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ABSTRACT

This paperpresentghe designand analysisof an enegy ef-
ficient real-time Medium AccessContmwol (MAC) protocol for
wirelessad-hocnetworks.We proposea fully distributedreser
vationschemeto providebandwidthguaranteego real-timeses-
sionsaswell assignificantenegy savingstaking advantaye of
locationinformationof thenodes.In this paper wedescribethe
protocoland presenthe correctnesproof.

|. INTRODUCTION

Theissuesof power sasing mechanismsndreal-timetraffic
supportover wirelessad hoc networks have receved consider
able researchattention. Several studieshave beenperformed
focusingon real-time communicationg1][2][3][4] and power
managemenf5][6] over ad hoc networks. However, to our
knowledge,no studyhasbeenperformedonaddressingheboth
issuessimultaneouslyin this paperwe proposea Pover-Aware
Resenration-basedvedium AccessControl (PARMAC) proto-
col for wirelessad hoc networks with the following objecties.
Firstly we provide an enegy efficient communicationmecha-
nism which eliminatesthe causesof unnecessarypower con-
sumptionandallowsthenodesnetwork interfaceto beswitched
off asmuchaspossible. Secondly our protocolsupportsreal-
time traffic with specificdelayandbandwidthconstraints.

In orderto achieve the above goals,our protocolemploys a
fully distributedresenation scheme.Several characteristic®f
ad hoc networks suchasthe hiddenterminal problem[7] and
mobility, makeit difficult for adistributedresenationschemeo
work correctly To overcomethis difficulty, our protocoltakes
adwantageof thelocationinformationof thenoded8]. Weprove
thecorrectnessf our protocolby establishinghatall thenodes
have consistentnformationon theresenations.

The restof the paperis organizedasfollows. Sectionll de-
scribeghesystemassumptionandthe protocol. Sectionlll dis-
cussedhe correctnes®f our protocoland SectionlV presents
the salientfeaturesandtrade-ofs of our protocol. Finally, our
conclusionsaandsomefuturework arediscussedn SectionV.

Il. ENERGY EFFICIENT REAL-TIME MAC PROTOCOL
A. Systemassumptions

We assumea network of a total of N hosts,eachhaving a
uniquelD ¢, 0 < ¢ < N. Dueto limited transmissiomange not
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Fig. 1. A grid G(x,y) andits neighboringgrids.

all hostsarein rangeof eachother thuseachhosthasa setof

neighbors R (i) = {k|k is in thewirelesstransmissiorrangeof

i}. EachnodeknowstheID’s of its neighbors.We alsodenote
thesetR({i,j}) asthenodesthatarein R(i) |J R(j), for two

nodesi andj. Thesetof hoststhatarehiddenfrom ¢ is denoted
asH(i) = {k|k is notin thewirelesstransmissiomangeof i}.

The nodesin H (i) cannothearthe messagefrom node: and
cannottransmitto s.

We assumehatthe geographi@reaof the network is divided
into rectangulargrids of size d,xd,. Eachgrid is labeledas
G(z,y), where(z, y) areits xy-coordinatesEachhostcaniden-
tify its location,i.e., its xy-coordinateshroughapositioningde-
vice (e.g.,GPS)andcandetermineits grid number Thus,there
is a mappingbetweeneachhosts ¢ position (z;,y;) to a grid
G(z,y). Letr bethe transmissiorrangeof the hosts. Then
dy > r, thusahostin grid G(z,y) cannotreacha hostin grids
G(z £ 2,y + 2). A hosti canonly reachby onehopthe hosts
in neighboringgrids (seeFigurel).

We also make the following assumptionsinderwhich our
protocoloperates.
(a) Pawer constraints:We assumehatall stationshave limited
power.
(b) Synchronization:All stationsare synchronizedo a global
time, accordingto somesynchronizatiorschemefor example,
they mayusetheir GPSreceverto achieve this.
(c) No channelerror: The pacletscanbelost only dueto colli-
sionsor misseddeadlines.
(d) Admissioncontrol hasbeenperformedalready so thatthe
offeredload canbe sustainedy the network.
(e) Mobility: We assumehatthe stationsarenot moving.

