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Abstract— The performance of the FAMA-NCS protocol in ad-hoc net-
works is analyzed. FAMA-NCS (for floor acquisition multiple accesswith non-
persistentcarrier sensing)guaranteesthat a single senderis able to senddata
packets free of collisionsto a given receier at any given time. FAMA-NCS
is basedon a three-wayhandshale betweensenderand recever in which the
senderusesnon-persistentcarrier sensingto transmit a request-to-sendRTS)
andthe recever sendsa clear-to-send(CTS) that lastsmuch longerthan the RTS
to serve asa “busy tone” that forcesall hidden nodesto back off long enough
to allow a collision-free data packet to arri ve at the recever. It is shavn that
that FAMA-NCS performs better than ALOHA, CSMA, and all prior proposals
basedon collision avoidancedialogues(e.g, MACA, MACAW, and IEEE 802.11
DFWMAC) in the presenceof hidden terminals. Simulations experimentsare
usedto confirm the analytical results.

I. INTRODUCTION

Themediumaccessontrol(MAC) protocolwith which paclet-
radios(or stations)cansharea commonbroadcasthannelis es-
sentialin a paclet-radionetwork. CSMA (carriersensemultiple
accessprotocols[9] have beenusedin a numberof paclet-radio
networksin thepast[10]; theseprotocolsattemptto preventasta-
tion from transmittingsimultaneouslyvith otherstationswithin its
transmittingrangeby requiringeachstationto listento thechannel
beforetransmitting.

The hardvare characteristicof paclet-radiosare suchthat a
paclet-radiocannotransmitandlistento the samechannekimul-
taneouslytherefore collision detection(CSMA/CD [12]) cannot
beusedin asingle-channgbaclet-radionetwork. Thethroughput
of CSMA protocolsis very good,aslong asthe multiple transmit-
terswithin rangeof the samerecevers can senseone anothers
transmissions. Unfortunately “hidden terminal” problems[17]
degradethe performanceof CSMA substantiallybecausearrier
sensingcannotpreventcollisionsin thatcase.

The busy tone multiple acces{BTMA) protocol[17] wasthe
first proposatto combatthe hidden-terminaproblemsof CSMA.
BTMA is designedfor station-basedetworks and divides the
channelinto a messagehannelandthe busy-tonechannel. The
basestationtransmitsa busy-tonesignalon the busy-tonechannel
aslong asit sensegarrieron the datachannel.Becausehe base
stationis in line of sightof all terminals,eachterminalcansense
the busy-tonechannelto determinethe stateof the datachannel.
Thelimitationsof BTMA arethe usea separatehanneto corvey
the stateof the datachannelthe needfor therecever to transmit
the busytonewhile detectingcarrierin the datachannelandthe
difficulty of detectingthe busy-tonesignalin a narravbandchan-
nel.

A recever initiated busy-tone multiple accessprotocol for
paclet-radionetworkshasalsobeenproposed22]. Inthisscheme,
thesendetransmitsarequest-to-sen(RTS)to therecever, before
sendinga datapaclet. Whentherecever obtainsa correctRTS, it
transmitsa busytonein a separatehannelto alert othersources
nearbythatthey shouldbacloff. Thecorrectsourceis alwaysno-
tified thatit canproceedwith transmissiorof the datapaclet. The
limitations of this schemes thatit still requiresa separatéusy-
tonechannelndfull-duplex operationattherecever.

Oneof thefirst protocolsfor wirelessnetworksbhasednahand-
shale betweensenderandrecever wasthe SRMA (split-channel
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resenationmultiple access)18]. Accordingto SRMA, thesender
of a paclet usesALOHA or CSMA to decidewhento senda
request-to-sendRTS) to the recever. In turn, the recever re-
spondswith aclearto-sendCTS)if it recevesthe RTS correctly;
the RTS tells the senderwhento transmitits datapaclet. Al-
thoughSRMA was proposedvith oneor two controlchanneffor
theRTS/CTSexchangethesameschemeappliesfor asinglechan-
nel.

Sincethetime SRMA wasfirst proposedseveralothermedium
accesscontrol (MAC) protocolshave beenproposedfor either
single-channelirelessnetworks or wireline local areanetworks
thatarebasedon similar RTS-CTSexchangespr basedon RTSs
followed by pauseq1], [20], [4], [11], [13], [15]. Karn [8] pro-
poseda protocol called MACA (multiple acces<ollision avoid-
ance) to addressthe problemsof hidden terminalsin single-
channelnetworks. MACA amountsto a single-channeBRMA
usingALOHA for the transmissiorof RTSs;it attemptgo detect
collisionsattherecever by meanof theRTS-CTSexchangewith-
out carriersensing.The IEEE 802.11MAC protocolfor wireless
LANs includesa transmissiomodebasedn an RTS-CTShand-
shale (DFWMAC [3], [7]).

