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ABSTRACT

The communicationparametersn mobile ad-hocnet-
works, suchasthedistancebetweemodeschannekharac-
teristics,and userdemandscanvary quickly. Using tradi-
tional designtechniquesndcreatinga staticphysicallayer
designedo meetworst caseconditionswill resultin poor
performanceandresourcautilization undermostoperating
conditions. Softwareradios,which implementtheir physi-
cal layer processingn software, provide a solutionto this
problemby enablingthe physicallayer to be modified to
bestmeetthe currentconditions. This paperdescribeghe
initial work on a softwareradio-basedd-hocnetwork that
allowsthe physicallayerto be modifiedon a perpaclketba-
sis.

1. INTRODUCTION

A softwareradio is a wirelesscommunicationgevice in
whichthephysicalandlink layerfunctionsareimplemented
in software. This enablesa singlewirelessdevice to bere-
programmedo use differentmodulation,coding, and ac-
cessprotocols. Most software radio researchto date has
beendrivenby theinteroperabilityproblemspresentn com-
mercialand military wirelesssystemq1] [2]. In commer
cial systemsthe multitude of differentcellular standards
inhibits universalroamingandnew standardsredeployed
slowly sinceit requiresinstallingnew basestatiomardware
anddistributing new handsetso users.Similarly, the vary-
ing operationatequirementsf thedifferentbranchesf the
military requiredifferentradiosand hindersthe coordina-
tion of joint operations.

Softwareradioalsoprovidesthe flexibility to adaptdy-
namically ary aspectof the physicallayer of a wireless
communicatiorsystemto meetthe constraintamposedby
the environment,network traffic load, governmentregula-
tion, or userdemands.Softwareradiois practicaltodayin
applicationssuchasfixed customeipremiseequipmentnd
wirelessinfrastructurevherepower dissipationis not a sig-
nificant limitation. With predictedadvancesin low power
processotechnologywe expectthathandheldsoftwarera-
dio will bepracticalwithin five years.
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In a mobile ad-hocnetwork, the transmissiorand re-
ceptionrequirementsre constantlychanging[3]. Thedis-
tancedetweerthenodesmaychangephysicalobjectsmay
obstructcommunicatiorfor a periodof time, differentuser
applicationsmay have certain bandwidthand lateng re-
quirements,and battery life considerationgan affect the
dataratesor distanceshata nodetransmits.

Traditionalnetwork design,which involvesdesigninga
physicallayer to meetthe expectedworst caseconditions
would resultin either poor spectrumutilization, unneces-
sary power consumption,or inefficient bandwidthusage.
Softwareradiosolvesthis problemby enablingthe physical
layerto be changedo meetthe currenttransmissiomeeds.

Thetestbedwill enableexperimentatiorandcharacteri-
zationof the advantagedor usingsoftwareradioin ad-hoc
networking. While there has beenconsiderableesearch
on ad-hocnetworking [4], much of the work hasbeenfo-
cusedon developingefficient routing algorithms. The goall
of thistestbeds to startwith afairly simple,but extensible,
softwareradiosystentfor ad-hocnetworking andevolvethe
systembasedntheanalysisof actualusagepatterns.

This systemenablegshe modulationandchannekoding
usedfor transmissiorof the payloadto be variedon a per
pacletbasis.Changinghemodulationoneverypacletmay
notbethemostefficientapproachbut it doespermitconsid-
erableexperimentalflexibility. The flexibility of theinitial
testbeds limited to modulationandchannekoding,though
it can be expandedto incorporateother functionssuchas
multiple accesgechniquegncryptionandsourcecodingin
the future. The headerfor eachpaclet in the systemuti-
lizesafixed,known modulation.Theheadercontainsnfor-
mation describingthe modulationand coding usedfor the
payload. A moresophisticategystemmight eliminatethe
overheadof transmittingthe codingand modulationin the
headerof eachpaclet, andonly signala changewhenit is
needed. Someinitial work on a protocolto supportsuch
dynamicchangesanbefoundin [5].