Our protocolis designedto supportreal-time and non-real
timetraffic. A real-timesessions specifiedby anestablishment
deadlined,..s, whichis thetime by whichthesessiorhasto send
its first paclet. Eachreal-timepaclet hasalsoa deadlined,,
whichis thetime by which the paclket shouldbe sent,otherwise
it is discardedWe considerthatthesedeadlinesare“soft” , i.e.,



RP | Contention-Free Period
<—>“ —
. pkt AcCK ‘
! —=slot= ‘
Frame

RP: Reservation Period

Fig. 2. Thestructureof aFrame

the numberof misseddeadlinesshouldnot exceeda maximum
pacletlossrate.

B. ProtocolDescription

We now describe our protocol, called Power-Aware
Resenration-based/ediumAccessControl(PARMAC). We as-
sumethatall stationsaresynchronizedysinga global synchro-
nizationschemeandtime is divided in framesof fixed length.
Eachframeis dividedasshovn in Figure2, into theReseration
Period(RP),duringwhich nodescontendo establismew reser
vationsor cancelresenations,andthe Contention-Frederiod
(CFP),duringwhich they senddatapacletswithout contention
duringtheresenedtransmissiorwindows andsleepwhenthey
donothaveapacletto sendorreceve. Thelengthsof theframe,
CFPandRP arepre-specifiedn the network. The Reseration
Periodis dividedin “Resenation Periodslots (RP-slots)”,each
having afixedlength(whichis enoughor threeresenationmes-
sagego betransmitted).The Contention-Fre@eriodis divided
in a Contention-Fre€CF) slots. EachCF-slothasfixedlength,
long enoughfor atransmissiorof a datapaclketandanacknavl-
edgment.As in [1], eachstationi keepsthe resenation infor-
mationin a Reseration Table (RT;), which keepstrack of the
IDs of thenodegwithin range)thataretransmittingor receving
dataduringeachCF slot. Whena nodejoins the network it has
to stayawake for someperiod (multiple of framesize)to hear
the ongoingtransmissionsndupdateits RT'.

ReservatiorPeriod

Duringthe ReserationPeriod two typesof “resenationpro-
cedures’cantake place,the ReservatiorEstablishmenproce-
dureandthe ReservatiorCancelationprocedure A stationthat
needsto initiate a Reseration Establishmenbor Reseration
Cancelatiorcando soin the pre-specifiedReseration Slot for
its grid. A hostin agrid G(x, y) caninitiate a resenation pro-
cedureonly duringtheresenationslott suchast = 5z +y + 1
(seeFig. 3). Thisensureghatonly oneresenationproceduren
arectangulaareaof 5x5 gridscantake placein oneresenation
slot. Thisis essentiato thecorrectnessf our protocolasshavn
in Sectionlll.

Whena stationneedso make a resenation establishmenor
cancellationjt sensegshe channelto determineif anothersta-
tion of the samegrid is transmitting. The stationproceedwith
atransmissiorif themediumis determinedo beidle for aspeci-
fiedinterval. If themediumis foundto bebusy, or thefirst mes-
sageis not sentsuccessfullyby a senderthenthe exponential
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Fig. 3. Assigningreserationslotsin a5x5grid area

bacloff algorithmis followed andthe stationchoosesa subse-
guentframeto re-initiateits request.