In this paper we analyzea new variationon MAC protocols
basedn RTS-CTSexchangeshatis particularlyattractve for ad-
hocnetworks. We call this protocolFAMA-NCS (floor acquisition
multiple accessvith non-persistentarriersensing) The objective
of FAMA-NCS is for a stationthat hasdatato sendto acquire
controlof thechannein thevicinity of therecever (whichwe call
“the floor”) beforesendingary datapaclet, andto ensurethatno
datapaclet collideswith ary otherpaclet attherecever.

Ensuringthat floor acquisitionis enforcedamongcompeting
sender$iddenfrom oneanothermandwho have requestedhefloor
(i.e., sentan RTS) canonly be achiered by the recevers. Ac-
cordingly in FAMA-NCS, thelengthof a CTSis longerthanthe
durationof anRTS andensureghatthe CTSfrom arecever lasts
long enoughfor any hiddensendetthatdid not hearthe RTS be-
ing acknavledgedto hearwhatamountgo ajammingsignalfrom
the recever. Sectionll describesFAMA-NCS, which was first
introducedin [6]. Sectionlll analyzeghe throughputof FAMA-
NCSin ad-hocnetworks usingan approximatenodelof the way
in whichnodesareconnectedSectionlV comparedy simulation
the performanceof FAMA-NCS with MACAW and DFWMAC.
Our resultsshav very clearly that carrier sensingat the sender
andthe longerdurationof CTSscomparedo RTSsarecritical to
the performancendsimplicity of MAC protocolsbasedn RTS-
CTShandshagsfor ad-hocnetworksin which nodescantransmit
pacletsasynchronouslyThe simulationsalsohelpto validateour
analyticalresults. FAMA-NCS is thefirst proposabasedn RTS-
CTS exchangeghatrecognizeghe importanceof makinga CTS
actasabusytonefor half-duplex operation.

Il. FAMA PROTOCOL
A. Overviav

FAMA-NCS requiresa stationwho wishesto sendoneor more
pacletsto acquirethe floor beforetransmittingthe paclet train.
Thefloor is acquiredusinganan RTS-CTSexchangemultiplexed
togethemith thedatapacletsin suchawaythat,althoughmultiple
RTSsandCTSsmay collide, datapaclets arealwayssentfree of
collisions.Thebasicprinciplesof floor acquisitionareinspiredon
earlierwork by Kleinrock and Tobagion BTMA [17], the useof



RTS-CTSexchangedirst describedor SRMA [18], andthe pro-
vision of prioritiesamongpacletsintroducedor thetransmission
of priority acknavledgmentsn ALOHA andCSMA [19].

To acquirethefloor, a stationsendsan RTS usingeitherpaclet
sensingor carrier sensing. The first variant correspondgo us-
ing the ALOHA protocolfor the transmissiorof RTSs; the sec-
ond consistsf usinga CSMA protocolto transmitRTSs. A sta-
tion sendsa CTSafterreceving anerrorfree RTS addressetb it.
Whena stationrecevesanerrorfree CTS, it knows thatthe floor

hasbeenacquiredby the stationto whomthe CTS is addressed.

Atfter floor acquisitionthe floor holderis ableto senddatapack-
etsfree of collisionsover the channel. Any reliablelink control
schemecan be implementedon top of FAMA-NCS betweenthe
floor holder and the stationswith whom it wishesto communi-
cate.Thisis accomplishedby forcing stationsthatdo nothave the
floor to wait a predefinedninimumamountof time (atleasttwice
the maximumpropagatiordelay)beforebeingableto bid for the
floor. Thisis similar to the schemedor the provision of priority
acknavledgmentgproposedor CSMA andALOHA by Kleinrock
andTobagi[19].

To ensurethat floor acquisitionis enforcedamongcompeting
senderiiddenfrom oneanotherandwho have requestedhefloor
(i.e.,sentanRTS), the CTSsentby areceveris guaranteedtb last
long enough(or to be repeatecenoughtimes)to jam ary hidden
senderthatdid not hearthe RTS beingacknavledged. This cor
respondgo a single-channeBTMA schemean which sensingof
errorfree CTSs(for paclet sensing)or the carrierof a CTS (for
carriersensing)ver the datachannelis usedinsteadof the busy-
tonesignal.

When a stationwith datato sendfails to acquirethe floor or
detectsthe floor being held by anotherstation, it mustresched-
ule its bid for the floor. This canbe doneusingdifferentpersis-
tenceandbacloff stratgies. We alsospecifyFAMA-NCS asus-
ing auniform distribution whenchoosingoacloff times;however,
otherbacloff stratgiescanbe adopted(e.g., seethoseproposed
for MACAW [1)).

To simplify our analysisand descriptionof FAMA-NCS, we
do not addresshe effect of acknaviedgmentsin the restof this
paper andassumehe simplestthree-vay handshai (RTS-CTS-
data)with noacknavledgments.

