
An Energy Efficient Real-Time Medium AccessControl
Protocol for Wir elessAd-hoc Networks

Maria Adamou,InsupLee,andInsik Shin
Departmentof ComputerandInformationScience

Universityof Pennsylvania
Philadelphia,PA 19104

email:
�
adamou,lee,ishin� @saul.cis.upenn.edu

ABSTRACT

Thispaperpresentsthedesignandanalysisof an energy ef-
ficient real-time Medium AccessControl (MAC) protocol for
wirelessad-hocnetworks.We proposea fully distributedreser-
vationschemeto providebandwidthguaranteesto real-timeses-
sionsaswell assignificantenergy savings,takingadvantageof
locationinformationof thenodes.In thispaper, wedescribethe
protocolandpresentthecorrectnessproof.

I . INTRODUCTION

The issuesof power saving mechanismsandreal-timetraffic
supportover wirelessad hocnetworks have receivedconsider-
able researchattention. Several studieshave beenperformed
focusingon real-timecommunications[1][2][3][4] and power
management[5][6] over ad hoc networks. However, to our
knowledge,nostudyhasbeenperformedonaddressingtheboth
issuessimultaneously. In thispaper, weproposeaPower-Aware
Reservation-basedMedium AccessControl (PARMAC) proto-
col for wirelessadhocnetworkswith thefollowing objectives.
Firstly we provide an energy efficient communicationmecha-
nism which eliminatesthe causesof unnecessarypower con-
sumptionandallowsthenode’snetwork interfaceto beswitched
off asmuchaspossible.Secondly, our protocolsupportsreal-
time traffic with specificdelayandbandwidthconstraints.

In order to achieve the above goals,our protocolemploys a
fully distributedreservationscheme.Several characteristicsof
ad hoc networks suchas the hiddenterminalproblem[7] and
mobility, makeit difficult for adistributedreservationschemeto
work correctly. To overcomethis difficulty, our protocoltakes
advantageof thelocationinformationof thenodes[8]. Weprove
thecorrectnessof ourprotocolby establishingthatall thenodes
haveconsistentinformationon thereservations.

The restof the paperis organizedasfollows. SectionII de-
scribesthesystemassumptionsandtheprotocol.SectionIII dis-
cussesthe correctnessof our protocolandSectionIV presents
the salientfeaturesandtrade-offs of our protocol. Finally, our
conclusionsandsomefuturework arediscussedin SectionV.

I I . ENERGY EFFICIENT REAL-TIME MAC PROTOCOL

A. Systemassumptions

We assumea network of a total of � hosts,eachhaving a
uniqueID � , �����	�
� . Dueto limited transmissionrange,not
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Fig. 1. A grid G(x,y) andits neighboringgrids.

all hostsarein rangeof eachother, thuseachhosthasa setof
neighbors,�
�����	� ����� �

is in thewirelesstransmissionrangeof
��� . Eachnodeknows theID’s of its neighbors.We alsodenote
the set �
� � ��������� asthe nodesthat arein �����������
��� � , for two
nodes� and � . Thesetof hoststhatarehiddenfrom � is denoted
as !"�����#� �$�%� �

is not in thewirelesstransmissionrangeof ��� .
The nodesin !"����� cannothearthe messagesfrom node � and
cannottransmitto � .

We assumethatthegeographicareaof thenetwork is divided
into rectangulargrids of size &(' x &)' . Eachgrid is labeledas* ��+,�.-/� , where( +��0- ) areits xy-coordinates.Eachhostcaniden-
tify its location,i.e., its xy-coordinatesthroughapositioningde-
vice (e.g.,GPS)andcandetermineits grid number. Thus,there
is a mappingbetweeneachhost’s � position ( +21.�0-(1 ) to a grid* ��+,�.-/� . Let 3 be the transmissionrangeof the hosts. Then
& '54 3 , thusa hostin grid

* ��+��.-/� cannotreacha hostin grids* ��+7698/�.-:6;8(� . A host � canonly reachby onehopthehosts
in neighboringgrids(seeFigure1).

