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Abstract—Collision avoidanceand resolutionmultiple access(CARMA) protocolses-
tablish a three-wayhandshakebetweensenderandreceiverto attempt to avoid collisions,
and resolvethosecollisionsthat occur. This paperdescribesand analyzesCARMA proto-
colsthat resolvecollisionsup to the first successobtainedby running a tr ee-splittingalgo-
rithm for collision resolution. An upper bound is derived for the averagecostsof resolv-
ing collisionsof floor requestsusing the tr ee-splittingalgorithm is obtained and applied
to the computation of the averagechannelutilization in a fully connectednetwork with a
large number of stations. Our analysisindicatesthat, becauseCARMA protocolsguar-
anteea successfultransmissionfor every busy period of the channel, it achieveshigher
throughput than other contention-basedMAC protocols basedon collision-avoidance
handshakes.

I . INTRODUCTION

Severalmediumaccesscontrol (MAC) protocolshave beenproposed
over thepastfew yearsthat arebasedon three-or four-way handshake
proceduresmeantto reducethenumberof collisionsamongdatapackets,
therebyproviding betterperformancethanthebasicALOHA or CSMA
protocols[2], [3], [4], [5], [6], [9], [11], [12].

Theconceptof “floor acquisition”wasfirst introducedby Fullmerand
Garcia-Luna-Aceves[5] for MAC protocolsbasedon three-or four-way
handshakeprocedures.In asingle-channelnetwork,floor acquisitionen-
tails allowing one and only one stationat a time to senddatapackets
without collisions. Protocolsthat provide correctfloor acquisitionhave
beencalledfloor acquisitionmultipleaccess(FAMA) protocols.

A FAMA protocolrequiresa stationwho wishesto sendoneor more
packetsto acquirethe right to usethe channelexclusively (called the
floor) beforetransmittingthe datapackets. In FAMA-NTR [5], before
transmittinga datapacket,astationsensesthestateof thechannelto see
if it is idle or not. If thechannelis busy, thestationbacksoff andtries
to acquirethe channelat a later time; on theotherhand,if the channel
is sensedto befree, thestationsendsanRTS. In short,stationsfollow a
non-persistentCSMA strategy for thetransmissionof RTSs.Thesender
listensto the channelfor one maximumround-trip time plus the time
neededfor thedestinationto sendaCTS.If theCTSis notcorruptedand
is received within the time limit, the transmissionof datapacketsfrom
the senderproceeds.The CTS is sentby the destinationstationto let
otherstationsin thesystemknow that thefloor of thechannelhasbeen
acquired.Accordingly, whena stationreceivesa correctCTS, it backs
off until thechannelis releasedby thesender.

AlthougheachstationtransmitsanRTS only whenit determinesthat
the channelis free, a collision with other RTS transmissionsmay still
occurdueto propagationdelays. RTSsarevulnerableto collisionsfor
time periodsequalto the propagationdelaysbetweensendersof RTSs.
During theseperiods,multiple stationsmay sensethe channelfree and
alsosendRTSs,thuscausingcollisions.

FAMA protocolssolvecollisionsby backingoff andreschedulingRTS
transmissions[5], [6]. As with CSMA protocols,this procedureyields
goodresultsif the RTS traffic is low; however, the probability of RTS
collisions increasesas the rate of RTS transmissionsincreases,with a
correspondingdecreaseof systemthroughput. Eventually, as the RTS

This work wassupportedin partby DARPA underGrantsDAAB07-95-C-D157andDAAH04-96-1-0210.

transmissionrateincreases,theconstantRTS collisionscausethechan-
nel to collapse,bringing the flow of datapacketsto a halt. To remedy
this problem,we presentCARMA (collision avoidanceand resolution
multipleaccess)protocolsthatresolvethecollisionsof RTSsby allowing
oneRTS to succeedin every roundof contentionusinga tree-splitting
algorithm.