B. FAMA-NCS

The lengthof a CTS in FAMA-NCS is larger thanthe aggre-
gateof the lengthof an RTS plus one maximumroundtrip time
acrossthe channelthe transmitto receve turn aroundtime, and
ary processindgime. Thelengthof anRTS is largerthanthe max-
imum channelpropagatiordelayplusthe transmit-to-receie turn
aroundtime and ary processingime. This is requiredto avoid
onestationhearinga completeRTS beforeanotherhasstartedto
receveit. Therelationshipof thesizeof the CTSto theRTS gives
the CTS dominanceover the RTS in the channel.Oncea station
hasbeguntransmissiomf a CTS,ary otherstationwithin rangeof
it thattransmitsan RTS simultaneouslyi.e., within onepropaga-
tion delayof thebeginningof the CTS)will hearatleasta portion
of thedominatingCTSandbacloff, therebylettingthedatapaclet
thatwill follow to arrive freefrom collision. ThedominatingCTS
playstherole of abusytone.

Figure 1 specifiesFAMA-NCS in detail. A stationthat has
just beeninitialized must wait the time it takes to transmitthe
maximum-sizedata paclet in the channelplus one maximum
round-triptime acrossthe channel. This allows ary neighboring
stationinvolved in the procesof receving a datapaclet to com-
pletethereceptiorun-obstructedT heinitializationtime alsogives
the stationthe ability to learnof ary local traffic in progress.If
no carrieris detectedduring the initialization period, the station
transitionsto the PASSIVE state. Otherwise,t transitionsto the
REMOTE state.A stationcanonly bein the PASSIVE stateif it is
properlyinitialized (i.e., hasno paclet to send,andsensesnidle
channel).In all otherstatesthe stationmusthave listenedto the

channefor atime periodthatis suficiently long for ary neighbor
involvedin receving datato have finished.

A stationthatis in the PASSIVE stateand sensegarriertran-
sitionsto the REMOTE state. On the other hand, a stationthat
recevesa paclet to sendin the PASSIVE statetransmitsan RTS
andtransitionsto the RTS state. The sendingstationwaits long
enoughfor the destinatiorto sendthe CTS. If the CTS pacletis
not receved within thetime allowed, the sendettransitionsto the
BACKOFF state. If the senderhearsnoiseon the channelafter
its RTS, it assumes collision with a neighbors dominatingCTS
andwaitslong enoughfor amaximum-lengttdatapacletto bere-
cewved. Otherwise,uponreceving the CTS, the sendertransmits
its datapaclet. Becauséhe CTS couldbe corruptedatthe sender
oncethe destinationstationsendsits CTS, it only needsto wait
one maximumround-triptime to sensethe beginning of the data
paclet from thesource.If the datapaclet doesnotbegin, thedes-
tination transitionseitherto the BACKOFF state(if it hastraffic
pending)or to the PASSIVE state.

In theBACKOFFstatejf nocarrieris detectedluringtheentire
bacloff waiting periodcomputedby the station,the stationtrans-
mits anRTS andtransitiongo the RTS stateasbefore.Otherwise,
uponsensingcarrierthe stationtransitionso the REMOTE state.

For stationan the REMOTE state FAMA-NCS enforcediffer-
entwaiting periodson passie stations(thosestationsnot directly
involved in the currenttransmissiorperiod) basedon what was
lastheardon the channel.Any passie stationthatdetectscarrier
transitionsto the REMOTE state,andafter the channeklearsthe
waiting periodis determinedasfollows:

« After hearingan RTS for anotherstation, the station must
wait long enoughfor a CTSto betransmittedoy thedestina-
tion andrecevedby the senderandthe datapacletto begin.

« After hearinga CTS from anotherstation,the stationmust
wait long enoughto allow the otherstationto receve its data
paclet.

« After hearinga datapaclet, the waiting time is the enforced
FAMA waiting period.

« After hearingnoise(colliding control paclets) on the chan-
nel, thewaiting periodmustbelongenoughto allow another
stationtime to receve a maximumsizedatapaclet.

The channelbecomesdle whenall stationsarein eitherthe
PASSIVE or BACKOFF state. The next accesgo the channelis
drivenby thearrival of new pacletsto thenetwork andretransmis-
sionof pacletsthathave beenbacled off.

To increasehe efficieng of the channela stationthathassuc-
cessfullyacquiredhefloor candynamicallysendmultiple paclets
togetheiin atrain, boundedby anupperlimit. To allow thisto be
successfuln a hidden-terminakrnvironment,the destinationsta-
tion mustalertits neighborghatit hasmoredatapacletscoming,
andto continueto defertheir transmissionsFAMA-NCS usesa
simplehandsha& mechanisnto supportpaclet trains.