We also make the following assumptionsunderwhich our
protocoloperates.
(a) Power constraints:We assumethatall stationshave limited
power.
(b) Synchronization:All stationsaresynchronizedto a global
time, accordingto somesynchronizationscheme;for example,
they mayusetheirGPSreceiver to achievethis.
(c) No channelerror: Thepacketscanbelost only dueto colli-
sionsor misseddeadlines.
(d) Admissioncontrol hasbeenperformedalready, so that the
offeredloadcanbesustainedby thenetwork.
(e)Mobility: We assumethatthestationsarenot moving.

Our protocol is designedto supportreal-timeand non-real
timetraffic. A real-timesessionis specifiedby anestablishment
deadline&)<�=�> , whichis thetimeby whichthesessionhasto send
its first packet. Eachreal-timepacket hasalso a deadline &@? ,
which is thetimeby which thepacketshouldbesent,otherwise
it is discarded.We considerthatthesedeadlinesare“soft” , i.e.,
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thenumberof misseddeadlinesshouldnot exceeda maximum
packet lossrate.

B. ProtocolDescription

We now describe our protocol, called Power-Aware
Reservation-basedMediumAccessControl(PARMAC).Weas-
sumethatall stationsaresynchronized,usinga globalsynchro-
nizationscheme,andtime is divided in framesof fixed length.
Eachframeis dividedasshown in Figure2, into theReservation
Period(RP),duringwhichnodescontendto establishnew reser-
vationsor cancelreservations,andthe Contention-FreePeriod
(CFP),duringwhich they senddatapacketswithout contention
duringthereservedtransmissionwindows andsleepwhenthey
donothaveapackettosendor receive. Thelengthsof theframe,
CFPandRParepre-specifiedin thenetwork. TheReservation
Periodis dividedin “ReservationPeriodslots(RP-slots)”,each
havingafixedlength(whichis enoughfor threereservationmes-
sagesto betransmitted).TheContention-Freeperiodis divided
in a Contention-Free(CF) slots. EachCF-slothasfixedlength,
longenoughfor atransmissionof adatapacketandanacknowl-
edgment.As in [1], eachstation � keepsthe reservation infor-
mationin a ReservationTable( �BAC1 ), which keepstrack of the
IDs of thenodes(within range)thataretransmittingor receiving
dataduringeachCF slot. Whena nodejoins thenetwork it has
to stayawake for someperiod(multiple of framesize)to hear
theongoingtransmissionsandupdateits �BA .

ReservationPeriod

DuringtheReservationPeriod,two typesof “reservationpro-
cedures”cantake place,the ReservationEstablishmentproce-
dureandtheReservationCancelationprocedure.A stationthat
needsto initiate a Reservation Establishmentor Reservation
Cancelationcando so in thepre-specifiedReservationSlot for
its grid. A hostin a grid

* ��+��0-D� caninitiate a reservationpro-
cedureonly duringthereservationslot E suchas EF�HG@+JIK-LI�M
(seeFig. 3). Thisensuresthatonly onereservationprocedurein
a rectangularareaof 5x5gridscantakeplacein onereservation
slot. Thisis essentialto thecorrectnessof ourprotocolasshown
in SectionIII.

Whena stationneedsto make a reservationestablishmentor
cancellation,it sensesthe channelto determineif anothersta-
tion of thesamegrid is transmitting.Thestationproceedswith
atransmissionif themediumis determinedto beidle for aspeci-
fied interval. If themediumis foundto bebusy, or thefirst mes-
sageis not sentsuccessfully, by a senderthenthe exponential
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Fig. 3. Assigningreservationslotsin a5x5grid area

backoff algorithmis followedandthe stationchoosesa subse-
quentframeto re-initiateits request.