In high-speedwirelessnetworksusingRTSsmuchsmallerthandata
packets,theseprotocolsimprove over theperformanceof FAMA proto-
cols,andotherprior MAC protocolsbasedon collision-avoidancehand-
shakes,becauseevery new roundof RTS submissionsto thechannelre-
sultsin a successfultransmissionof datapackets,andtheaveragetime
neededto obtaina successin a roundof contentionis very small com-
paredto thedurationof datapackets.SectionsII andIII describea spe-
cific protocol,which we call CARMA-FS (for first success),andwhich
usesnon-persistentcarriersensingfor the transmissionof RTSs and a
tree-splittingalgorithmto resolve collisionsof RTSsup to thefirst suc-
cess.SectionIV computesanupperboundontheaveragecostsof resolv-
ing RTScollisions,i.e., thetimesassociatedwith theeventualsuccessful
transmissionof all datapacketsinvolved in a collision-resolutiontree;
theimportanceof theseboundsis thatthey areindependentof thenum-
berof stationsin thenetwork. SectionV usesthemto computea lower
boundof averagethroughputachievedby CARMA-FSwhenavery large
populationof nodesis assumed.We show that the throughputachieved
by CARMA-FSis alwaysbetterthanthethroughputof FAMA protocols.
SectionVI offersourconcludingremarks.

I I . CARMA-FS

CARMA-FS usescarriersensingfor the transmissionof RTSsanda
tree-splittingalgorithmto obtainthefirst successamonga setof collid-
ing RTSs. moresophisticatedcollision-resolutionalgorithms[1] canbe
usedto obtain the first successin a roundof contention. Eachstation
mustknow themaximumnumberof stationsallowed in thesystemand
themaximumpropagationdelayin thenetwork. For theslottedversion
of CARMA-FS, a time slot is assumedto last as long asthemaximum
propagationdelay.

Eachstationis assigneda uniqueidentifier, a stackandtwo variables
(
���������

and �
	 ��� ).
���������

is initially the lowestID numberthat is
allowedto sendanRTS,while �
	 ��� is thehighestID numberthatis al-
lowedto sendanRTS.Togetherthey constitutetheallowableID interval
thatcansendRTSs,i.e.,attemptto acquirethefloor. If theID of astation
is not within this interval, it cannotsendits RTS.As we describesubse-
quently, thestackis simplyastoragemechanismfor ID intervalsthatare
waitingto getpermissionto sendanRTS.

A stationcanbein oneof fivedifferentstatesin CARMA-FS,namely: PASSIVE: The stationhasno local packetspendingandno trans-
missionsaredetectedin thechannel. RTS:Thestationis trying to acquirethefloor andhassentanRTS. XMIT: Thestationhasthefloor andis sendingdatapackets. REMOTE: The station is receiving transmissionsfrom other sta-
tions,andstartedto detectchannelactivity beforeit hadany local
packetto send.
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OFF: The station has local packetspending and had to
rescheduleits requestfor thefloor.

Whena passive stationhasone or multiple packetsto send,it first
listensto thechannel.If thechannelis busy(i.e.,carrieris detected),the
stationbacksoff andreschedulesits RTS at sometime into the future.
Alternatively, if the channelis clear(i.e., no carrieris detected)for one
maximumround-triptime, thestationtransmitsanRTS.Thesenderthen
waits and listensto the channelfor onemaximumround-triptime plus
the time neededfor thedestinationto senda CTS.Whentheoriginator
receives the CTS from the destination,it acquiresthe floor and begins
transmittingits datapacketburst. The senderis limited to a maximum
numberof datapackets,afterwhich it mustreleasethechannelandmust
competefor thefloor ata latertimeif it still hasdatapacketsto send.

If the senderof an RTS doesnot receive a CTS within a time limit,
the senderas well as all other stationsin the systemknow that a col-
lision has occurred. As soonas the first collision takesplace, every
stationdivides the ID interval � ����������� �
	 ����� into two ID intervals.
The first ID interval, which we will call the backoff ID interval, is� �����������������������! �"$#%�&�' (*),+ � , while the secondID interval, the al-
lowedID interval, is � �����-�&���� �"$#%���' ( � �
	 ���.� . Eachstationin thesys-
tem updatesthestackby executinga PUSHstackcommand,wherethe
key beingpushedis thebackoff ID interval. After this is done,thestation
updates

���������
and �
	 ��� with the valuesfrom the allowed ID inter-

val. This procedureis repeatedeachtime a collision is detected,until a
successfultransmissionis achieved.