If the sendingstation has multiple paclets to send, it setsa
MORE flag in the headerof the datapaclet. Whenthe destina-
tion recevesthedatapaclet andseeshe MORE flag set,it imme-
diately respondswith a CTS, justaswhenhearingan RTS. This
CTS alertsall neighborsthat might interferewith the next data
pacletthatthey mustcontinueto defer

Additionally, stationsin the REMOTE statemustextendtheir
waiting periodafterhearinga datapaclet with the MORE flag set
to allow additionaltime for the sendeto receve the CTSfrom the
destinatiorsignalingthatit canreceve thenext datapaclet.

I11. COMPARATIVE THROUGHPUT ANALYSIS

We presentan approximatethroughputanalysisthat assumes
the sametraffic model first introducedfor CSMA [9] to ana-
lyze the throughputof CSMA protocols. We comparethe av-
eragethroughputof FAMA-NCS againstthe throughputof non-
persistenALOHA and CSMA. The throughputof non-persistent
CSMA usedin thisanalysisvasreportedoy KleinrockandTobagi

9.



VariableDefinitions
CD = CarrierDetected
Tpro p =Maximumchannepropagatiordelay
TpRrRO Processingime for carrierdetection
Tr};R ﬁansmmo receve turn-aroundime

op +Tp +Tr
7 Tﬁweto transm\tanR‘FSpack rOC R

g = Timeto transmita CTS packet
= Timeto transmitamaximumsizeddatapacket
Burst= Numberof packetgo sendin a burst

ProcedureSTART()
Begin

Timer«<=38 +2 X Tprop
While(C D A Timer not expired) wait
If (CD) Thencall REMOTE((8 + T ), TRUE)
dElseca\II PASSIVE() walr
Eni

ProcedurdPASSIVE()
Begin

Whlle(CD A No Local Packet)wait
If (CD) Thencall REMOTE((8 + Tyy 4 777)FALSE)
ElseBegin

Burst +— maximumburst

TransmitRTS Packet

Procedurd8ACKOFF()
Begin

Timer +~ RANDOM(1,10 x ~')

Whlle(C’D A Timer notexpired) wait
If (CD) Thencall REMOTE((8 + Tyy 4 777)FALSE)
ElseBegin
Burst +— maximumburst
Trﬁr;%l]gt(RTS Packet )
cal (T
EndEnd warr

ProcedureXMIT()
Begin

Wait T
If ((Burst§ 1) A Local Packet)

Mark MO RE flag in header
TransmitDataPacket
Burst « Burst- 1
call RTS(T'ywy A 17)
End
ElseBegin
TransmitDataPacket
Timer « T
While(Timer nof expired) wait
If (Local Packet)Thencall BACKOFF()

ProcedurlREMOTE(T & . df la g)
Begin

Timer + To

Whlle(CD A Timer notexpired)wait
If (Timer Explred)

ThenBeg

If (Local Packet)Thencall BACKOFF()
Elsecall PASSIVE()

End

ElseBegin

Receve Packet
DO CASEof (receied packettype)

Begin
RTS:
If{‘dfla g= TRUE) call REMOTE(T -, TRUE)

If(DestinationID ="LocalID)
ThenBegin

Wait T

Transmn@l‘s Packet

call REMOTE((TWAIT),TRUE)
End

call REMOTE((y' + Ty 4 17). TRUE)
S:
caII REMOTE((S + Ty 4 77 ) TRUE)
If%DestlnatlonlD Local D)

in

Elsecall PASSIVE()
call RTS(T )
EndEnd warr EndEnd

ProcedurkTS(T')
Begin

Timer < T

While(C D A Timernotexpired) wait

If (Timer Explred)ThencaIl BACKOFF()
ElseBegin

Receve Pa
DO CASEof (receved packettype)

B9 ca XMIT()

Default:
| callREMOTE((S + Ty 4 7). TRUE)

End

Fasspackelto upperlayer
If (MORE flag setlyn header)
ThenBegin

TransmitCTS

n

call REMOTE((T'yy 4 77). TRUE)
End
ElseBegin

If (MORE flag setin header)

ThenBegin

call REMOTE((y" + Ty 4 r7) TRUE)
End

il
ElseBegin
call REMOTE((T'yy7 4 7 7). TRUE)
End

End
ERROR:
call REMOTE(( + Ty 4 77) TRUE)

End

Fig. 1. FAMA-NCS Specification

We assumethat thereis an infinite numberof stationswho
constitutea PoissonsourcesendingRTS paclets (for the case
of FAMA), or new or retransmittediatapaclets (for the caseof
CSMA) to thethechannelwith anaggr@atemeangeneratiorrate
of \ pacletsperunit time. Any stationcanlistento thetransmis-
sionsof ary otherstation. The transmissiortime of an RTS is
v < oo, thetransmissiortime of aCTSis v’ < oo, themaximum
transmissiortime of a datapacletis § < oo, andthe hardware
transmit-to-recefe transitiontime is e < co. Thereis no capture
or fadingonthechannel Any overlapby transmissionatapartic-
ularrecever causeshatrecever to notunderstaneitherpaclet.

