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Abstract

The floor acquisitionmultiple acces§FAMA) discipline is ana-
lyzed in networkswith hiddenterminals. Accordingto FAMA,
controlof the channel(thefloor) is assignedo at mostonestation
in thenetworkatary giventime, andthis stationis guaranteetb be
ableto transmitone or moredatapacketgo differentdestinations
with no collisions. The FAMA protocolsdescribectonsistof non-
persistentarrieror packetsensingplusa collision-avoidancedia-
loguebetweera sourceandtheintendedrecever of a packet.Suf-
ficientconditionsunderwhich theseprotocolsprovide correctfloor
acquisitionarepresenteéndverifiedfor networkswith hiddenter
minals;it is shovnthatFAMA protocolsmustusecarriersensingo
supportcorrectfloor acquisition. The throughputof FAMA proto-
colsis analyzedor single-channatetworkswith hiddenterminals;
it is shovnthatcarriersensing"AMA protocolsperformbetterthan
ALOHA andCSMA protocolsn thepresencef hiddenterminals.

1 Introduction

The mediumaccesscontrol (MAC) protocol with which packet-
radios(or stations)can sharea commonbroadcasthannelis es-
sentialin a packet-radionetwork. CSMA (carriersensemultiple
accessprotocols[8] have beenusedin a numberof packet-radio
networksin the past[9]; theseprotocolsattemptto preventa sta-
tion from transmittingsimultaneouslyvith otherstationswithin its
transmittingrangeby requiringeachstationto listento the chan-
nelbeforetransmitting.Unfortunately“hiddenterminal”’problems
[14] degradethe performancef CSMA substantiallybecausear
rier sensingcannotpreventcollisionsin thatcase.

The busy tone multiple accesgBTMA) protocol was the first
proposal to combat the hidden-terminalproblems of CSMA.
BTMA is designedor station-basedetworksanddividesthechan-
nelinto amessagehannehlndthebusy-tonechannel Thebasesta-
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tion transmitsa busy-tonesignalon the busy-tonechannelaslong
asit sensegarrieron thedatachannel.Becausehebasestationis
in line of sightof all terminals,eachterminalcansensehe busy-
tonechanneto determinehe stateof the datachannel. Thelimita-
tionsof BTMA aretheuseaseparatehanneto corvey the stateof
the datachannelthe needfor the basestationto transmitthe busy
tonewhile detectingcarrierin the datachannel,andthe difficulty
of detectingthe busy-tonesignalin a narravbandchannel.

A recever initiated busy-tone multiple accessprotocol for
packet-radimetworkshasalsobeenproposed17]. In thisscheme,
thesendetransmitsarequest-to-sen(RTS) to therecever, before
sendinga datapacket.Whenthe recever obtainsa correctRTS, it
transmitsa busytonein a separatechannelto alert other sources
nearbythatthey shouldbackof. The correctsourceis alwaysno-
tified thatit canproceedwith transmissiorof the datapacket.The
limitation of this schemas thatit still requiresa separatéusy-tone
channel.

Morerecently Karn[7] proposedprotocolcalledMACA (mul-
tiple acces<ollision avoidance)o addresshe problemsof hidden
terminalsin single-channehetworks. MACA attemptsto detect
collisions at the recever by establishinga request-responsdia-
logue betweensendersand intendedrecevers. When a sending
stationwantsto transmit,it sendsa request-to-sen@RTS) to the
recever, who respondsawith a clearto-send(CTS) if it receves
the RTS correctly Several otherMAC protocolsbasedon similar
RTS-CTSexchangesor RTSsfollowed by pauseshave beenpro-
posedbefore and after MACA for either single-channelireless
networksor wirelinelocal areanetworks[1, 4, 10, 11, 12,16]. The
IEEE 802.11[3, 6] committeeproposeda MAC protocolfor wire-
lessLANs thatincludesatransmissiomodebasednanRTS-CTS
handshake

In this paperwe studythechannebccessnethodwe have intro-
ducedpreviously [5] andcalledFAMA (floor acquisitionmultiple
acces}. The objective of a FAMA protocolis for a stationthat
hasdatato sendto acquirecontrol of the channel(which we call
thefloor) beforesendingary datapacketandto ensurehatno data
packetcollideswith ary otherpacketattherecever. To accomplish
this, a FAMA protocolusespacketsensingor carriersensingand
athree-wayRTS-CTShandshakto implementwhatamountgo a
single-hannelBTMAstrateyy*.

Ensuringthat floor acquisitionis enforcedamong competing
sendersiiddenfrom oneanotherandwho have requestedhefloor

lwith packetsensingstationsonly reactto completeerror freepadkets
anddo notdetectcarrieronthechannel As such,theydo notreactto noise
or partialpacketsn thechannel.
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(i.e., sentan RTS) canonly be achieved by therecevers. Accord-
ingly, a FAMA protocolensureshatthe CTS from arecever lasts
longenough(or is repeateenoughimes)to jamary hiddensender
thatdid not hearthe RTS beingacknavledged. FAMA protocols
constitutevariationsof existingMAC protocolshasebn RTS-CTS
handshake that eliminate collisions of data packets. Section2
introducestwo representate FAMA protocolsfor single-channel
networks.

Although the original motivation for MACA, IEEE 802.11,
MACAW [1], and BAPU [16] wasto solve the hidden-terminal
problemsof CSMA by using RTS-CTShandshake, it is easyto
shav by examplethat simply introducing three-wayhandshake
(RTS-CTS-data)or even more complex handshake (RTS-CTS-
data-ACK or others)doesnot sufiice to eliminateall instancesn
whichtwo or moresendersreledto believe thatthey cantransmit
datapacketsto their intendedrecevers, only to createcollisions.
This is the caseevenif carriersensingandRTS-CTSbasedhand-
shakesareusedin combination. Section3 verifiessufficient con-
ditionsfor correctfloor acquisitionin single-channahetworksthat
have hiddenterminals.We show thatcarriersensings necessarin
FAMA protocolsto eliminatehidden-terminaproblemsefficiently
in single-channeahetworks.Additionally, we shaw that, to provide
protectionfrom hiddenterminals packetsensinghaslimited ability
to scaleor operatedynamically

Section4 analyzesthe throughputof FAMA protocolsin net-
workswith hiddenterminals.Our analysisshovs thatFAMA pro-
tocolsthatusecarriersensingattainhigherthroughputhanFAMA
protocolsthat usepacketsensing.In the caseof a networkwith a
basestationandhiddenterminals,FAMA protocolsachieve higher
throughputhanCSMA. In practice differentapplicationgnay uti-
lize the samechannel,and while someapplicationsbenefitfrom
very large datapacketsizes(e.g., transfersof video files) others
do not (e.g.,a telnetsession).Our resultsshaw that, if datapack-
etscannotbe arbitrarily large, FAMA protocolsshouldbe usedto
transmitpackettrainswhosedurationis muchlongerthanthe du-
rationof the RTS-CTShandshak. (A packettrainis madeup of a
boundechumberof packetsentby the stationholdingthefloor.)