The ReservatiorEstablishmenprocedure(seeFigure 4(a))
takes placefor a real-timestationevery time a new real time
sessionbagins, e.g.,whenit producesa new talkspurt. Data-
gram(non-real-time}raffic is not sensitve to delay thusnodes
may buffer the pacletsup to a“burstlength” g andthenmake a
requestor sendingthe whole burst. The resenation establish-
mentinvolvesthe exchangeof threecontrolmessages:

(a) A ReserationReques(RR(i , j ) ) is sentby anodes to a
neighborj for which it hasreal-timeor non-real-timepaclets.
The RR includesthe free slotsin the RT of the senderandthe
paclet length. We definethe notion of a free slot and how a
nodesi choosests free slotsin Sectionlll. The RR for a real-
time sessioralsoincludesthe deadlineof its paclets,while for
anon-real-timestationit includesthe numberof bufferedpack-
etsof thesender

(b) A Reseration Acknowledgment(RA(j, i) ) is sentby a
nodej to aneighbori. Thereceier (nodej) comparegasde-
scribedlater) the free slotsof the sender(which areincludedin
the RR messageyvith its own freeslotsto find thecommonfree
slots. Then,it schedulesherequesteghacletin acommonfree
slotin its Reseration Table. Then,thereceverindicatesin the
RA whichresenedslot(s)the sendesshoulduse.With this mes-
sageall thenodesin R(j) becomeawareof theresenation.

(c) A ReserationBroadcast¢RB(i , j ) ) is sentby anodei to
anodej andincludestheresenedslotsthati hasresened. Thus
all thenodesin R(i) becomealsoawareof theresenation.

The ReservationCancelation procedureis illustrated in
Fig.4(b). It is invoked whena senderhasno more pacletsto
sendduring its real-timesession. Two messagesre involved
in the Reseration Cancelation: (a) The Reseration Cancel
(RC(i , j ))sentbyanode; to j and(b) theReserationCancel
Acknowledgment{RC- ACK(j , i ) ), sentby nodej toi. Both
messagefcludethe sessioni — j) that needsto cancelits
resenationandtherespectre slot.

Contention-FeePeriod

During the CFR the stationswake up in the predetermined
transmissiorslots accordingto their RT's, to sendor receve
datapaclets,andsleeptherestof the period. In eachslot, the
sendesendsadatapaclet, with sizespecifiedby thesendeand
recevesan acknavledgment(ACK) sentby therecever. If a
nodedoesnot have ary datato sendor receve during a CF-
slot, thenit switcheoff its NIC. Oncetheresenationfor areal-
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Fig. 4. (a) Reseration Establishmen(b) Reseration Cancellation

time sessions establishedit is keptuntil anexplicit resenation
cancelationis performedas describedabove. The sendemwill
usethe resened slot to sendits datapacketsuntil the session
is over. Reserationsfor datagrantraffic arevalid only for the
currentframeandthe hostscleartheir RT's for thoseslotsthat
have non-real-timaransmissionsfterthe CFPis over. Thusno
explicit cancelatioris neededn caseof datagranresenations.

I1l. CORRECTNESS OF PARMAC

In this sectionwe discusghe correctnessf PARMAC.
Definition1: A ReserationProtocolis correctif

« Whenthereis no ongoingresenation,the Reseration Tables
of all nodesin the networksareconsistent

« Whena nodei needsto resere a slot for sendingto 5 and
thereis a commonavailable slot s, thenthe protocolmakesa
resenation: — j duringtheslot s, aslong asit is allowed by
RTsconsisteng rules. Theresenationmeanghat: will sendits
datapaclketsto j duringslot s without collision.

« Whena nodei no longerneedsto usea reseredslot s for
sendingto 7, thenthe protocolremovestheresenationfrom all
RTsthatincludeit.

A. ReservatiofablesConsistency

In resenation-basegbrotocols like ours,the Reseration Ta-
blesof the nodesneedto be consistento performcorrectly We
now give a definition of the resenationtablesconsisteng and
thenexplainwhy it is important. Assumethatnode; hasareser
vationto sendto node; duringtheslot s of the Contention-Free
Period.