The ReservationEstablishmentprocedure(seeFigure 4(a))
takes placefor a real-timestationevery time a new real time
sessionbegins, e.g.,when it producesa new talkspurt. Data-
gram(non-real-time)traffic is not sensitive to delay, thusnodes
maybuffer thepacketsup to a “burstlength” N andthenmakea
requestfor sendingthe wholeburst. The reservationestablish-
mentinvolvestheexchangeof threecontrolmessages:
(a) A ReservationRequest(RR(i,j)) is sentby a node � to a
neighbor� for which it hasreal-timeor non-real-timepackets.
TheRR includesthe freeslotsin the �BA of the senderandthe
packet length. We definethe notion of a free slot and how a
node � choosesits free slots in SectionIII. TheRR for a real-
time sessionalsoincludesthedeadlineof its packets,while for
a non-real-timestationit includesthenumberof bufferedpack-
etsof thesender.
(b) A Reservation Acknowledgment(RA(j,i)) is sentby a
node� to a neighbor� . Thereceiver (node� ) compares(asde-
scribedlater) thefreeslotsof thesender(which areincludedin
theRR message)with its own freeslotsto find thecommonfree
slots.Then,it schedulestherequestedpacket in a commonfree
slot in its ReservationTable.Then,thereceiver indicatesin the
RA which reservedslot(s)thesendershoulduse.With this mes-
sage,all thenodesin �
��� � becomeawareof thereservation.
(c) A ReservationBroadcasts(RB(i,j)) is sentby a node� to
anode� andincludesthereservedslotsthat � hasreserved.Thus
all thenodesin �
����� becomealsoawareof thereservation.

The ReservationCancelation procedure is illustrated in
Fig.4(b). It is invoked whena senderhasno morepackets to
sendduring its real-timesession.Two messagesare involved
in the Reservation Cancelation: (a) The Reservation Cancel
(RC(i,j)) sentby anode� to � and(b) theReservationCancel
Acknowledgment(RC-ACK(j,i)), sentby node� to � . Both
messagesincludethe session( �
OP� ) that needsto cancelits
reservationandtherespectiveslot.

Contention-FreePeriod

During the CFP, the stationswake up in the predetermined
transmissionslots accordingto their �BA s, to sendor receive
datapackets,andsleepthe restof the period. In eachslot, the
sendersendsadatapacket,with sizespecifiedby thesenderand
receivesan acknowledgment(ACK) sentby the receiver. If a
nodedoesnot have any datato sendor receive during a CF-
slot, thenit switchesoff its NIC. Oncethereservationfor areal-



RA

RB

RR

RA

RB
1 2

3

4

(a) (b)

21

3

4RC

RC

RC-ACK

RC-ACK

Fig. 4. (a) ReservationEstablishment(b) ReservationCancellation

timesessionis established,it is keptuntil anexplicit reservation
cancelationis performedasdescribedabove. The senderwill
usethe reserved slot to sendits datapacketsuntil the session
is over. Reservationsfor datagramtraffic arevalid only for the
currentframeandthe hostscleartheir �BA s for thoseslotsthat
havenon-real-timetransmissions,aftertheCFPis over. Thusno
explicit cancelationis neededin caseof datagramreservations.

I I I . CORRECTNESS OF PARMAC

In this sectionwediscussthecorrectnessof PARMAC.

Definition1: A ReservationProtocolis correctif

Q Whenthereis no ongoingreservation,theReservationTables
of all nodesin thenetworksareconsistent

Q Whena node � needsto reserve a slot for sendingto � and
thereis a commonavailableslot R , then the protocolmakesa
reservation �SOT� during theslot R , aslong asit is allowedby
RTsconsistency rules.Thereservationmeansthat � will sendits
datapacketsto � duringslot R without collision.

Q Whena node � no longerneedsto usea reserved slot R for
sendingto � , thentheprotocolremovesthereservationfrom all
RTs thatincludeit.

A. ReservationTablesConsistency

In reservation-basedprotocols,like ours,theReservationTa-
blesof thenodesneedto beconsistentto performcorrectly. We
now give a definition of the reservation tablesconsistency and
thenexplainwhy it is important.Assumethatnode� hasareser-
vationto sendto node� duringtheslot R of theContention-Free
Period.