Section5 comparedy simulationthe performanceof FAMA-
NCSwith MACAW, whichis basecon RTS-CTShandshakandis
packetsensind1]. Ourresultsshow very clearlythatfloor acquisi-
tion andcarriersensingarecritical to the performancendsimplic-
ity of MAC protocolsbasedn RTS-CTShandshakefor networks
with hidden-terminals.Theseresults,togetherwith the resultsof
Section3 demonstratehat collision avoidanceshouldbe doneat
bothsendemndrecever.

2 FAMA Protocols

2.1 Overview

A FAMA protocol requiresa stationwho wishesto sendone or
morepacketdo acquirethefloor beforetransmittinga packettrain.
Thefloor is acquiredusingan RTS-CTSexchangemultiplexedto-

getherwith the datapacketsin sucha way that, althoughmul-

tiple RTSs and CTSsmay collide, datapacketsare always sent
free of collisions. The basic principles of floor acquisitionare
inspiredby the earlierwork of Kleinrock and Tobagion BTMA

[14] andtheprovision of priority acknavledgmentsn ALOHA and
CSMA[15].

To acquirethe floor, a stationsendsan RTS using eitherpacket
sensingor carriersensing.Thefirst variantcorrespondso usingthe
ALOHA protocolfor thetransmissiomf RTSs;thesecondtonsists
of usinga CSMA protocolto transmitRTSs. A stationsendaCTS
afterreceving anerrorfree RTSaddressetb it. Whena stationre-
ceivesanerrorfree CTS, it knowsthatthefloor hasbeenacquired
by the stationto whomthe CTS is addressed After floor acqui-
sition, eitherthe floor holderor ary of the receversaddressedy
thefloor holderareableto senddatapacketsandacknavledgments
freeof collisionsoverthechannel Any reliablelink controlscheme
canbeimplementedntop of FAMA betweerthefloor holderand
the stationswith whomit wishesto communicate.This is accom-
plishedby forcing stationghatdo nothave thefloor to waita prede-
fined minimum amountof time (at leasttwice the maximumprop-
agationdelay)beforebeingableto bid for thefloor. Thisis similar
to the schemedor the provision of priority acknavledgmerts pro-
posedfior CSMA andALOHA by KleinrockandTobagi[15].

To ensurethat floor acquisitionis enforcedamongcompeting
sendersiiddenfrom oneanotherandwho have requestedhefloor
(i.e.,sentanRTS), the CTS sentby a recever is guaranteedo last
long enough(or to be repeatecenoughtimes)to jam ary hidden
senderthat did not hearthe RTS beingacknavledged. This cor
responddo a single-channeBTMA schemen which sensingof
errorfree CTSs(for packetsensing)or the carrierof a CTS (for
carrier sensing)over the samedatachannelis usedinsteadof a
busy-tonesignalsentover a separatehannel.

When a stationwith datato sendfails to acquirethe floor or
detectsthe floor being held by anotherstation, it mustresched-
ule its bid for the floor. This can be done using different per
sistenceand backof stratgies. In this paper we consideronly
non-persistenprotocols. We also specify FAMA protocolsthat
usea uniform distribution whenchoosingbackof times; however,
otherbackof stratgiescanbeadoptede.g.,seethoseproposedor
MACAW [1]).

To simplify our analysisanddescriptiorof FAMA protocolswe
do not addresghe effect of acknawvledgmentsin the restof this
paper and assumehe simplestthree-wayhandshakéRTS-CTS-
data)with no acknavledgmentsentafterdatapackets.

22 FAMA-NCS

The first variantof FAMA, which we call FAMA-NCS (for non-
persistentarriersensingjcombinesnon-persistentarriersensing
with the RTS-CTSexchange.This variantof FAMA is similar to
theprotocolproposedor IEEE 802.11]2], andApple’s Local Talk
Link Accessprotocol[12]. However, thoseand other protocols
basedon carrier sensingand RTS-CTShandshakeslo not guar
anteefloor acquisitionin networkswith hiddenterminals.

Thelengthof anRTS is largerthanthe maximumchannelprop-
agationdelay plus ary processingime. This is requiredto avoid
one stationhearinga completeRTS beforeanotherhasstartedto
receveit.

Thelengthof a CTSin FAMA-NCS is largerthanthe aggreyate
of thelengthof an RTS plus onemaximumroundtrip time across
the channelthetransmitto receive turn aroundtime, andary pro-
cessingtime. The relationshipof the size of the CTSto the RTS
gives the CTS dominanceover the RTS in the channel. Oncea
stationhasbegun transmissiorof a CTS, ary other stationwithin
rangeof it thattransmitsan RTS simultaneously(i.e., within one
propagatiordelayof the beginningof the CTS)will hearatleasta



portionof thedominatingCTS afterreturningfrom transmitmode
andbackof, therebyallowing the datapacketthat will follow to
arrive free from collision. The dominatingCTS playsthe role of
a busytoneby providing a jammingsignalto possibleinterfering
transmitteravithin rangeof the sendeiof the CTS.

Figurel shovs anexampleof how the CTSdominanceoperates
in moredetail. Station B is sendinga CTS while station A is at-
temptingto sendits RTS andacquirethefloor. A cansendits RTS
no laterthanr secondsafter B startsits CTS (otherwiseit would
hearthe CTSandwait). In thisexampleB’s CTS arrivesat A just
as A beginsits RTS transmissior{Figurela). Because3’s CTSis
longerthanthe RTS plusthetransmitto receveturnaroundime, A
hearsthe overlapasnoiseandbacksoff. Onthe otherhand,A can
beginits RTS andinterferewith B’s CTSno earlierthan seconds
before B baginsits CTS transmission(otherwiseB would have
detectedhe signaland not sentthe CTS). In this case(shavn in
Figurelb),the CTSarrivesat A 2 secondsfterthatof B'sRTS.
Again,becaus¢he CTSis longerthanthe RTS plusthe transmitto
receve turnaroundime, A hearsthe endof the CTS asnoiseand

backsoff.
~Receiver Noise/Jamming at A
€ €

|| ||
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a) A sends RTS after B’s CTS b) A sends RTS before CTS at B
Figurel:
Dominanceof the CTSin FAMA for hidden-terminal:

a) A begingts RTSjustasB’sCTSarrivesat A
b) A begindgts RTS = seconds$n advanceof theCTSfrom B

Figure 2 specifiesFAMA-NCS in detail. A stationthat has
just beeninitialized must wait the time it takesto transmitthe
maximum-sizedata packetin the channel plus one maximum
round-triptime acrossthe channel. This allows any neighboring
stationinvolvedin the procesof receving a datapacketto com-
pletethereceptionun-obstructedTheinitializationtime alsogives
the stationthe ability to learn of ary local traffic in progress. If
no carrieris detectedduring the initialization period, the station
transitionsto the PASSIVE state. Otherwise,it transitionsto the
REMOTE state.A stationcanonly bein the PASSIVE stateif it is
properlyinitialized (i.e., hasno packetto send,andsensesnidle
channel). In all otherstatesthe stationmusthave listenedto the
channelfor atime periodthatis sufficiently long for arny neighbor
involvedin receving datato have finished.