Eachstationis assumedo have at mostonedatablock to send
at ary time. In all protocols,a stationtransmitsthe entire data
block asassinglepaclet (whichis the caseof CSMA andMACA
asit is describedn [8]) or asmultiple paclets(whichis thecaseof
FAMA-NCS). Theaveragesizeof adatablockis § secondsRTSs
lasty secondsCTSslasty' secondsandthemaximumend-to-end
propagatiordelay of the channelis = seconds.Collisions (e.qg.,
RTS pacletsin FAMA-NCS, datapacletsin CSMA) canoccurin
thechannelandwe assumehat,whena stationhasto retransmig.
paclet, it doessoafterarandomretransmissiodelaythatis much
largerthané on the average. The averagechannelutilization is
givenby [9]

S=U/B+1) (1)

whereB is the expecteddurationof a busyperiod,definedto bea

periodof time duringwhich the channeis beingutilized: T is the
expecteddurationof anidle period, definedasthe time interval

betweentwo consecutie busy periods;andU is the time during
a busy periodthat the channelis usedfor transmittinguserdata
successfully

The channeis assumedo introduceno errors,so paclet colli-
sionsarethe only sourceof errors,andstationsdetectsuchcolli-
sionsperfectly To further simplify the problem,we assumehat
two or moretransmissionghatoverlapin timein thechannemust
all be retransmittedand that a paclet propagatego all stations
in exactly 7 secondq9]. The laterassumptiorprovidesa lower
boundonthe performancef the protocolswe analyze.

Of coursethis modelis only aroughapproximatiorof thereal

case,in which a finite numberof stationsaccesshe samechan-
nel, stationscanqueuemultiple pacletsfor transmissionandthe
stations’transmissiongndretransmissionf RTS or datapack-
ets)arecorrelatede.g.,a failed RTS is followed by anotherRTS
within aboundedime).

For thecaseof non-persistenESMA, we assumg9] thatasep-
arateperfectchanneis usedfor acknavledgmentdo let a station
know whenits paclet wasreceved free of collisions,andthatall
acknavledgmentsare sentreliably Therefore,the throughputof
non-persistenESMA usedfor comparisorwith FAMA protocols
is only anupperbound.

To facilitate the comparisonof the various protocolsnumeri-
cally, the graphsshaving averagethroughputversustraffic load
normalizethe resultsobtainedfor S by makingd = 1 andintro-
ducingthefollowing variables:

a = 7 /§(normalizedpropagatiordelay)
G = )\ x §(offeredLoad,normalizedo datapaclets)

For simplicity, we assumehatary givennodew, hasN neigh-
bors. All nodescommunicateover a singlechannel. The chosen
node,w, is a Poissorsourceof RTSswith a meanrateof A’ floor
requestgRTS paclets). Additionally, eachneighboringnodeis an
independenPoissonsourceof RTSsaswell, with a meanrate of
X' RTSspersecondsuchthatthe total floor requestseenin the

channelat w equalsh = SV +1)\'. Thetraffic generatedt each
nodehasits destinationdeterminedby a uniform distribution of
thenodes neighborsij.e., for N neighborsanodedirects1/N of
its RTSsto eachof thoseneighbors.This assumptiormakes our
analysisindependenof the specificrouting choicesmadeat each
node.Again,eachnodeis assumedo have at mostonedatablock
to sendatary giventime. A pacletsentby ary nodepropagateo
all its neighborgnodesin line of sight)in exactly 7 secondsAll
neighbornodesarewithin line-of-sightandrangeof nodew, but
may be hiddenfrom oneanother The populationof neighborsat
nodew is partitionedsuchthat,for ary givenneighborof w, there
are@ neighborghatarehiddenfromit, and N — 1 — @ neighbors
thatit canhearin additionto w. This connectiity assumptioris
a simplificationof the factthatthe neighborsf a nodemayform



multiple fully connectedubgroupsit providesalower boundon
performancédor the casein which @ = N andresultsin a fully-
connectedetwork for thecasein which@ = 0.

Assumingthe abore model, the following theoremgives the
throughputor agivennode.

Theoeml: Thethroughputof FAMA-NCS for a systemwith
N independenteighborspof which @ arehiddenfrom the others
is givenby

S = s.e= X (NT4+Q(2y—7))
=N (NT+Q(Y =" [(3Q+N+4)m+(Q— N )y +H(Q+1)(~' +5)]

AN [Ty + (7= Tpy) e~ N 2@7 + 1]+ N-(y 44/ +537)

Q7 :|+‘v (2)

R E—E
Agr(i—e Q")

A
e QT _1-x
WhereTF2 equals:

Proof:

An RTS originatedfrom ary nodeA is successfuaitw if noother
RTS from ary othernodein w's neighborhooctollideswith A's
RTS.At nodew andthe N — 1 — @ neighborghathearA thevul-
nerabilityperiodof A’sRTSis 7 secondbecaus¢hesenodescan
detectcarrier~ secondsafter the beginning of the RTS. Accord-
ingly, becaus®f theindependencef the nodestransmissionsan
RTSis successfulvithin the N — 1 — @Q nodesandw with proba-

bility
N-Q
H e—/\ T (3)
1

In contrastthe vulnerability period of an RTS with respectto
the other @ hiddennodesis 2y becausdhesenodescannothear
A’stransmissionsAccordingly anRTS s successfulvith respect

to ary of theotherQ nodeswith probabilitye = 7). Becausall
nodesareidenticalandindependentf follows thatanRTS from a
nodeA is successfuat nodew with thefollowing probability:

(N-Q) . @ , )
Ps = H e T HB—A (27) — =N (N7T+Q(2y-7)) (4)
1 1

Theprobabilitythata given RTS arrival wasgeneratedby node

wis (\'/X) = 47 . Thetraffic directedto w comesfrom eachof

w’s N neighborswhogeneratédRTSsatarateof A’ with 1/N des-
tinedfor w. Accordingly the probabilitythata given RTS arrival
is meantfor w is

NoTLN
Ez:l |:N ] — )\I/>\ — (5)
A

A successfutransmissiorperiodin the time line of nodew
includesthe RTS with a one-way propagationdelay followed
by the return CTS with a one-way propagatiordelay and lastly
the datapaclet with a one-way propagatiordelay for a total of
T=~v+++6+3r.

Therearetwo typesof failedtransmissiorperiodsfor RTSs. If
only thenodeghatcanheareachothersendRT Ssin atransmission
period,the averagedurationof the periodin thetime line of node

w equalsTr, = v+ Y, whereY is the sameasin the fully-

connectechetwork caseanalyzedn [5]. NotingthatY” < 7, given
thatr < -, we usetheupperbound~y + 7 for Tr, .

If oneor moreof the hiddennodessendRTSsin afailedtrans-
missionperiod, the failed transmissiorperiod consistsof multi-
ple overlappingRT Sswith durationsof v secondsBecausehese
nodesarehiddenandindependentf oneanotherthelengthof the
averagefailedtransmissiomperiodin this casecanbe obtainedoy
treatingthis caseasan ALOHA channelwith @ differentnodes,
in which anodeA hasarateof \’. To make useof prior results,
we malke the simplifying assumptiorthat NV and(@ arevery large.

TheaggrgateRTS arrivalsfor thesenodess A, = E? M. Sub-
stituting A, for A and- for 4 in the expressionof F derivedin

[16] we obtain
2e” —1-Xg57
Try= | Sy |+ 6)

=
Apr(i-e Q7

Thebusy periodcanbe partitionedinto threecateyories— peri-
odsof successfutransmissionat nodew, periodsof failedtrans-
missionsat nodew, andperiodswhennodew is deferreddueto
neighborgeceving datafrom nodeshiddenfrom w.

At nodew, successfuiransmissiomperiodscanconsistof trans-
missionsfrom w, transmission$o w, or successfutransmission
overheardby w. Theprobabilitythata givenRTS is from w itself
is X'/, andthe probability thatit is successfuis Ps. Therefore,
thetime allotedto successfulransmissiorior w is (A" /) - Ps - T'.

The probability of a transmissiordirectedto w from a given
neighboris X' andwith probability Ps sucha transmissioris
successful.Therefore the total time for successfutransmissions
to w from all of its neighbords (X' /) - Ps - T.

We saythatatransmissions overheardby nodew if it is sent
by a neighborof w, but is not meantfor w. For ary givenneigh-
bor, this is equalto the remainingnumberof transmissionsot
meantfor w, i.e., (%)X. The total overheardtransmissions
from all neighborss then((IV — 1)) /. As such thetotaltime
for overheardsuccessfulransmissionis [((N — 1)X') /A]-Ps-T.
Adding thetime spentin successfulransmission$or w andover-
heardsuccessfutransmissionsogether we obtain that the total
time for successfulransmissionatnodew is Ps - T'.

The averagefailed period consistsof failed transmissionsn-
volving the hiddennodesand thosethat involve only the nodes
thatcanhearthe source.

The probability that noneof the hiddenneighborsof nodew
areinvolved in a failed transmissiorat w is the probability that

they have no arrivals duringan RTS time, whichis e ~*' 2@, The
probability thatan RTS fails becausef interferencdrom oneof

the(IN — Q) fully connectethodesaroundw is (1—e~> V=27,

The probability of having a failed transmissiorperiodat node
w whenonly connectecheighborof w interfereis the probability
that no hiddenneighbortransmitswithin the durationof an RTS
andsomeof theconnectedheighborgransmitwithin 7 secondof
anRTS. BecausanodessendRTSsindependentlyf oneanother

this probabilityequals( e=* 2Q7 — ¢=X (NT+Q(2y-")) )