2. FRAMEWORK

This sectionpresenta framework for representinghe con-
straintsimposedon a communicationsystemanddescrib-
ing how they affect the choiceof codingand modulation.
The constraintscomefrom a numberof sourcesncluding
regulation,channelconditions,anduserdemands Regula-
tion may imposebandwidthand transmittedpower limits,

while the channelbackgroundnoise power imposeslim-

its on achievabledatarates. Userconstraintscover a wide
rangeof issuesincluding requireddatarate, tolerablela-

tengy, acceptablerror rateanddesiredbatterylife. Tables
1, 2 and3 summarizesheseconstraints.

Constraint| Type | Variable
Bandwidth | max BW
TX Power | max P,

Table 1. Constraintdmposedby regulation.

Constraint Type | Variable
Lateny max TL
DataRate min R
Error Rate max De
PawverDissipation| max Pp

Table 2. Constraintdmposedby the user

Constraint Variable
NoisePawver Ny
TransmitDistance dis

Table 3. Constraintsmposedby the channel.

Theseconstraintareusedo determinghephysicalayer
functionality. We assumehatthe actualvaluesfor the con-
straintsare setby a higherlevel function. This framework
describediow alink is utilized for a particulartransmission
andshouldnot be confusedwith a quality of service(QoS)
metric,which describediow the network is shared.

We assumehatthedistanceo thenodeis theonly piece
of informationknown aboutthe receving nodeandcanbe
estimatedby using the receved signal strengthof the last
transmissiorfrom that node. Becausestatemanagement
in an ad-hocnetwork canimposea significantoverhead,
we assumdittle knowledgeaboutthe restof the network
is neededThegoalis to take traffic tracesfrom this testbed

anddeterminewhatsetof informationaboutthe restof the
network is neededo improve performance.

Next, we explore how how eachphysicallayerfunction
impactstheseconstraints.For simplicity, we have limited
thefunctionsto two componentschannekodingandmod-
ulation. Eachcombinationof physicallayer functionspro-
ducesvaluesfor eachof the constraintvariables.

A givenmodulationformathasa modulationefficiency
(bitssec.m2), probability of error that canbe expressedas
a function (f..») of transmittedpower (P;,), noise (Ng),
anddistanceto therecever (d;;) which is usedto estimate
the signal strengthat the receving node. In addition, the
modulationfunctionincursalateng (7,,,4) andconsumes
certainamountof power (P, ,4) for eachbit processedThe
parameter$or the modulationfunctionarelistedin table4.

Constraint Variable
BandwidthEfficiency bsec-H>
Probabilityof error Serr(Pizy No,y diz)
Lateng perbit Tmod
Pawer consumptiorper bit Proa

Table 4. Parametergssociatedavith a modulationfunction.

Theparameterfor thechannetodingoperatiorarepre-
sentedin table 5. The codingrate (R.) parametelis the
numberof input bits divided by the numberof outputbits.
For a given code,we cancalculatethe probability of a de-
tectederrorp, andthe probabilityof anundetecteerror p,,
[6]. Codingcanbe a computationallyintensive operation,
andthe power consumption(Peoding) andlatens/ (7coding)
perbit areimportantconsiderations.

Constraint Variable
Coderate R,
Pr of detecteckrror Pd
Pr of undetectecrror Pu
Power consumptiorperbit | Peoging
Lateng perbit Teoding

Table 5. Parametersissociateavith a codingfunction.

Thenext taskis to mapthe parameterfor agivenchoice
of modulation,coding, channelnoise, allowed bandwidth
andtransmitpower to the userspecifiedconstrainsetof la-
tengy, datarate,power dissipationandtolerableerror rate.
The lateng can be calculatedby summingthe computa-
tional latenciesfrom the modulationand coding with the
actualtime requiredto transmitthe signal, determinedby
dividing thedistanceby the speedf light, ¢. Theuserspec-
ified lateng 71, is an upperbound,sinceit representshe



maximumtolerablelateng.

diz
TL 2 Tmod + Teoding + % (1)