A stationthatis in the PASSIVE stateandsensegarriertransi-
tionsto the REMOTE state. On the otherhand,a stationthat re-
ceivesa packetto sendin the PASSIVE statetransmitsanRTS and
transitiongo the RTS state.The sendingstationwaitslong enough
for thedestinatiorto sendhe CTS.If theCTSis notrecevedwithin
the time allowed, the sendettransitionsto the BACKOFF state. If
the sendermearsnoiseon the channelafter its RTS, it assumes
collisionwith aneighbors dominatingCTSandwaitslong enough
for amaximume-lengttdatapacketo bereceved. Otherwiseupon
recevingthe CTS,thesendetransmitdts datapacket.Becausehe

CTS could be corruptedat the senderoncethe destinatiorstation
sendsts CTS, it only needgo wait one maximumround-triptime
to sensethe beginning of the datapacketfrom the source. If the
datapacketdoesnot begin, the destinatiortransitionseitherto the
BACKOFFstate(if it hastraffic pending)or to the PASSIVE state.

In the BACKOFFstate,if nocarrieris detectedluringthe entire
backof waiting period computedby the station,the stationtrans-
mits an RTS andtransitionsto the RTS stateasbefore;otherwise,
aftersensingcarrierthe stationtransitionso the REMOTE state.

For stationsn the REMOTE state, FAMA-NCS enforcediffer-
entwaiting periodson passve stations(thosestationsnot directly
involvedin thecurrenttransmissiorperiod)basednwhatwaslast
heardonthechannel Any passve stationthatdetectsarriertransi-
tionsto the REMOTE state andafterthechanneklearsthewaiting
periodis determinedasfollows:

e After hearinganRTSfor anotherstation the stationmustwait
longenoughor aCTSto betransmittedy thedestinatiorand
recevedby the senderandthe datapacketto begin.

e After hearinga CTS from anotherstation, the station must
wait long enoughto allow the otherstationto receve its data
packet.

e After hearinga datapacket.the waiting time is the enforced
FAMA waiting period.

e After hearingnoise (colliding control packets)on the chan-
nel, the waiting period mustbe long enoughto allow another
stationtime to receve a maximumsizedatapacket.

Thechannebecomeddle whenall stationsarein eitherthe PAS-
SIVE or BACKOFFstate.The next accesgo thechanneis driven
by thearrival of new packetgo the networkandretransmissiomf
packetghathave beenbackedoff.

To increasehe efficiency of the channel a stationthathassuc-
cessfullyacquiredhefloor candynamicallysendmultiple packets
togetherin atrain, boundedby anupperlimit. To allow this to be
successfuh ahidden-terminaénvironmentthedestinatiorstation
mustalertits neighborghatit hasmoredatapacketscoming,and
to continueto defertheir transmissionsFAMA-NCS usesasimple
handshakenechanisnto supportpacketrains.

Becausea recever’s neighborsareonly requiredto defertrans-
missionfor thelengthof a maximume-sizediatapacketdatapack-
ets are not concatenated.Instead,a CTS is sentafter eachdata
packetin a packetrain (exceptthelastpacketin thetrain).

If the sendingstation has multiple packetsto send,it setsa
MORE flag in the headeof the datapacket.Whenthe destination
recevesthedatapacketandseeshe MORE flag set,it immediately
respondsvith aCTS,justaswhenhearinganRTS. ThisCTSalerts
all neighborghatmightinterferewith thenext datapackethatthey
mustcontinueto defer

Additionally, stationsin the REMOTE statemust extend their
waiting period after hearinga datapacketwith the MORE flag set
to allow additionaltime for the sendetto receve the CTSfrom the
destinatiorsignalingthatit canreceve the next datapacket.

23 FAMA-NPS

Thesecondsariantof FAMA thatwe addresss calledFAMA-NPS
(for non-persistenpacketsensing).The key aspecbf this variant
of FAMA protocolsis thatstationsdo not sensehe channebefore



VariableDefinitions
CD = CarrierDetected
Tpro p = Maximumchannepropagatiordelay
Tproc = Processingime for carrierdetection
Tt r = Transmitto receveturn-arourdtime
~ = Timeto transmitanRTS packet
~' = Time to transmita CTS packet
4 = Timeto transmitamaximumsizeddatapacket
Burst= Numberof packetgo sendin aburst

ProcedureSTARTY()
Begin

Timer+d + 2 X TepropP
While(C' D A Timernot expired)wait
If (CD) Thencall REMOTE((é + 2 x Tproprp + Tprroc + Trr),TRUE)
dElsecall PASSIVE()
En

ProcedurdPASSIVE()
Begin
While(C' D A No Local Packet)wait
If (CD) Thencall REMOTE((é + 2 X Tproprp + TTr + TPro ¢ ),FALSE)
ElseBegin
Burst+ maximumburst
TransmitRTS Packet
callRTS@2 x Tprop + Trr + TProC)
EndEnd

ProcedurRTS(T)
Begin
Timer«+ T,
While(C' D A Timernotexpired)wait
If (Timer Expired) Thencall BACKOFF()
ElseBegin
Receve Packet
DO CASE of (recevedpacketype)
Begin
CTS: call XMIT()
Default:
call REMOTE((d + 2 X Tproprp + Trr + TPro ), TRUE)

n
End
End

ProcedureXMIT()
Begin
Wait Tr r
If ((Burst> 1) A Local Packet)
ThenBegin
Mark M O RE flagin header
TransmitDataPacket
Burst«+ Burst- 1
£ é)a”Fﬂ—S(? X Tprop + Trr + TProC)
n
ElseBegin
TransmitDataPacket
Timer« 2 x Tprop + Trr + TPrOC
While(Timer not expired)wait
If (Local Packet)Thencall BACKOFF()
Elsecall PASSIVE()
EndEnd

ProcedurdACKOFF()
Begin
Timer «— RANDOM(1,10 x ~')
While(C' D A Timernot expired)wait
If (CD) Thencall REMOTE((6 + 2 x Tprorp + Trr + TProc),FALSE)
ElseBegin
Burst+ maximumburst
TransmitRTS Packet

calRTS@2 X Tpror + Trr + TProOC)
EndEnd

Procedur&lkEMOTE(T ., df lag)
Begin
Timer«+ T,
While(C' D A Timernotexpired)wait
If (Timer Expired)
ThenBegin
If (Local Packet)Thencall BACKOFF()
Elsecall PASSIVE()
End
ElseBegin
Receve Packet
DO CASE of (recevedpacketype)
Begin
RTS:
If(dflag= TRUE) call REMOTE(T,, TRUE)
If(DestinationID = Local ID)
ThenBegin
WaitTr g
TransmitCTS Packet
£ dcall REMOTE((2 x Tprorp + TTr + TPrroc),TRUE)
n
gall REMOTE((’YI +2x Teprop + Trr + Terroc ), TRUE)

call REMOTE((S + 2 x Terop + Trr + Trroc), TRUE)
DATA:

If(DestinationID = Local ID)
ThenBegin

Pasgacketto upperlayer

If (M ORE flagsetin header)

ThenBegin
TransmitCTS
En
e dcaIIREMOTE((2 x Teprop + Trr + TProc),TRUE)
n
ElseBegin
If (M ORE flagsetin header)
ThenBegin
é}a” REMOTE((’YI +2xXx Tprorp + Trr + Tproc), TRUE)
En
ElseBegin
dcau REMOTE((2 x Tprop + Trr + Tproc), TRUE)
En
End
RROR:
call REMOTE((d + 2 x Tpror + Trr + Trroc), TRUE)
En
End

Figure2: FAMA-NCS Specification

transmissions.t basicallyconsistsof the MACA protocol (Mul-
tiple AccessCollision Avoidance)recentlyproposeddy Karn [7].
Fig. 3 specifieFAMA-NPS in detail.