Only thosestationsthatwerein theRTSstateat thetime thefirst col-
lision occurredareallowedinto thecollision-resolutionphaseof thepro-
tocol. All otherstationswill be in REMOTE stateuntil the collision-
resolutionphaseends.Collision resolutionevolvesin termsof collision-
resolutionintervals. In thefirst interval of thecollision-resolutionphase
all stationsin theallowed ID interval thatarein theRTS statetry to re-
transmitanRTS.If noneof thestationswithin this ID interval requestthe
channel,thechannelwill beidle for a timeperiodequalto two timesthe
maximumchanneldelay( /�0 ). At this point, a new updateof the stack
andof thevariables

���������
and �
	 ��� is due. Eachstationexecutesa

POPcommandin thestack.This new ID interval now becomesthenew�
	 ��� and
���������

. The secondalternative is for multiple stationsto
requestthe channelcausinga collision. The stationsin the allowed ID
interval areoncemoresplit into two new ID intervals andthe stackas
well asthevariablesfor eachstationareupdated.In this case,thedura-
tion of thecollision-resolutioninterval is equalto thecollision timeplus
the channeldelay. The algorithmrepeatsthesestepsuntil the first suc-
cessfulRTS/CTSexchangeis achieved. This is thecasewhenonly one
stationin theallowedID interval is requestingthechannel;theorigina-
tor receivestheCTSfrom thedestinationandbeginstransmittingits data
packetburst,afterwhich thestationreleasesthechannelandtransitions
to thePASSIVEstate.Thetotal timefor thissuccessfultransmissionis at
mostequalto thedurationof anRTS,a CTS,thedatapacketburst,plus
threechanneldelays.

Noticethat,assoonasthefirst successis achieved,all stationsknow
thatthecollisions-resolutionphasehasended.Accordingly,oncethetree-
splittingalgorithmterminates,all stationsareeitherin thePASSIVEstate,
or in theBACKOFFstateif they havepacketsto send.A waiting period
of two timesthemaximumchanneldelayduringwhichthechannelis idle
occursuponterminationof the tree-splittingalgorithm. Thenext access
to thechannelis driven by thearrival of new packetsto thestationsand
thetransmissionof RTSsthathavebeenbackedoff.

To permit the transmissionof packetbursts, CARMA-FS enforces
waiting periodson receiving stationsat strategic pointsin theoperation
of theprotocol.A stationthathasreceivedadatapacketin theclearmust
wait for onemaximumpropagationtime after processinga datapacket,
this allows the senderto sendmore packetsif desired. A stationthat
hasunderstoodany control packetmustwait for twice the durationof
themaximumpropagationtime; this allowscorrectRTS/CTSexchanges

to takeplace. On theotherhand,if a transmittingstationis in the RTS
state,theprotocolenforcesa waiting periodof two maximumpropaga-
tion timesafter sendingits RTS. This allows the destinationto receive
the RTS and transmit the correspondingCTS. A sendingstationmust
alsowait onemaximumpropagationtime afterthelastdatapacketof its
packettrain.

I I I . EXAMPLE

We illustrateCARMA-FSusinga simpleexample.Eachstationhasa
distinctpositionin theleavesof a binarytreebasedon its ID. If 1 is the
total numberof stationsin thesystem,thebinarytreehas /�132 + nodes.
Theroot of thetreeis labeledas 1%4 andits right andleft child as 1�5 and176 , respectively. For eachof theothernodes,thelabelsarecomposedof
theparentlabel,plusa 8 if it is theleft child or a + if it is aright child. As
anexample,takea systemwith four stationslabeled1 6$6 , 1 6 5 , 1!5 6 , and1!5$5 . Thebinarytreehasa total of sevennodeswith the four stationsas
its leaves.Theroot of thetreehasthelabel 1%4 . Theleft child of theroot
nodeis 1 5 while its right child is 176 . Station176 is theparentnodeof 176 5
and 176$6 . Similarly, station1 5 6 is theright child of node1 5 , while station1!5$5 is its left child. We definethesubtree9%:<;&=?>$: asthesubtreeat node1%:<;&=@>$: . In ourexample,thesubtreefor node 1 6 5 is 9 6 5 .

Assumethat,at time A " , weareatnode1 4 andweareallowedto listen
simultaneouslyat all thestationsof its subtree9%4 for a time periodof 0
seconds.Only oneof thefollowing threethingscanoccur:B Case1–Idle: TherearenoRTSsin any of theleaves(stations)in subtree9%4 ; therefore,thechannelis idle. This lastsan idle transmissionperiod9 � .B Case 2–Success: There is only one RTS in the subtree 9 4 ; there-
fore, thereis no collision anda stationacquiresthefloor terminatingthe
collision-resolutionphase.This lastsonesuccessfultransmissionperiod9!C .B Case3–Collision: Therearetwo or morestations(leaves)in the sub-
tree9 4 sendinganRTS;therefore,acollisionoccurs.This lastsonefailed
transmissionperiod 9!D .