Definition2: TheReservationTablesof all nodesin thenet-
work areconsistentif thereis an entry in slot R in the �BA s of
�
����� and ���U� � thatindicatesthetransmission�VOW� , then
(1) Thereis no entryin slot R , in the �BA of any nodein thenet-
work, which indicatesthatnode � is receiving a packet by any
node,otherthan � , and
(2) Thereis no entry in slot R in the �BA of any nodein thenet-
work, that indicatesthatany nodein �
����� is thereceiverof any
transmissionduringslot R .
Furthermore,thereis no slot E in the �BA of any nodein thenet-
work thatindicatesthetransmission�	OW� if � is not sendingto
� duringslot E .
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Fig. 5. Two simultaneousreservationsin a5-hopsaway neighborhood

Accordingto the above definition, all nodesin ������� needto
know aboutthe reservation, sincethey will not be able to re-
ceive any otherpacket during thatslot. Also, all nodesin �
��� �
shouldbeinformedaboutthereservation,since,if they sendan-
otherpacket duringthesamedataslot, they causea collision at
� . Thus,all nodesin �
� � ���X�/�$� musthave thereservation �	OY�
for slot R in their tables.Also, thepacket that � sendsto � will
not collide with any other packet sent to (or overheardby) �
andalsowill not causeany collision with any otherpacket that
is sentto a nodein �
����� . Finally, thereis alwaysa transmis-
sionindicatedby a reservation,which meansthat theslot is not
mistakenly takenfor reserved.Thus,thereservationtablescon-
sistency is very importantsoasnocollisionsin datapacketscan
occurduringtheCFPeriodandalsoall theslotscanbesuccess-
fully reserved.

In order for the nodesto preserve the consistency of their
�BASR , they have to choosefree slots in their RTs, accordingto
thefollowing definition.

Definition3: Any slot R in �BA 1 of anode� , is consideredfree
dependingonwhether� wantsto sendor receiveduringtheslot,
accordingto thefollowing rules.
Case(a): If node� wantsto make a reservationto sendto node
� , thena slot R is freefor � if:

Q Node � is not receiving or sendingduring + .

Q No neighbor
�

of � (i.e.,
�[Z �
���\� ) is receiving during + .

Case(b): Whennode� wantsto make a reservation to receive
from node� , a slot E is freeif:

Q Node� is not receiving or sendingduring - .

Q No neighbor] of � (i.e., ] Z �
��� � ) is sendingduringslot E .
Q Slot E is alsofreefor node� .

B. Correctnessproof

We now discusshow our protocolperformscorrectlyunder
theassumptionsof SectionII. In amultihopnetwork thehidden
stationscancausecollisionsto control packetsandreservation
informationbe lost. If reservation information is lost thenthe
reservationtablescanbecomeinconsistentandcollisionsin data
packetsmayoccuror CFslotsmaybewasted.WhenaRR packet
is collided,no reservationinformationis lost,sinceRR message
doesnotcarryany reservationestablishmentinformation.When
RA or RB packetsarelost, conflicting reservationscanhappen,
which may result in datapacketscollisions. WhenRC or RC-



ACK packetsarelost, thenreservation cancelationinformation
maybelost

^
andtheslotsmaynotbeableto bereservedfor other

hosts,thusdataslotsremainunused.

Weassumethatanode� initiatesareservationprocedurewith
node� , thatinvolvesCF-slot R , whichweindicateas �_O`� , and
wereferto thenetwork shown in Figure5. In orderto provethe
correctnessof ourprotocolwe usethefollowing lemmas.Their
proofsareommiteddueto lackof space.

Lemma1: A nodek in the network cancausea reservation
messageto bemissedby anodein �
�������a� , duringaReservation
Procedure��OP� is taking place,if f

�
is 1,2,3or 4 hops-way

from thesender� .
Lemma2: All Reservation Messagesare received success-

fully by the nodesin �
� � ��������� during the time that any reser-
vationprocedure�_O`� is takingplace,if f any node� in

* ��+,�.-/�
initiatesa reservationprocedureatRP-slotEF�bG$+cI"-JIHM .