Section3 showsthat, for a FAMA protocolwith packetsensing
to work with hiddenterminals the CTSsmustbetransmittedmul-
tiple times,which meanghatfloor acquisitioncanbe supportecef-
ficiently only in fully connectedetworks.Accordingly, our speci-
ficationof FAMA-NPS assumethatit is usedin afully connected
networkandthata CTSis transmittedonly once. RTSsandCTSs
have the sameduration,whichis longerthanonemaximumround-
trip delay

A stationthathasa datapacketto sendandthatis not expecting
to heara CTSor adatapackeffirsttransmitsanRTSto therecever.
Whena stationprocesses correctRTS, it deferstransmissiorof
ary RTS for an amountof time specifiedin the RTS. If the RTS
is addressedb the station,it sendsa CTS andwaits long enough
for an entire datapacketto arrive from the sender Following the
defermentspecifiedby the RTS, a stationwith a packetto send
waitsarandomwaiting periodbeforeit transmitsan RTS.

MACA andimprovementsover it arealsodiscussedn detailby

Bhaghavanetal. [1].

3 Correct Floor Acquisition

3.1 Carrier-Sensing Protocols

For a FAMA protocolto provide correctfloor acquisition,it must
ensurehateachnew packetor ary of its retransmissionss sentto
thechannelwithin afinite time afterit becomeseadyfor transmis-
sion, andthat a datapacketdoesnot collide with ary othertrans-
mission.

Theoreml below shovsthatFAMA-NCS providescorrectfloor
acquisitionif an RTS lastslongerthanthe maximumpropagation
delay and a CTS lastslonger than the time it takesto transmit
an RTS, plus a maximumround-triptime and a maximumhard-
waretransmit-to-receke transitiontime. This takescareof the case
in which the transitiontimes are shorterthan propagatiordelays;
in mostcaseshowever, the transmit-to-recee transitiontimesare
muchlarger thanthe propagatiordelays. We makethe following



VariableDefinitions
Tpro p = Maximumchannepropagatiordelay
Trrs = Transmissioime of anRTS packet
Ters = Transmissionime of a CTS packet
Tp aTa = Transmissionime of a DATA packet
Trr = Timeto transitionfrom transmitto receve

ProcedureSTARTY()

Begin
Timer< Tpara +T7r + 2TProP
While(Timernot expired)wait
call PASSIVE()

End

ProcedurdPASSIVE()
Begin
While(No PackeReceved A No Local Packet)wait
If(PacketReceved) Thencall REMOTE(recevedpacket)
g Elsecall RTS()
En

ProcedurdRTS()
Begin
TransmitRTS
Timer«— Tcrs + Trr + 2TProP | )
While(Timernot expiredA No PackeReceved)wait
IfiTimerexpired)ThencaIl BACKOFF(
ElseDO CASE of (recevedpacketype
Begin
Local CTS:call XMIT()
Default: call REMOTE(recevedpacket)
End
End

ProcedurdACKOFF()
Begin
Timer < RANDOM(1,10 x Trrs)
While(TimernotexpiredA No PackeReceved)wait
IfiTimerexpired)ThencaIl PASSIVE()
g Elsecall REMOTE(recevedpacket)
En

ProcedureXMIT()
Begin

WaitTr r
TransmitDataPacket
call PASSIVE()

End

ProcedurdcREMOTE (packet)
Bou

egin
DO CASE of (packettype)
Begin

Wait Trr
TransmitCTS
timer«< Tpara +Trr + 2TProP
OtherRTS: timer<+ Tcrs + Trr + 2TPrOP
CTS: timer< Tpara + Trr + 2TProOP
DATA:
If(Local DATA) Thenpasspacketto upperlayer
call PASSIVE()
End
While(Timer notexpiredA No PackeReceved)wait
IfiTimerexpired)ThencaIl PASSIVE()
g Elsecall REMOTE(recevedpacket)
En

Figure3: FAMA-NPS Specification

assumptionso prove thetheorem?

A0) Themaximumend-to-endporopagatiortime in the channelis
7 < 00.

Al) A packetsentoverthe channethatdoesnotcollidewith other
transmissionss deliverederrorfreewith probabilityp > 0.

A2) A stationsendsan RTS to the intendeddestinationand re-
ceivesa CTSin returnthat doesnot collide with ary other
transmissionwvith probabilitylargerthanO.

A3) All stationsexecuteFAMA-NCS correctly

A4) Thetransmissiorime of anRTSis v < oo, thetransmission
timeof aCTSis v’ < oo, the maximumtransmissiortime of
adatapacketis § < oo, andthe hardwargransmit-to-receie
transitiontimeis 27 < € < oo.

A5) Thereis no captureor fadingon the channel.

AB6) Any overlapby transmissiongt a particularrecever causes
thatreceverto notunderstaneitherpacket.

Theorem 1 FAMA-NCSprovidescorrectfloor acquisitionin the

presencef hiddenterminals providedthaty > 7 andy+27+4¢ <
!

v < 0.

Proof: Figure4 illustratesary possiblecaseof hiddenterminals
with respectto a given pair of sourceS andrecever R. Station
L characterizeary neighborof S thatis hiddenfrom R but can
causeinterferenceat S. Station K characterizeary neighborof
L hiddenfrom S thatcancausenterferenceat L. andcanprevent
L from following S’s dialoguewith R. Similarly, Station X is a
neighborof R thatis hiddenfrom S but cancausenterferenceat
R; andstationY” is aneighborof X thatis hiddenfrom R andcan
prevent X from following R’s dialoguewith S. The proof must
shawv that, if S sendsa datapacketto R, no othertransmission

o

Figure4: Stationgnvolvedin interferencef theexchangebetween
S andR

cancollidewith it, regardlessf the possibleransmissionsf other
interferingnodes.

For S to beableto senddatapacketdo R, it mustfirstreceve a
CTSfrom R. Withoutlossof generalityassumehat,attime ¢o, .S
sendsanRTSto R.

Becausethe channelhasa minimum propagationdelay larger
thanO, ary neighborof S (e.g.,StationZ) muststartreceving S’s
RTSattimety > to. If L receiiesS’s RTS correctly thenit must
backoff for a periodof time largerthan2r + ' after the endof
S’s RTSreached., which meanghat . backsoff for v 4+ 27 + +/
secondsafter ¢ Alternatively, if the RT'S reached. in erroror
StationX’stransmissiomnterfereswith S’s RTS at StationZ, then,
startingwith theendof carrier Station/. mustbackoff for a period
of time larger than2r + 4. The minimum amountof time that
L mustbackoff thencorrespondso the casein which the end of
carrier coincideswith the end of S’s RTS. Accordingly, . must
backoff for v + 27 + & secondsaftertZ. It follows thatthe RTS
sentby S attime ¢, forcesary neighborof S otherthan R to back
off until time ¢, > to +~v + ' + 27.