Assumethat,at time AE6 , Case3 occurswith station 176$6 and 176 5 each
sendingan RTS in the sameslot, while station 1 5 6 andstation 1 5$5 do
not requestthechannel.Fig. 1 illustratesthis. Thefirst collision occurs
at time A 6 ; all stationsin thesystemnoticethe beginningof the resolu-
tion algorithmandupdatetheir stacksandtheir

�����F���
aswell astheir�
	 ��� values.Stations1 6$6 and 1 6 5 aremembersof thebackoff ID inter-

val; therefore,they wait until thecollisionsin theallowedID interval are
resolved.They bothareexcludedfrom sendingRTSs.After atimeperiod9 D , Stations1!5 6 and 1!5$5 areallowed to requestfor the channel.Since
stations1 5 6 and 1 5$5 in tree 9 5 do not wish the channel,the first case
applieshere. After 9 �HG /I0 seconds,all stationsnoticethat the chan-
nel is idle, whichmeansthat therewereno collisionsin tree 9!5 . All the
stationsin thesystemmustupdatetheirintervalsandthestack.They exe-
cuteaPOP-stackcommandandthenew allowableinterval is �?1J6$6 � 176 5 � ;
therefore,9 6 canproceedto solve its RTS collisions. Both stations1 6$6
and 1 6 5 transmitanRTScontrolpacketandCase3 occursagain.Sincea
collisionoccurred,theinterval is split, i.e.,,thesubtree9 6 is split in two
halves, 976$6 and 976 5 . Station 176 5 is within the allowableinterval while
the 176$6 stationmustwait, its interval is the top of thestack. Since 976 5
hasonly onestationrequestingthechannel,thatstationacquiresthefloor
andtransmitsits datapackage.At thispoint,all thestationsknow thatthe
collision-resolutionphasehasterminated,becauseasuccessfulRTS/CTS
exchangedwassensedby all stations.Thestationsemptytheirstacksand
updatethe allowableID interval allowing all stationsto contendin the
next roundof contention.Fig. 1 illustratesthe transmissionfor eachof
the 1 GLK stationsin thesystem,aswell asin channelfor theunslotted
versionof CARMA-FS.
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Fig. 1. Transmissionperiodandtreestructureto solvethecollisionsfor asystemwith UWV�X
stationsout of which Y,V[Z arerequestingthefloor. \^]-X�_?Z&`�VaZ , b�]�XI_cZ&`�Ved andf ]�XI_?Z&`^Vgd .

IV. AVERAGE COLLISION RESOLUTION COSTS

For thepurposeof our analysis,we assumethat(a) thechannelintro-
ducesno errors,so packetcollisionsarethe only sourceof errors,and
stationsdetectsuchcollisionsperfectly, (b) two or more transmissions
that overlapin time in the channelmustall be re-transmitted,and(c) a
packetpropagatesto all stationsin exactly 0 seconds[10]. The average
sizeof a datapacketis h seconds,andRTS andCTSpacketsareof sizei seconds.Both h and i areassumedto be multiplesof 0 in orderto
accommodatethecomparisonwith theslottedversionof theprotocol.

Thereareonly threepossiblecasesto considerfor the resolutionof
RTS collisions: idle, success,or collision. For eachof thesecases,we
obtained[8] threedistinctaverage-costrecursiveequations:jk�?1 �mln� for
theidle case,op�?1 �mln� for thesuccesscase,and q!�?1 �&ln� for thecollision
case.Thesethreecostsdependon the total number 1 of stationsin the
systemandthe number

l
of stationswith oneRTS. They representan

averagenumberover all thepossiblepermutationsof
l

RTSsin 1 total
stationsuntil thefirst successfulRTS/CTSexchange.