Similarly, theprobabilityof having afailedtransmissiomeriod
atnodew involving only neighbomodeshiddenfrom oneanother

is (1 — e~*"2@7)_ It thenfollows thatthe averagefailedtransmis-
sionperiodlasts

e—x’-zov_e—A’(Nr+Q(2v—r>)) Ty +(1—e= A 2Q7) T
| R )

We saythatnodew is deferredwhenoneof its neighbords re-
ceving a datapaclet andafter hearingnoiseon the channel(i.e.,
a failed periodin which w was not directly involved). In both
instancesw defersfor a maximumpaclet transmissiortime, T'.
The probability that w hearsnoisefrom its neighbors’transmis-
sionsanddefersis ((IV - X')/X) - (1 — Ps). Eachof w’sneighbors
is identicalto w andassuchrecevespacletsdirectedto it atarate
of \'. Of thattraffic sentby the nodeshiddenfrom w, w canonly
hearthe neighbors CTS andwill defer As such,the probability
thatw is deferredby a neighborreceving traffic not overheardoy
wis ((Q - X')/X) - Ps. Thereforethe averagetime duringwhich
w is deferredby neighbortraffic (eithernoiseor successfutiata)
is

TprerEr = [((N'/\I)/)\) -(1—-Ps) + ((Q-)\')/)\) -Ps] -T
=[ N Q_N-Ps}-T @®)

TFAIL=(

+1+N+1




Accordingly the averagebusy periodlasts
B=Ps-T+Trarr +TperFER 9)
Substitutinggegs. (7) and(8) in theabove Eq.,we obtain
B= (e—x’-zow_E—A’(NT+Q(2«—T>)) Ty +(1—e= N 2@ 1
+7[ i+ &L Py (10)

Theaverageidle periodlasts2r secondsfterevery successful
datapaclet transmissiomplusanaverageinterarrival time of RTSs
from all groupsithereforewe have

T=§+2T-Ps (11)

Theaverageutilizationtime atnodew is simply the proportion
of time in which usefuldataaresentduringa successfubusy pe-
riod in w’s proximity, and

— 1
U=—__.§-
(N+1)

SubstitutingEgs. (10), (11) and(12) into Eq. (1) we obtain

Eq.(2).O

Ps (12)

FAMA-NCS for 10 Neighbors, with variable Q in 1 mb/s ideal channel
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Fig. 2. Throughputversusload for various@ in FAMA-NCS network usingideal
radioparameters

FAMA-NCS for 10 Neighbors, with variable Q using Utilicom Specifications
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To compareheperformancef FAMA-NCS in amultihopnet-
work, we use slotted ALOHA using non-priority acknavledg-
ments. This choiceis driven by the following considerations(a)

with hiddenterminals,CSMA degradesto pure ALOHA; (b) im-
plementingALOHA with a singlechannekequiresthe useof ac-
knowledgmentgo let the senders’of paclets know if they need
to retransmitj(c) implementingpriority acknaviedgmentschemes
(e.g., the schemegproposedior ALOHA and CSMA by Tobagi
andKleinrock [19]) do not work well with hiddenterminals;and
(d) slottedALOHA hasbetterperformancehanpure ALOHA.
Figures2 and 3 shaw the resultsof this comparisorusingthe
value of throughputderived in [19] for slottedALOHA with ac-
knowledgments.We assumea network whereeachnodehas10
neighbordor varying valuesof Q: 0, wherethe network is fully
connectedN/2, wherehalf the neighborsof ary nodearehidden
from a neighbors’neighbors;and (N-1), whereall the nodesare
hiddenfrom their neighbors’neighborhoodsThe latter casecor
respondgo a hypercubaopology Additionally, we assume net-
work with a propagatiordelay of 6us (onemile), 500-bytedata
paclets, 25-byte RTS, 50-byte CTS. We shaw resultsfor both a
1 Mb/s channelwith zeropreambleandprocessingverheadand
a 298 kb/s channelwith processingand preamblebasedon the
specification®of the Utilicom model2020radiotranscerer. The
Utilicom radiohasaturn-aroundime of aboutsmsto rampupthe
transmitter(includingthe preamble) and aboutthe sameto ramp
down andbe readyto receve again. At 298 kb/s, the RTS itself
is aboutl mslong;thereforejt takesaboutl1lmsfor atransmitter
to sendan RTS andbe readyto receive a CTS. Togetherwith its
transmissiomverheada500-bytedatapacletthenbecomesbout
25msin length. This makestheratio of RTS to dataabout0.47,
which severely degradeshe performancef FAMA protocols[5].