If the RTS is receved at Station R with errorsor collideswith
transmissiondrom otherneighborsof R who are hiddenfrom S
(e.g., X), then R cannotsenda CTS and S cannotsendits data
packetin return.

Assumethat S’s RTS is receved correctlyby R attime ¢;. If
S recevesR's CTSwith errorsor the CTScollideswith transmis-
sionsfrom neighborsof S hiddenfrom R (e.g.,L), thenS cannot

2Similarresultscanbeobtainedunderdifferentassumptionasingasim-
ilar approachio theonepresentedhere.



sendits datapacket.

Fortherestof theproof,assumehatthe RTSthatS sendsattime
to is receved error free at station R within one maximumpropa-
gationdelay which meanghat R muststartsendingits CTSto .S
attime ¢, < to + v + 7 (giventhatzeroprocessinglelaysareas-
sumed).This CTSmustreachS within onemaximumpropagation
delayafter R sendst. ThereforeS mustreceve R's entireCTSat
timets <ts 4+~ +7 =to+ v+~ +27.

Because; > s, it follows thatary potentialinterferingneigh-
bor of S (e.g.,L), mustbackoff long enoughfor S to be ableto
receve R's CTSwithout collisions.

StationS muststartto receve R’s CTSno laterthanr seconds
after R startsits transmissionandmustreceve R's entireCTSand
sendits datapacketattime ts < t» + 7 4+ +’. In turn, StationR
mustreceve theendof S’sdatapacketoy timets < t4+5+ 17 <
to +27 4+ ' + 6.

Ontheotherhand,ary stationX otherthansS within rangeof R
muststartreceving R's CTSattime t5 > t». If X receivesR’s
CTSwith noerrors thenit mustbackoff for aperiodof time larger
than2r + 4 aftertheendof R's CTSreachesX, whichmeanghat
X backsoff for 27 4+ § + v’ secondsftertX. Corverselyif R's
CTSreachesX in erroror atransmissiorfrom oneof its neighbors
hiddenfrom R, callit Y, interfereswith theCTS, then,startingwith
the endof carrier X mustbackoff for morethané + 27 seconds.
Theminimumamountof time that X' backsoff correspondso the
casan whichthetimewhenX detectdheendof carrierequalghe
time whenX recevesR's entireCTS; therefore, X mustbackoff
for 27 4+ 6 + ' secondsafterts . It follows thatthe CTS sentby R
attime ¢, forces X andary neighborof R otherthans to backoff
until timete > t2 + 27 + 7' + 4.

Becauses > ts, it follows that Station. X andary otherpoten-
tial interferingneighborof R mustbackoff longenoughor R to be
ableto receive S’s datapacketwithoutcollisions. Accordingly; it is
truethatFAMA-NCS allows a stationto transmitadatapacketonly
aftera successfuRTS-CTSexchangeand no datapacketcollides
with othertransmissions.O

3.2 Packet-Sensing Protocols

The following theoremshaws that, althougha FAMA protocol
basedn packetsensingcansupportcorrectfloor acquisitionin the
presencef hiddenterminals,it would be impracticalto do soin
a densenetworkbecauseCTSsmustbe repeatedoo mary times.
Thetheorenrelieson thefollowing assumptionsyhich extendor
modify theassumptionitroducedn Section3.1:

A7) A stationonly recognizesompletepackets,and cannotun-
derstandoise,or partialpackets.

A8) N is thetotal numberof neighborsarny nodein the network
may have, plus the maximumnumberof neighborsary one
of thoseneighborsmay have (not including the senderand
intendedrecever).

A9) v isthesizeof anRTSandCTS.

To understandhe problem,assumehatStationS sendsanRTS
thatis received correctlyat Station R, then R immediatelybegins
transmissiorf aCTSto .S. Figuress and6 show two casesvhere
the CTSsarenot understoody stationsin R’s neighborhood.In
thefirst case station X, in Rs neighborhoodransmitsanRTS to

R, blocking itself andall otherstationsin Rs neighborhoodrom
understandinghe first and secondCTSs. In the secondcase,a
stationin the neighborhoodf X, (andnot R or .S) transmitsan
RTSthatblocks Rs CTSfrom X, allowing X, to transmitanRTS
itself blockingadditionalCTSs.In eithercaseatleastX , doesnot
understanthe CTSandcantransmitan RT Sthatcollidesat R with
thedatapacketfrom S if notenoughCTSsaresentby stationR.

®‘\
\®/@
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Figure5: PacketSensingwith hiddenterminals N = 1
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Figure6: PacketSensingwith hiddenterminals N = 2

To resolwe the contentionin the first case the recever needsto
sendat leastthreeseparateCTSs(N = 1). Thisis necessanbe-
causea stationconsiderghe channelclearuntil ary packettrans-
missionis completelyreceved free of error, and until that point
thereis no detectionof traffic onthechannelndtransmissionare
possible.As such,station X, cantransmitits RTS just beforethe
veryendof recevingtheCTSfrom R, andin theprocesslsotrans-
mits over the beginning of the next CTS. X, waitsto gettheCTS
for it from R andinsteadseesthe CTS to .S, and defersfurther
transmission.

In the secondcase,R mustsendat leastfive CTSS(N = 2).
Here, the neighborof X, transmitsan RTS that can collide with
the first and secondCTS blocking themfrom X, allowing it to
sendan RTS maskingthe third and fourth CTSs. The fifth CTS
will beunderstoodt X, forcingit to deferafterthatpoint.

Theorem 2 A FAMA protocol using padet sensingprovidescor-
rectfloor acquisitionin the presene of hiddenterminals,provided
thatthereceivettransmitsatleast(2N + 1) CTSdn responséo an



RTSand the minimumwaiting time requiredafter an unsuccessful
RTSis greaterthan2 N (v + 27).

Proof:

It is possiblethat eachstationin R’s neighborhoodand their
neighborscaninteractsendingRTSsin suchaway thatatleastone
of R’'s neighborshas2 N consecutie CTSsblocked(two for each
RTS sent),where NV is the total numberstationsin R’s neighbor
hood,plusthemaximumnumberof stationsn ary of thesestations
own neighborhoodgndhiddento R. As such,R needgo transmit
2N + 1 CTSsto guaranteehatall of its neighborsunderstandat
leastone of the CTSs,anddeferary furthertransmissionsFigure
7 shavs anexamplein which R hasn neighborsandneighborX,
hasthe maximumnumberof neighbors,m, that cannothearsta-
tion R. In thisexampleN = n + m andstationR would have to
transmitaminimumof 2 x (n + m) + 1 CTSsto ensureall of it's
neighboraverein a deferredstate,andallow the datapacketfrom
S to bedeliveredcollisionfree.