In [8] we use mathematicalinduction to prove the upper bounds
for the averageidle cost j*�?1 �rl�� and for the averagecollision costq!�?1 �rl�� . For all

lts + and 1 s + , we find that jk�?1 �mln�.u 5' andq!�?1 �rl��3uwv�xIy � l�� 2 + . op�?1 �mln� contributespositively to the overall
throughputof the system. Every roundof contentionis guaranteedto
allow onesuccessfulRTS/CTSexchange,therefore,oz�?1 �{l�� G + .

V. THROUGHPUT ANALYSIS

Theanalysisin thissectionmakesthesameassumptionsintroducedin
theprevioussectionandusesthesametraffic modelusedfor theFAMA-
NTR protocol [5]. Given that the upperboundson averagecollision-
resolutioncostsareindependentof thenumberof stations,we approxi-
matethetraffic into thechannelwith aninfinite numberof stations,each
havingatmostoneRTSto sendatany time,andformingaPoissonsource
sendingRTSswith anaggregatemeangenerationrateof | RTSsperunit
time. With this model,theaveragenumberof RTS arrivals in a time in-
terval of length 9 is |}9 , i.e.,

l G |}9 . All datablockshave a duration
of h seconds.Theaveragechannelthroughputis givenby~z� ��H� � (1)

where � is theaverageutilization time of thechannel,duringwhich the
channelis beingusedto transmitdatapackets;� is theexpecteddura-

tion of a busyperiod,during which thechannelis busywith successful
or unsuccessfultransmissions;and

�
is the averageidle period,i.e., the

averageinterval betweentwo consecutivebusyperiods.

A. Unslotted CARMA-FS

A successfultransmissionconsistsof an RTS with one propagation
delay to the intendedrecipient,a CTS with a propagationdelay to the
sender, andadatapacketfollowedby apropagationdelay. Therefore,the
averagedurationperiodfor asuccessfultransmissionis�I�%�H�?�!�z�{�J�z�

(2)

For anRTSto besuccessful,it mustbetheonly packetin thechannel
duringits transmission.Its probabilityof successequalstheprobability
that no arrivals occur in 0 seconds,becausethereis a delayacrossthe
channelof 0 secondsbeforeall theotherstationsin the networkdetect
thecarriersignal.After thisvulnerabilityperiodof 0 seconds,all stations
defertheir transmissions.Therefore,given that arrivals of RTSsto the
channelarePoissonwith parameter| , weobtain�I�%�H�7�

No arrivals in
�

seconds� �H�$��� � (3)

Thenumberof stationsthatparticipatein thecollision-resolutionphase
is
l G |70 . Within the tree,the threecasesof the collision resolution

discussedin theprevioussectionsarepresent.Eachoneof themhasan
averageupperboundcost that is independentof the numberof stations
( 1 ), but is a function of the numberof stationsrequestingthe channel
(
l

). In the caseof a colliding transmission(
l�s + ), the time period

consistsof oneRTS packagefollowedby oneor moreRTSstransmitted
by otherstationswithin time � , where8 u � u 0 , plusonepropagation
delay0 . Accordingly, theaveragedurationof afailedtransmissionperiod
is boundedby 9 D u i 2�/�0 [5]. In the caseof an idle transmission
(
l G 8 ), thetimeperiodhasadurationequalsto two propagationdelays.

Accordingly, theaveragedurationof an idle transmissionperiodis 9 � G/I0 .
A busyperiodis composedof both thesuccessfulandthe treetrans-

missionperiods. A waiting periodof /I0 secondsis requiredfor both
transmissionperiods.Thedurationof anaveragebusyperiodequalsthe
sumof thepercentageof successfultransmissionperiodstimestheir du-
ration, 9!C , plus the percentageof the treeperiodstimestheir duration.
Thetreeperiodsarecomposedof threeparts,correspondingto success,
idle, andcollision periods,eachwith a distinct cost andduration. Ac-
cordingto theupperboundsderived in [8], theaveragebusyperiodcan
beboundedasfollows:

� ��� ��� � � ���������   ¡?¢£�-¤¦¥���§¨¥�� �I©� ��� �?ª ��§ � � � ¥� ��� � � � �$�$¥&  ¡?¢£� � �c¥ � � � �{�c¥ � �{��� � �� �!�z�$�$¥&  ¡?¢£� � �c¥I�z�?�!�z«{�J�p� (4)

Thechannelcarriesuserdatafor h secondsduringeachtransmission
period;therefore,� G h . Theaverageidle periodis equalto theaverage
interarrival timeplustheaveragewaitingperiodenforced.