Lemma3: The protocol ensuresthat all nodesin �
� � ���������
successfullyupdatetheir reservationtableswhenevera reserva-
tion procedure�dOW� is takingplace.

Lemma4: In orderfor all RTs to be consistent,whenever a
reservation procedure�
Oe� is completed,a node

�
needsto

updateits RT only if f
�[Z �
� � ��������� .

We alsogive thefollowing theorems.

Theorem1: The �BA sin all thenodesin thenetwork arecon-
sistentwhenno reservationprocedureis takingplaceandafter
thecompletionof any reservationprocedure.

Theorem2: The PARMAC protocolensuresthat the Reser-
vation Tablesareconsistentbeforeany Reservation Procedure
is madeandafter it is completed.Also theprotocolalwayses-
tablishesa reservationwhenever thereis a freeslot andcancels
a reservationwhenever it is not needed.

IV. DISCUSSION OF SALIENT FEATURES AND TRADE-OFFS

We now discussthe propertiesof our protocol regarding
power savings andreal-timetraffic guarantees.Energy is con-
sumedwhena nodeis sendingor receiving a packet andalso
when it is idle, waiting for a packet to receive. Finally some
energy is consumedwhena nodeis sleeping,but this is signifi-
cantly lessthantheothers.Theenergy savingswe expectfrom
our protocol to achieve are as follows. Firstly, our protocol
minimizestheidle timeandallowsthenodesto sleepduringthe
ContentionFreePeriod,during the slots that they do not have
reservationsfor either transmittingor receiving packets. Sec-
ondly, by following the reservationsthe datapackets are less
possibleto collide, thusretransmissionsareminimizedandthe
totalnumberof packetssentor receivedis less.Finally, only five
(or threefor non-real-timetraffic) controlmessagesareneeded
to beexchangedsuccessfully, for a real-timesession(or a burst
of non-realtime packets),whereasin otherprotocols,suchas
802.11at leasttwo controlmessagesareneededfor eachpacket
transmission,thustheenergy for sendingandreceiving thecon-
trol messagesis reduced.

We now discusshow our protocolcanguaranteethesupport

of real-timesessions.Accordingto the protocol,whena node
succeedsin sendingRR, thentheRA andRB arealsosentsuc-
cessfully. If thereis anavailableslot thenthereal-timesession
will make a successfulreservation for its whole duration(see
Theorem2). Thus,if a stationsucceedsin establishinga reser-
vation beforethe deadline&a<�=.> , thenit canbe guaranteedthat
thereal-timepacketsaresentbeforethedeadline& ? .

Two of the assumptionswe make, in orderto prove the cor-
rectnessof our protocolarethat the nodesarenot moving and
thereare no errors in the channel. If we allow any of these,
then any Reservation Messagecan be lost, thus, the nodesin
�
�������a� arenotguaranteedto receivesuccessfullyall thereserva-
tion messages.In thesecases,theconsistency of thereservation
tablescannotbeguaranteed.

V. CONCLUSION AND FUTURE WORK

Thedesignandanalysisof anenergy efficient real-timeMAC
protocol have beenpresented. The protocol aims to provide
energy-efficient real-timecommunicationsin a mobile ad hoc
network, usinga fully distributedreservationscheme.Thepro-
tocol is provedto becorrect,thatis, to provideconsistentreser-
vationswhile satisfyingthe traffic requirements.This is true
whenno errorsandno mobility is assumed.As futurework we
planto simulateourprotocolandcompareits performancewith
similar reservation-basedprotocolsand802.11. It is expected
thatPARMAC achieveshighpowersavings,while beingableto
supportreal-timetraffic with minimumpacket deadlinemisses.
Wealsoneedto considertheissuesof mobility anderrorsin the
channelandhow they canbe treatedso asto preserve the cor-
rectnessof our protocol. Finally, we arealsoconsideringhow
to dynamicallyadjustsomeof thesystem’s parameters(suchas
theRPlength)to betterachieveourgoals.
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