Figure7: NPSNeighborhoodsvith hiddenterminals

A stationX , thatsendsanRTS mustwait to understandheCTS
from its intendeddestination. Otherwise,if no responses heard
from its destinationjt mustwait a long enoughtime to allow an-
other(neighboring)recever R to sendits CTSs. A receiver must
sendatleast2 N + 1 consecutie CTSsto ensurestation X, under
standsat leastone (possiblythe last) CTS.If X,'s RTSis thefirst
to startblockingthe CTSs,it mayhaveto wait for anotheR N — 1
blockedCTSsbeforeunderstanding CTS. With a 27 spacebe-
tweenCTSs themaximumtime aftersendinganunsuccessfuRTS
stationX, candeterminghechanneis againclearis 2N (y + 27)
secondsBecausestation X, doesnoteverknow in advancethatit
is, or not, blockedby thefirst setof CTSsit mustalwaysassumeo
andwait a minimumof 2N (v + 27) seconddo transmitagainif
no neighbors CTSis understoodbeforethen. O

It is easyto seethat,asthesizeof thenetworkincreasesary re-
ceiver R mustsendatleast2 N +1 CTSsto ensurehatits neighbors
areawareof its pendingreceptionof a datapacket.

Use of multiple channelswith a commoncontrol channelhas
beensuggestedo solve the hiddenterminal problemfor packet
sensingprotocols[16]. However, collision of datapacketscanstill
occur For instanceassumeherearetwo channelspnefor con-
trol and one for datain the networkshown in Fig. 4. StationS
transmitsanRTSto stationR attime ¢,. StationR respondsvith a
CTSattime ¢;, additionallystation X transmitsan RTS to station

Y attime¢;, maskingthe CTSfrom stationR. At time i S begins
transmittingthe datapacket,andY sendshe CTSto X. Station
X recevesthe CTSin theclearandbeginsits datapacketat time
ts, which collideswith the datapacketfrom S at R. Therefore,
evenwith multiple channelspacketsensingcannotbe guaranteed
to eliminatecollisionsof datapackets.

4 Comparative Throughput Analysis

4.1 Assumptionsand Notations

As we have shown in Section 3, carrier sensingis neededto
attain correct floor acquisitionwithout sacrificing performance,
whichmakedFAMA-NCS theonly practicalsolutionto thehidden-
terminalproblem.Thereforetherestof this sectionconcentratesn
FAMA-NCS only.

We presentan approximatehroughputanalysisof FAMA-NCS
thatassumeshe sametraffic modelfirst introducedfor CSMA [8]
to analyzethe throughputof CSMA protocols,andthe conditions
for floor acquisitionderivedin Section3. The throughputof non-
persisten€CSMA usedto comparevith FAMA-NCS’swasreported
by Kleinrockand Tobagi[8].

Thereis aninfinite numberof stationswho constitutea Poisson
sourcewith an aggr@atemeangeneratiorrate of A RTS packets
per unit time. Any stationcan listen to the transmission®f ary
otherstation.

Eachstationis assumedio have atmostonedatablockto sendat
ary time. In all protocols astationtransmitdheentiredatablock as
asinglepacket(whichis the caseof CSMA andMACA asit is de-
scribedin [7]) or asmultiple contiguougpacketqwhichis the case
of FAMA-NCS). The size of a datablock is assumedo be § sec-
onds.RTSslasty secondsCTSslasty’ secondsandthemaximum
end-to-endpropagatiordelay of the channelis = seconds.Colli-
sions(e.g., RTS packetsin FAMA-NCS, datapacketsin CSMA)
canoccurin the channelandwe assumehat, whena stationhas
to retransmita packetjt doessoaftera randomretransmissione-
lay thatis muchlargerthané onthe average.The averagechannel
utilizationis givenby [8]

S=U/(B+1) @

where B is the expecteddurationof a busy period, definedto be
a period of time during which the channelis being utilized; T is
the expecteddurationof anidle period,definedasthetime intenal
betweertwo consecutie busy periods;andU is the averagetime
during a busy periodthatthe channelis usedfor transmittinguser
datasuccessfully

The channelis assumedo introduceno errors,so packetcolli-
sionsarethe only sourceof errors,and stationsdetectsuchcolli-
sionsperfectly To further simplify the problem,we assumehat
two or moretransmissionshatoverlapin time in the channemust
all beretransmittedandthata packetpropagateso all stationsin
exactly - second$8]. Thelaterassumptiomprovidesalowerbound
onthe performancef the protocolswe analyze.

Of course this modelis only aroughapproximatiorof the real
case,in which a finite numberof stationsaccesshe samechan-
nel, stationscanqueuemultiple packetsfor transmissionandthe
stations’transmissiongndretransmissiongof RTS or datapack-
ets)arecorrelatede.g.,a failed RTS is followed by anotherRTS
within a boundedime). However, this modelis a simpletool that



helpsusto understandavhy it is beneficialto listenfor ary type of
channehbctiity, ratherthanfor specificpackettypes,andprovides
additionalinsight on the performanceof FAMA protocolsandthe
impactof channekpeedandpropagatiordelayon the floor acqui-
sitiontechnique.

4.2 FAMA-NCSThroughput

To studythe performancef FAMA-NCS underhidden-terminals,
we adoptthe sametractablemodelfirst usedby TobagiandKlein-
rock[14] to analyzetheimpactof hiddenterminalsin CSMA. The
model includesthe sameassumptionsnadein Section4.1, and
a systemconfigurationconsistingof a large numberof terminals
communicatingwith a single basestationover a single channel.
All terminalsare within line-of-sight and rangeof the basesta-
tion, but they may be hiddenfrom one another The population
of terminalsis partitionedinto N independengroups[14], such
thatall terminalswithin the samegroupcanhearone anotherand
the basestation,and ary two terminalsfrom differentgroupsare
hiddenfrom eachother Eachgroup: consistsof a large number
of terminalswho collectively form anindependenPoissorsource
with anaggre@atemeanrateof \; floor requestgper secondsuch
thatoM X, = A

The resultproved in Theorem3 helpsin predictingthe degra-
dationin throughputin FAMA-NCS dueto hiddenterminals.Our
simulationresultsin Section5 confirmour analysisfor bothmulti-
hopnetworksandnetworkswith basestationsandhiddennodes.

Theorem 3 Thethroughputof FAMA-NCSor a systenwith N in-
dependengroupsof hiddenterminalsis givenby Eq. (2).

Proof: Considerthe time line for the basestation;it consistsof a
sequencef busyandidle periods.BecausdFAMA-NCS provides
correctfloor acquisition,collisions can occuronly amongRTSs.
Therefore becauseno successfuRTS canoverlapat all with ary
otherRTS andbecausea successfulransmissiomperiodis detected
by all groupsandforcesanidle time of 27 secondsa busy period
consistof eitherasinglefailedtransmissiomeriodor asinglesuc-
cessfultransmissiomperiod.