�¬� §� �z�{� � � � �z�{� � ��§ � � � ¥� §� �z�{� (5)

Substitutingthevaluesfor � ,
�

and � obtainedaboveinto Eq. (1),we
obtainthefollowing lowerboundfor theaveragethroughputof CARMA-
FS: ~® � � �¯ � � ��� � �z� (6)
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where

¯ � � � ���p� � �c¥&  ¡@¢£� � �$¥�� � �¦�z� � �� � � � � � �z� � �c¥�  ¡?¢£� � �$¥ � � � � �z°@� � �z� � � §
B. Slotted CARMA-FS

In this section, we use the same assumptionsused for unslotted
CARMA-FS.Thechannelis slottedandeachslot lastsamaximumpropa-
gationdelay 0 . With slotting,stationsarerestrictedto starttransmissions
only onslot boundaries.

As it wasthecasein unslottedCARMA-FS, theaveragedurationpe-
riod for asuccessfultransmissionis givenby Eq.(2). Theprobabilitythat
anRTSis successfulis� � �H�7�$±��²§

arrival in aslot ³ somearrivals in a slot� � � � � � ��� �§ � � ��� � (7)

In the caseof a colliding transmission(
l´s + ), the time period

consistsof oneRTS followed by a propagationdelay 0 . All colliding
RTSsaresentat the beginning of the sameslot; accordingly, we have9 D G i 230 . As it wasdonefor unslottedCARMA-FS, � canbebounded
accordingto Eq(4). Substitutingthevaluesfor µ¶C , 9 D , 9!C , 9 � and

l
, we

obtain

� �·�I� � �I�7����� � �<  ¡?¢£�-¤¦¥��¸§¹¥�� ��©� �º��� ª ��§ � �I�c¥� �<�¦�¸�c¥&  ¡@¢£� � �c¥��z�@�!�z»$�7�z���§ � � ��� � ¥ �� � � � � � � � � �F� � � ¥£  ¡?¢£� � �c¥ � � ��� ���§ � � ��� � ¥ ��<� � � � � � � � � �@� � »$� � �$¥ � � ��� ��-§ � � ��� � ¥
(8)

Theaverageidle periodis

�¬� � � §§ � � ��� � �z�{� � �I�^�z�{� � ��§ � �I�$¥� � � §§ � � ��� � �z�{� (9)

Theaverageutilizationissimply h . SubstitutingthisvalueandEqs.(8)
and(9) into Eq. (1), weobtainthefollowing lower boundon theaverage
throughputof slottedCARMA-FS:

~z � �£��§ � � ��� � ¥¯ � � ��� � �z� (10)

where

¯ � � �!� � �c�����^� � � � ¥m  ¡?¢£� � �$¥��p� � �%�z� � � � �p�?�!�z¼{�J�z�� � � �<�����c¥&  ¡@¢£� � �$¥ � �?� �z° � � �
C. Numerical Results

We compareCARMA-FS with FAMA-NTR for the casesof a low-
speednetwork( ½I¾�8I8 b/s)andhigh-speednetwork( + Mb/s) in which ei-
thersmall datapackets( ¿�À bytes)or large datapackets( K 8�8 bytes)are
transmitted.Weassumethedistancebetweenstationsto bethesameand
definethediameterof thenetworkto be + mile. Assumingtheseparam-
eters,thepropagationdelayof thechannelis ¿�Á K�Â s. In orderto accom-
modatetheuseof IP addressesfor destinationandsource,theminimum

sizeof RTSsandCTSsis /Ã8 bytes.We normalizethe throughputresult
by setting 0 G + anddefiningthefollowing variables

Ä � �� (normalizeddatapackets)ÅÆ� � � (normalizedcontrolpackets)Ç � � � (normalizedofferedload) (11)

Substitutingthenew normalizedvariablesfrom Eq. (11) into Eq. (6),
weobtain

~® � Ä¯7È � � � Ç �z� (12)

where

¯ È � � Å��z�@¥m  ¡?¢£�<Ç^¥I�zÅ��z�� È � � � Å��z�@¥&  ¡?¢£�<Ç7¥ � �@Å �F°7� Ä � §Ç
for unslottedCARMA-FS. The throughputof unslottedFAMA-NTR in
[5] normalizewith thevariablesin Eq.(11) is~ � Ä ¤ Ä � ÄÄ �zÅ�� �<� � � � Ç ¥Ç �z� Ç �<É��zÅE¥ (13)