Definition2: The Reseration Tablesof all nodesin the net-
work areconsistenif thereis anentryin slot s in the RT's of
R(i) andR(j) thatindicatesthetransmissiori — j, then
(1) Thereis no entryin slot s, in the RT of ary nodein thenet-
work, which indicatesthatnodej is receving a packet by ary
node,otherthans, and
(2) Thereis noentryin slot s in the RT of ary nodein the net-
work, thatindicatesthatary nodein R(i) is therecever of ary
transmissiorduringslot s.

Furthermorethereis noslott in the RT' of any nodein thenet-
work thatindicatesthetransmissioni — j if 4 is notsendingto
j duringslott.
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Fig. 5. Two simultaneouseserationsin a5-hopsaway neighborhood

Accordingto the above definition, all nodesin R(i) needto
know aboutthe resenation, sincethey will not be ableto re-
ceive ary otherpaclet duringthatslot. Also, all nodesin R(j5)
shouldbeinformedabouttheresenation,since,if they sendan-
otherpaclet duringthe samedataslot, they causea collision at
j. Thus,all nodesin R({i, j}) musthave theresenationi — j
for slot s in their tables. Also, the paclet that: sendsto j will
not collide with ary other paclet sentto (or overheardby) j
andalsowill not causeary collision with any otherpaclet that
is sentto a nodein R(i). Finally, thereis alwaysa transmis-
sionindicatedby aresenation,which meanghattheslotis not
mistalenly takenfor resened. Thus,theresenationtablescon-
sisteng is veryimportantsoasno collisionsin datapacketscan
occurduringthe CF Periodandalsoall the slotscanbesuccess-
fully resered.

In order for the nodesto presere the consisteng of their
RT's, they have to choosefree slotsin their RTs, accordingto
thefollowing definition.

Definition3: Any slots in RT; of anodei, is consideredree
dependingn whether; wantsto sendor receize duringtheslot,
accordingto thefollowing rules.

Case(a): If nodei wantsto make aresenationto sendto node
j,thenaslot s is freefor i if:

« Nodei is notreceving or sendingduring .
« Noneighbork of i (i.e.,k € R(4)) is receving duringz.

Case(b): Whennodej wantsto make a resenationto receive
from nodei, aslott is freeif:

« Nodej is notreceving or sendingduringy.
« Noneighborl of j (i.e.,l € R(j)) is sendingduringslot¢.

« Slott is alsofreefor nodes.

B. Correctnesproof

We now discusshow our protocol performscorrectly under
theassumptionsf Sectionll. In amultihopnetwork the hidden
stationscan causecollisionsto control packetsandresenation
informationbe lost. If resenationinformationis lost thenthe
resenationtablescanbecomeanconsistenandcollisionsin data
pacletsmayoccuror CF slotsmaybewasted WhenaRR paclet
is collided, noresenationinformationis lost, sinceRR message
doesnotcarryary resenationestablishmennformation.When
RA or RB pacletsarelost, conflicting resenationscanhappen,
which may resultin datapacletscollisions. WhenRC or RC-



ACK pacletsarelost, thenresenation cancelatiorinformation
maybelostandthe slotsmaynotbeableto bereseredfor other
hosts thusdataslotsremainunused.

We assumehatanodei initiatesaresenationproceduravith
nodey, thatinvolvesCF-slots, whichwe indicateasi — j, and
we referto thenetwork shovnin Figure5. In orderto provethe
correctnessf our protocolwe usethefollowing lemmas.Their
proofsareommiteddueto lack of space.

Lemmal: A nodek in the network cancausea resenation
messagéo bemissedby anodein R(i, j), duringa Reseration
Procedure — j is taking place,iff &k is 1,2,30r 4 hops-vay
from the sendeti.

Lemma2: All Reseration Messagesare receved success-
fully by the nodesin R({i,j}) duringthe time thatary reser
vationprocedure@ — j is takingplace,iff ary nodei in G(z,y)
initiatesaresenationprocedureat RP-slott = 5z + y + 1.