An RTSoriginatedfrom any nodes in Group: is successfulf no
otherRTS from ary groupcollideswith s’s RTS. Within Groupz,
thevulnerability periodof s's RTSis = secondsbecausell nodes
in Group: candetectcarrierr secondsafter the beginning of the
RTS. Accordingly, an RTS is successfulvithin its own Group:
with probabilitye=*:". In contrastthe vulnerability periodof an
RTS with respectto othergroupsis 2+, becausenodesin hidden
groupscannothears’s transmissionsAccordingly, anRTS is suc-
cessfulwith respecto a Groupy otherthanits own with probabil-
ity e=*#(37) . Becausell groupsareindependent follows thatan
RTS from Group: is successfuatthe basestationwith thefollow-
ing probability:

N
Ps, = e_k’THe_kj(h) ?3)
J#

Therefore,the probability that an RTS from ary one groupis
successfuéquals

| X N
_ “ir T =22
Ps = N E_l e He Iy 4

FES

A successfulransmissiorperiodin thetime line of thebasesta-
tion consistsof an RTS precededy a propagatiordelayfrom the
sendera CTS and propagatiordelay back to the senderanother
propagatiordelayfor the datapacketto reachthe basestationfol-
lowed by the datapacket. Accordingly, the time for a successful
transmission7’, is

T=v4+++37+6 (5)

Therearetwo typesof failedtransmissiomeriods.If only oneof
thegroupssenddRTSsin atransmissiomeriod,its averageduration
in thetime line of the basestationequalsl'», = v + Y, whereY’
is the sameas in the fully-connectednetwork case. Noting that
Y < 7, we usethefollowing boundfor simplicity:

Tp, <~v+7 (6)

The probabilitythatan RTS from ary given groupis successful
with respecto therestof the othergroupsis given by

1 X N
Pep = N Z (He_xj(m)) (7)

=1 FEX)

If morethanonegroupsendsRTSsin afailed transmissiorpe-
riod, the failed transmissiorperiod consistsof multiple overlap-
ping transmissiorperiodswith averagedurationsof 7' seconds.
Becauseayroupsare hiddenand independenfrom eachother, the
length of the averagefailed transmissiorperiodin this casecan
be obtainedby treatingthis caseasan ALOHA channelwith N
stationsjn which a station: correspond$o Group: andhasanag-
gregaterateof A;. An averagefailed transmissiorperiodconsists
of ageometrically-distribtedindefinitenumber(ZL) of interarrival
timeswhoseaveragedurationis f secondgthe averagetime be-
tweenfailed arrivals), plusthe durationof anRTS (v). Thevalues
for I and f arederivedin [13] for pureALOHA asfunctionsof A
and,accordingto our notation,§. Substitutingy for 4 in suchre-
sultswe obtaine™” and(A\y) ™! —e=*/(1 — e=*7), respectiely.
Therefore whenthe first RTS of the transmissiorperiod collides
with otherRTSs,the averagetime of a failed transmissiorperiod,
Trrrs, equals

e —1— )y

T = - .

|+ ®

To makeuseof prior results,we makethe simplifying assump-
tion that NV is very large. Accordingly, we approximatehe average
durationof thefailed transmissiorperiodby substitutinghe upper
boundof Eq. (6) for v in Eq. (8), whichyields

_ AOFT) 1 Ay +7)
2T NG+ (1 — e 0

Accordingly, the averagebusy periodlasts

]+(7+T) )

B = Psp (e77(1) + (1= e77)(Tr,) ) + (1= Psg)(Tr,)
(10)
Substitutingeqs.(7), (6) and(9) in theabove Eq.(10), we obtain
Eqg.(11).
The averageidle periodlasts2T secondsafter every successful
datapackettransmissiorplus an averageinterarrival time of RTSs
from all groupsithereforewe have

T:%HT-PS (12)
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The averageutilization time is simply the proportionof time in
which usefuldataaresentduringa successfubusy period,and

T=6 Ps (13)

Substitutingegs.(11),(12),and(13)into Eq. (1), we obtainthe
desiredresult. O

In thelimit, asN — oo, we obtainthatthe averagethroughput
in ary givensystembecomes

s :H IS (e2AY —1) M o] 4oy
v At (—e— A ¥y | T A (14)

This resultis just what shouldbe predictedfrom the fact that
FAMA-NCS supportscorrectfloor acquisition. The throughputin
afully connectedhetworkfor FAMA-NCS hasbeenshovnto be[5]

)
S = -
'y’+5+27—|—§—|—e”(7—|—47’)

Egs. (15) and (14) indicatethat, as the numberof hiddenter
minalsincreasesvith respecto ary givengroup,FAMA-NCS de-
gradedo thecaseof afully connectecdhetworkin whichthevulner
ability periodof anRTSbecomeswicethelengthof theRTS, rather
thanthepropagatiordelay Thisis exactlythetypeof behavior of a
packet-sensinBAMA protocoloperatingn a fully-connectechet-
work. Notethat,becausey << §, this behavior is far betterthan
the degradationexperiencedoy CSMA, in which the vulnerability
periodof a packetbecomegwice its length,which is the behavior
of the ALOHA channel.

(15)

4.3 Performancewith Hidden Terminals

We compareFAMA-NCS and CSMA in networkswith indepen-
dentgroupshiddenfrom oneanother andwith onecommoncen-
tral station. This type of experimentis similar to the onesusedby
TobagiandKleinrock [14].

We considemperformancef the protocolsin awirelessnetwork
with abandwidthof 1mb/s.Thesizeof the datapacketds 400Qus,
thesizeof the RTS packetis 200us. The maximumone-wayprop-
agationdelayacrosghe channeis 6.4us (alittle over onemile).

Fig. 8 shows the throughput(S) versesoffered load (G) of
FAMA-NCS for differentnumbersof independengroups(N).

Fig. 9 shovschannekapacity(maximumattainablehroughput)
versusincreasinghumbersof independengiroups(N) for FAMA-
NCS, non-persistenCSMA, and ALOHA. For the caseof non-
persistenCSMA andALOHA, we assumd8] thata separatger
fect channelis usedfor acknavledgmentsto let a station know
whenits packetwas receved free of collisions, and that all ac-
knowledgmentsresentreliably. Thereforethethroughpubf non-
persistentCSMA and ALOHA usedfor comparisorwith FAMA

Avtr)(1—e= 2 (vH7))

FAMA-NCS Throughput (S) Vs. Load (G) with N Independent Groups
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Figure8: Throughput(S) of FAMA-NCS versefferedload (G)

protocolsis only an upperbound. Fig. 9 alsoshaws a line for the
capacityof FAMA-NPS in a fully connectechetwork. Theresults
indicatethat FAMA-NCS'’s performanceunderhiddenterminals
becomeghat of a packet-sensinGAMA protocol operatingin a
fully connectedhetwork. Thisis exactly the desiredresult.In con-
trast,ashasbeenreportedy KleinrockandTobagi,CSMA quickly
degradedo ALOHA.
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Figure9: Throughputof FAMA protocolsfor increasinghumbers
of independengroups

We alsolooked at a complimentary-coupleonfiguration[14].
In this configuration,a fraction of the populationis hiddenfrom
the rest. We usetwo independengroups(N = 2) andvary the
size of onegroup versusthe other suchthatS; = « - S and
S; = (1 — a) - S. Thetotal averagearrival rate of RTSsis



setto G = 5.0, which correspondso the arrival rateat which the
maximumthroughputis obtainedwhena = 1/2. Fig. 10 shows
the channelcapacityversuse. This exampleillustratesthat, while
CSMA quickly degradego ALOHA, thefloor acquisitionproperty
of FAMA-NCS providesfor amuchsmallerperformancelegrada-
tion.
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0.80 FA C
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Figure10: Throughputof FAMA-NCS in the complimentarycou-
ple configuration

5 Simulation Results

To validateour resultson sufficient conditionsfor floor acquisition
andthe approximationsnadein our performancenalysiswe car
ried out a numberof simulations. The simulationrunsthe actual
codeusedto implementthe MAC protocolsin embeddedystems
and,for the caseof FAMA-NCS, this codeis basedn the specifi-
cationsshavnin Fig. 2.