For slottedCARMA-FSweobtain

~® � Ä ��§ � � � Ç ¥¯ È � � � Ç �z� È (14)

where

¯ È � �<Å��zÅ¨Ç��H§���Ç7¥m  ¡@¢£� Ç7¥����<Å¨ÇH�z�@ÇF�p�?Å�� Ä �z¼?¥� È � � � Å}��§¨¥m  ¡@¢£� Ç7¥ � �<�?Å�� Ä � ° ¥
while the throughputof slottedFAMA-NTR in [5] normalizewith the
variablesin Eq.(11) is~ � Ä ¤ Ä � Ä Ç^� � Ç� Ä �zÅ���§¨¥�Ç � � � Ç ��� �}�zÅ¨¥Ê�-§ � � � Ç ¥���§ (15)

TableI summarizestheprotocolparametersusedin ourcomparison.

NetworkSpeed PacketSize
� Ä � �� Å7� � �

9600bps 424bits 44166.7Ë s 817.9 308.6

9600bps 3200bits 333333.3Ë s 6172.8 308.6

1 Mbps 424bits 424 Ë s 7.85 2.96

1 Mbps 3200bits 3200 Ë s 59.3 2.96

TABLE I

PROTOCOL VA RIABLESFOR LOW-SPEED NETWORKS ( ÌrÍ&Î&Î BPS) A ND HI GH-SPEED

NETWORKS ( d M BPS) WI TH TWO TY PES OF DATA PACK ETS, SM A LL ( X�Z£X BI TS) OR

LA RGE ( Ï�Z&ÎrÎ BI TS). THE CHA NNEL DELAY ÐzV
ÑÃÒ X�Ó S, WHI LE THE CONTROL PACKETS

A RE dmÍ&Î BI TS LONG.

Figs.2 and3 show theaveragethroughput(S) versustheofferedload
(G) for CARMA-FS andFAMA-NTR. It is clearthat slotting doesnot
provide much performanceimprovement in CARMA-FS, and that to
achievehigh throughputthesizeof thecontrolpacketsneedto besmall
comparedto thelengthof thedatapacketsor packettrains.CARMA-FS
behaveslike FAMA-NTR whentheofferedloadis small. As theoffered
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Fig. 2. Throughput of FAMA-NTR andCARMA-FSfor low-speednetwork.
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Fig. 3. Throughputof FAMA-NTR andCARMA-FSfor high-speednetwork.

load increases,the throughputof FAMA-NTR decreasesrapidly, while
CARMA-FSdecreaseslogarithmicallyat amuchslower rate.

To verify that the valueof Ô approximatedusingan infinite popula-
tion andtheupperboundson averagecostsfor collisionresolutiontimes
providesa goodlower boundfor any traffic load, we simulatedslotted
CARMA-FSusing65 stationsthatgenerateRTSsaccordingto aPoisson
probability distribution function. The simulationsweredoneten times
for eachgiven

l G 0�| valueto insureconvergence.The resultsof the
simulationareshown in Fig. 3 only for thecaseof longdatapacketsin a
high-speednetwork,andindicatethatour analysisprovidesa very good
approximationof theaveragethroughput.

VI. CONCLUSIONS

CARMA-FS implementsa three-wayhandshakebasedon smallcon-
trol packetsbetweensenderandreceiver, plusa limited collision resolu-
tion algorithmensuringthatthereis alwaysasuccessfulRTSduringeach
busyperiod.Ouranalysisshowsthatthis limited collisionresolutionim-
provestheperformanceof FAMA protocolsconsiderably;oursimulation
validatesthe simplifying assumptionsmadeto obtaina lower boundof
averagethroughputas a function of channelload. The importanceof
exploring limited collision resolutionlies on its potentialapplicationto
wirelessnetworkswith dynamictopologies,in which thenodesengaged
in collisionresolutionmaymove, thereforechangingtheconstituency of
the tree. A protocolaimedat resolvingthe first successis attractive in
a dynamicsetting,becauseresolvingthefirst successcanbedonefaster
thanresolvinganentiretree[7]. Our work continuesto exploretheper-

formanceof limited resolutionalgorithmswhenthemembersof thetree
haveinconsistentinformationabouttheallowableID interval.
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