Lemma3: The protocol ensureghat all nodesin R({i,j})
successfullyupdatetheir resenationtableswhenever a resera-
tion procedure — j is takingplace.

Lemmad: In orderfor all RTs to be consistentwheneer a
resenation procedure; — j is completed,a nodek needsto
updateits RT only iff k € R({i,j}).

We alsogive thefollowing theorems.

Theoeml: The RT'sin all thenodesn thenetwork arecon-
sistentwhenno resenation procedures taking placeandafter
the completionof ary resenationprocedure.

Theoem?2: The PARMAC protocol ensureghat the Reser
vation Tablesare consistenteforeary Reseration Procedure
is madeandafterit is completed.Also the protocolalwayses-
tablishesaresenationwheneerthereis a freeslotandcancels
aresenationwheneerit is notneeded.

IV. DISCUSSION OF SALIENT FEATURES AND TRADE-OFFS

We now discussthe propertiesof our protocol regarding
power savings andreal-timetraffic guaranteesEnegy is con-
sumedwhena nodeis sendingor receving a packet and also
whenit is idle, waiting for a paclet to receve. Finally some
enegy is consumedvhena nodeis sleeping but this is signifi-
cantlylessthanthe others.The enegy savings we expectfrom
our protocolto achieve are asfollows. Firstly, our protocol
minimizestheidle time andallows the nodego sleepduringthe
ContentionFreePeriod,during the slotsthat they do not have
resenationsfor eithertransmittingor receving paclets. Sec-
ondly, by following the resenationsthe data paclets are less
possibleto collide, thusretransmissionare minimizedandthe
totalnumberof pacletssentor receivedis less.Finally, only five
(or threefor non-real-timetraffic) controlmessageareneeded
to be exchangedsuccessfullyfor areal-timesessior(or a burst
of non-realtime paclets), whereasn otherprotocols,suchas
802.11atleasttwo controlmessageareneededor eachpadet
transmissionthusthe enegy for sendingandreceving the con-
trol messagess reduced.

We now discusshow our protocolcanguaranteehe support

of real-timesessions.Accordingto the protocol,whena node
succeedin sendingRR, thenthe RA andRB arealsosentsuc-
cessfully If thereis anavailableslot thenthe real-timesession
will make a successfutesenation for its whole duration (see
Theorem?). Thus,if astationsucceed# establishinga reser

vation beforethe deadlined,.,, thenit canbe guaranteedhat
thereal-timepacletsaresentbeforethe deadlined,,.

Two of the assumptionsve make, in orderto prove the cor-
rectnesof our protocolarethat the nodesare not moving and
thereare no errorsin the channel. If we allow ary of these,
thenary Reseration Messagecan be lost, thus, the nodesin
R(i, j) arenotguaranteetb receve successfullall theresena-
tion messagedn thesecasesthe consisteng of theresenation
tablescannotbe guaranteed.

V. CONCLUSION AND FUTURE WORK

Thedesignandanalysisof anenengy efficientreal-timeMAC
protocol have beenpresented. The protocol aims to provide
enegy-efiicient real-time communicationsn a mobile ad hoc
network, usingafully distributedresenationscheme.The pro-
tocolis provedto be correct thatis, to provide consistenteser
vationswhile satisfyingthe traffic requirements.This is true
whenno errorsandno mobility is assumedAs futurework we
planto simulateour protocolandcomparets performancevith
similar resenation-basedgrotocolsand802.11. It is expected
thatPARMA C achieveshigh power savings,while beingableto
supportreal-timetraffic with minimum paclet deadlinemisses.
We alsoneedto consideitheissuesf mobility anderrorsin the
channelandhow they canbe treatedso asto presere the cor
rectnesof our protocol. Finally, we arealsoconsideringhow
to dynamicallyadjustsomeof the systems parameterg¢suchas
theRPlength)to betterachieve our goals.
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