We presentresultsfor the FAMA-NCS protocol using single
packettransmissiongsiswell aspackettrains. Figure11 shows the
variousconfigurationsusedby the simulations. Table 1 shav the
resultsfor FAMA-NCS ascomparedo MACAW [1]. To illustrate
the importanceof carrier sensing,we choseto compareFAMA-
NCS againstMACAW insteadof FAMA-NPS, becauseMACAW
usegpacket-sensingndRTS-CTShandshaksandits performance
hasbeenreportedbeforeby Bhamghavanetal. [1]

For our simulationanalysiswe assumedsingle channelspread
spectrunradioscapableof transmittingat 256 Kbs. The stations
arewithin four milesof eachother, giving amaximumpropagation
delayof approximately20 microsecondsThe physicalparameters
of theradioassumeanull transmit-to-receie turnaroundime and
transmitteramp-uptime, we alsoassumedransmissiorpreamble
andframing of 0 bits. Our resultsare only meantfor comparatre
purposes.

In configuration(a) of Fig. 11 all stationsarewithin rangeof all
others(no hiddenterminals). Traffic wasgeneratedit eachnode
(N1 - N6) directedto the basestation. Configuration(b) hastwo
groupsof five nodeghatcanhearthenodesn theirown group,but
arehiddenfrom nodesn theothergroup.Traffic is generatedrom
eachnodein eachgroupdirectedto the centralbasestation, B1.
Configuration(c) hastwo basestationseachwith a group of five
nodessendingtraffic to it. Thetwo groupscannotheareachother
exceptfor two nodesin eachgroupthatinterferewith correspond-

(©)

(d)

Figure11: Simulationtopologiesusedin testingFAMA protocols
in hiddenterminalervironments

ing nodesin the other group (representedby the dashedarrons
in thefigure). Configuration(d) represents multihop networkof
eightnodes.The lines betweerthe nodesrepresenthe radio con-
nectiity of the network. Thelineswith arrowns depictthe flow of
traffic from onenodeto another Eachnodeis generatinga traffic
streanto anothemodethatat leastthreeothernodescanhear and
is hiddenfrom at leasttwo of the othernodesn the network.
Thetraffic deliveredto thenodesvassentataconstantatewith
apacketsizeof 512bytesonthechannelincludingall headers&nd
framing). The maximumcapacityof the channekt this bandwidth
and packetsizeis approximately63 packetsper second. Table 1
reportsthemaximumthroughputchiezedby eachof theprotocols.

| Configuration] FAMA-NCS| FAMA-NCStrain | MACAW ||

(a) 78 89 63

(®) 58 81 49
(c)B1 75 88 45
(c)B2 75 88 39
(d) average 49 .67 .06
(d)N1,4,5,8 57 81 .07
(d)N2,3,6,7 42 54 .05

Tablel: Throughputesultsfor variousconfigurations

FAMA-NCS achieresa higherthroughputhanthatof MACAW
in all cases.For the caseof afully connectedetwork(configura-
tion (a)), FAMA-NCS attainsamaximumthroughpuof 78%,while
MACAW achievesa63%throughputThesaesultsareaspredicted



by ourapproximatenalysisof Sectiord. For thecaseof MACAW,
our simulationleadsto a slottedbehavior in which a slot laststhe
durationof an RTS plus a maximumround-triptime. For the case
of two independengroupscompetingfor the samebasestation,
FAMA-NCS hasamaximumthroughpubf 58%,while MACAW'’s
achieves49% maximumthroughput.However, for the caseof the
two basestationswith asmallnumberof interferingnodedconfig-
uration(c)), FAMA-NCS achievesathroughpubf nearlytwice that
of MACAW, andin factshowsverylittle lossin overall throughput
from interferencedue to hiddenterminals(78% without interfer
ence,75%with interference).

In the multihop-networkexample (d) FAMA-NCS achieves
an averagethroughputof 49%, with the nodeson the corners
(N1,N4,N5,N8)reachings7%,andtheinsidenodeseachingd2%.
This is somavhat lower than predictedby our analysis,but ex-
pectedbecausehe analysisassumes basestationthat doesnot
transmitdatapackets.In this network MACAW achiezesa much
lowerthroughpuf 6% onthe average achieving 7% atthe corner
nodesand5% ontheinsidenodes.

As expected FAMA-NCS with packettrainsof up to five pack-
etsin a train improves over single-packetransmissiondy about
14%in thefully connectechetworkand17%for thetwo-basesta-
tion configuration.In the caseof two independengroupssending
to one centralbasestation,the improvementis almost40%. For
the multihop network FAMA-NCS packettrains provide an aver
agethroughpuimprovementof about36%.

The poor performanceof MACAW (and FAMA-NPS for that
matter)in a multihop networkis a direct consequeneof the fact
thatdatapacketscancollide with otherpacketsj.e., thatit cannot
enforce"floor acquisition”in the presencef hiddenterminalsand
emphasizethe benefitsof usingcarriersensing.

6 Concluding Remarks

We have analyzedthe floor acquisitionmultiple acces§FAMA)
protocolsfor single-channgbacket-radimetworkswith hiddenter
minals. FAMA protocolspermita stationto acquirecontrol of the
channetynamicallybeforetransmittingdatapacketsThefloor ac-
quisitionstratgy usesan RTS-CTShandshakandis basedn two
basicprinciples: (a) implementinga busy-tonemechanismusing
a single channelby makingthe recever sendCTSsthatlastlong
enoughpr arerepeatec&noughimes,for the hiddensendergo re-
alize that they mustback off; and (b) providing priority to those
stationswho successfullycompletea handshak. Theimportance
of ouranalyticalwork is illustratedby thefactthatTheorem2 pre-
dictsthe poor performanceof FAMA protocolsusingpacketsens-
ing whena nodeis subjectto severalhiddenterminals.This nega-
tive effect of hiddenterminalsremainedunnoticedevenin detailed
simulationexperimentscarriedout for MACAW [1].

Althoughmary MAC protocolshave beenintroducedn the past
basedon RTS-CTSexchangeswe prove, for the first time, suf-
ficient conditionsunderwhich an RTS-CTSdialoguebecomesa
floor acquisitionstratey (i.e.,onewith which datapacketsaresent
without ever colliding with othertransmissionsyvith andwithout
carriersensing.Contraryto the conjecturesnadein prior work on
MAC protocolshaseddn collisionavoidance1, 7], our verification
andthroughputnalysisilemonstratethatcarriersensingshouldbe
usedin singlechannelnetworksbecauset substantiallyimproves
performancdy enablingfloor acquisitionin the presencef hidden
terminals.

We have shawvn through our analysisand supportedby simu-
lations that FAMA-NCS solves the hiddenterminal problemsof
CSMA [14] in multihopnetworksbecausé is ableto enforcefloor
acquisition.Our analysisillustratesthe performancemprovement
obtainedby allowing thetransmissiorof packettrainsin the clear,
andamethodto enablepacketrainsevenwith hiddenterminals.

FAMA protocolshave beendemonstrateduccessfullyn actual
packetradiosbuilt with commerciabff-the-shelfhardwareandop-
eratingin multihop networks[18].
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