FAMA-NCS Comparison

FAMA-NCS Simulations -a--

MA-NCS: Q =0

FAMA-NCS: Q = N/2

S (Throughput)

Slotted ALOHA W/ACKs

0.00 L L
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Number of neighbors

Fig. 4. Throughputversusdegreeof nodein ad-hocnetwork

Figure 4 shawvs the maximumthroughputfor FAMA-NCS in
multihop networks versusthe numberof neighborsper nodefor
the valuesof Q(O% and N — 1). Theanalysisassumes 1Mb/s
wirelessnetwork with a diameterof 1 mile (propagatiordelayof
about6us). Thesizeof datapacletsRTSsusedwere500and25
bytes,respectiely. Thefigurealsoshawvs thethroughputor slot-
ted ALOHA with acknavledgmentswhich reflectsthe expected
behaior of both ALOHA and CSMA protocolsoperatingover a
singlechannelvhenhiddenterminalsabound We includethe per
formanceof non-persisten€CSMA predictedby the modeldevel-
opedby Kleinrock and Tobagiwhenhiddenterminalsexist [17];
thisvalueof throughpuis only anuppermoundon CSMA, because
it assumes separatédeal channelover which acknaviedgments
to pacletsaresentcorrectlyin zerotime.

The abore resultsclearly shav the importanceof floor acqui-
sition, which makes FAMA-NCS a far betterchoicethan CSMA
for amultihopsetting. Theresultsalsoindicatetheimportantrole
that radio parameterglay in the overall performanceof an ad-
hocnetwork. Withoutgoodcarriersensingandturn-aroundimes,
throughputdegradessubstantially



IV. SIMULATION RESULTS

To validatetheapproximationgnadein our performancenaly-
sisof FAMA-NCS, we carriedout a numberof simulations. The
simulationsranthe actualcodeusedto implementthe MAC pro-
tocolsin embeddedystemsand,for the caseof FAMA-NCS, this
codeis basednthe specificationshavn in Figurel.

N
.E N .z
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N B
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Pas
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, N
-~

Fig. 5. Simulationtopologyusedin secondsetof experiments

In the first setof experiments,a 1Mb/s wirelessnetwork was
modeledwith stationsat one mile from neighbors(propagation
delayof approximately6us). Datapaclet sizewas500bytes,and
RTSandCTSwere25and48bytesrespectiely. As Figure4 illus-
trates,the simulationresultsare almostidenticalto the analytical
resultsfor the casein which @ = (N — 1) (all neighborshidden
from eachother) whichvalidategheapproximationsisedto make
our modeltractable.

In thesecondsetof experimentsywe assumea 1 Mbpsnetwork
with thesameopologyof Configuratiorshavn in Figure5. Traffic
wasonly betweenB1 andits neighborsandbetweenB2 andits
neighborsTablelV liststheresultsfor FAMA-NCS, IEEE802.11
DFWMAC, andMACAW. In thetable,“total input” refersto traf-
fic correctlyrecevedandmeantfor ary node;“local input” refers
to traffic correctlyreceved andmeantfor thereceving node.The
resultsillustrate that making the CTSsdominatethe RTSs, i.e.,
enforcingfloor acquisition,is importantfor throughputin ad-hoc
networks.

Avg. RatePkts. FAMA-NCS | IEEE802.11 MACAN
Receved ‘ (2KB pkts) ‘ (2KB pkts) ‘ (1KB pkts)
Avg. TotalInput 36.0KB/s 17.0KB/s —
Avg. Localnput 15.3KB/s 8.4KB/s 1.1KB/s
Avg. atN1& N4 15.5KB/s 5.5KB/s 2.1KB/s
Avg. for others 15.2KB/s 9.3KB/s 0.8KB/s

Fig. 6. Throughpubf FAMA-NCS, MACAW andIEEE 802.11

V. CONCLUDING REMARKS

FAMA-NCS permitsa sendetto acquirecontrol of the channel
in the vicinity of a recever dynamicallybeforetransmittingdata
paclets. The floor acquisitionstratgy usesan RTS-CTShand-
shale andis basedon a few simple principles: (a) making the
senderdistento the channebeforetransmittingRTSs; (b) imple-
mentinga busy-tonemechanisnusinga single channelandhalf-
duplex radiosby making the recever send CTSsthat last long
enoughfor the hiddensendergo realizethatthey mustback off;
and(c) providing priority to thosestationswho successfullycom-
pleteahandshag.

Although mary MAC protocolshave beenintroducedin the
pastbasedn RTS-CTSexchangesFAMA-NCS is thefirst single-
channebrotocolto provide theequialentfunctionalityof a busy-
tonesolution. Contraryto the conjecturesnadein prior work on
MAC protocolsbhasedon collision avoidance1], [8], ouranalysis
demonstrateghat carrier sensingshouldbe usedin single chan-
nelnetworksbecausé substantiallymprovesperformancdy en-
ablingfloor acquisitionin the presencef hiddenterminals.

* WethankRooftopCommunication€orporatiorfor donatingheC++ ProtocolToolkit (CPT)
simulator

FAMA-NCS hasbeensuccessfullyimplementedand demon-
stratedin actualpaclet radiosfor ad-hocnetworks [21] built us-
ing commercialdirect-sequencepread-spectrumadiosandcon-
trollers.
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