure8 shavsthethroughpubf thesystem By through-
put we meanthe combinedthroughputdueto MAC and
RLC. It canbe seenthatthe throughputdecreaseasthe
FER increases. This is obvious becausea larger FER
damagesnore paclketsduring transmissiorandthusthe
numberof retransmittecpacletsbecomedarge. In Fig-
ure9 we obsenretheefficiengy of theRLC recoveringthe
missingpaclets. The y-axisindicatesthe fraction of the
pacletsrecoreredby RLC. If the fastARQ mechanism
atthe MAC is turnedoff, which effectively meandvl = 0,
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all themissingpacletsarerecoveredby RLC. With M =
1, thereis a considerablaropin the RLC recovery be-
causethe MAC doesmostof the recovery with just one
retransmissionWith M = 2 or 3, theRLC recoveryis al-
mostzerodueto thefactthatvirtually all the pacletsare
recoveredwith threeretransmissions.

5 MISINTERPRETATION OF ACK/NACK

Thereis asmallprobabilitythatsomeof the ACKsand
NACKSs from the fastARQ will be misinterpreted.The
decoderat the transmittemmight interpreta NACK asan
ACK, and hencewould not transmitthe paclet assum-
ing correctreception. The RLC at the recever will de-
tectthemissingpacletandtriggerits own retransmission
mechanismo recover the paclet. On the otherhand,if
anACK is decodedhsa NACK, aretransmissionvill be
triggeredby the MAC if the numberof retransmissions
hasnot reachedthe maximumlimit. If the numberof
allowed retransmissiongt the MAC is exhaustedthen
the RLC will recover the paclet. No matterwhich layer
doestherecovery, it resultsin duplicateretransmissiof
a previously (correctly)receved paclet. It canbe noted
that, ary kind of wrong interpretationat the MAC can
only be detectedby the RLC andthusthe reliability of
theRLC cannotbeignored.Thisis wheretherealbenefit
andimportanceof RLC is manifestedThepercentagef
errorrecovery by the RLC depend®n the percentagef
themisinterpretationsyhich we call the“f alse ACK".

5.1 Resultswith falseACK

We conductour simulationsincorporatinga certain
percentag®f misinterpretationef ACKs. The misinter
pretationgpercentagés variedfrom f = 1% to f = 5%.
Figure 10 shaws the meandelay for M = 2. It canbe
notedthatthe delayis morecomparedo Figure7 where
f =0. Figurellshavsthedegradationn thesystenper
formancein termsof throughputfor M = 2. Thepercent-
ageof RLC recovery for M = 2 is shawvn in Figure 12.
With M = 1, the RLC recovers more paclets than with
M = 2. This happendecausevith two retransmissions
at the MAC layer, almostall the pacletsarerecovered.
The RLC mostly recoversthe oneswhich weremisinter
preted.It canbe expectedthatthe RLC recovery will be
morefor even greaterFER values. But we did not con-
sidermorethan30%FERbecausatthathigherrorrates,
therewill beothersevereconsequencesith maintaining
thelink.

6 CONCLUSIONS

As thedemandor real-timewirelessdatacommunica-
tion increasesmoreefficientandfastprotocolsarebeing
designed.High speeddownlink paclet acces{HSDR\)
is one of the major propositionsfor WCDMA systems
which canallow bit-ratesupto10 Mbps. It is alsoimpor-
tantto recover the lost or damagedaclets throughre-
transmissionat lower layersthan TCP In this paperwe
shaved how the combinationof the RLC and MAC re-
transmissiongsanenhancehe performancef WCDMA
systems.The fastretransmissionat the MAC sublayer
quickly recoversmostof the damagedacletsbeforethe
RLC cantrigger its retransmissiorscheme.Due to soft
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paclket combining, the effective FER experiencedby a
paclet undegoing retransmissioris loweredfor every
successie retransmissionsi-rom our simulationresults,
we obsere thatthe fastretransmissiomechanisnat the
MAC layer enhanceghe overall systemperformance.
However, thereis not much improvementif the maxi-
mum numberof retransmissionst the MAC is greater
thantwo. Therecovery by the RLC become<rucial if
the FER is high and alsowherethe ACKs are misinter
pretedatthe MAC sublayer
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