The power dissipation(Pp) hastwo components:the
transmitpower and the computationalpower. The trans-
mit power is the sumof the power requiredto transmitthe
headerandthe payload,andthe computationapoweris the
sumof the pawer requiredto computethe coding (Peoding)
andmodulation(P,,,,4) for thepayload whichareexpressed
as power per bit transmitted. We have assumedhat the
powerrequiredto computeheheadeis negligible andthere
is afixedlengthandmodulationtypefor theheader

PD 2 Ptar: * Nheader + (Ptz + Pcod'ing + Pmod) - Npayload
)

We have madethe simplifying assumptiorthat paclets
aresentandrecevedin the sameformat. Thus,the com-
putationalpower is an averageof the power requiredfor
transmittingandreceving.

Dataraterefersto theuserdatarate,notthechannetate,
sowe haveto accounffor thereductionin userdataratedue
to channelerrorsandpaclet framing. The actualuserdata
rateis theraw channerate,multiplied by thefractionof the
transmissionthatcompriseshepayloadthecodingrate,the
fractionof thebits thatareexpectedo berecevedcorrectly
andthe expectedfraction of the bits thatwill nothaveto be
retransmittedWe have assumedhata simpleARQ scheme
is usedwithout forwarderrorcorrection.The userspecified
rate,R, is alower boundon the datarate.

N,
R < bitssec.m, - BW - NI_’LW R,
packet

(l_ferr (PtzaN07dtz)) *Pa (3)

Thefinalimportantconstrainis the probability of error,
which is simply the probability of error for the choice of
modulationmultiplied by the probabilitythattheerroris un-
detected.The userspecifiedprobability of error constraint
is anupperboundon theallowableprobability of error.

De Z ferr (Ptz;NO;dtz) * Pu (4)

The four simultaneousnequalitiesfor lateng, power
dissipation rate and probability of error definea region in
this four dimensionalspacethat meetsthe usersrequire-
ments. A suitablepair of codingandmodulationfunctions
can be found by mappingthe possiblecombinationsinto
this spaceandchoosingonethatfalls within theacceptable
region.

If thesetof allowablemodulationandcodingstandards
is small, the searchfor an appropriatecombinationcanbe
fairly simple.However, aslow powerprocessorsontinueto

Y
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Fig. 1. Exampledesignprocess.

improve, it will be practicalto permita muchwider range
of functionsand combinationswhich will requirea more

sophisticategearchalgorithm. Note thatit is not practical
to pre-computehesecombinations,as they dependupon

dynamicfactorssuchas channelnoise level and distance
betweemodeghatcantake on awide rangeof values.This

framework canalsobe appliedto systemshasedon ASICs

thathave afew codingor modulationtypesbuilt in. In this

case the searchspacewould be small, andthe appropriate
combinationcanbe selectedrom the built-in functions.

3. EXAMPLE

This sectionpresentanexampleof how theframework can
be usedto selectdifferentmodulationandcoding pairsfor
differentpaclkets. We have chosera simpleiterative design
procesqillustratedin Figure 1) thatwill verify if a partic-
ular choiceof modulationandcodingmeetsthe constraints
imposedby regulation, the user and the channel. There
arethreevariableso managen the designprocessroding,
modulation,andtransmittedoower.

Thefirst stepis to chooseacoding/modulatiompair with
bandwidthefficiengy andcodingratethatcould supportthe
requireddatarate. We thenuseequationl to seeif the pair
meetsthe userimposedateng constraint.If theinequality
is not satisfied,thenwe chooseanotherpair and startover
theprocess.

If the latengy inequalityis met, the next stepis to de-
terminethe transmitpower required.Becausall of the pa-
rametersn inequality4 areknown exceptfor P;,, we can
determingheminimumtransmitpowerrequiredio meetthe



probability of errorconstraintoy solvingfor P;,.

Thevaluecalculatedfor P, canbe usedto checkthat
the power dissipationconstraintof inequality 2 is met. If
not,we mustreturnto thefirst stepandtry anothepair. Oth-
erwise,we checktherateconstraintdescribedn inequality
3. If theinequalityis not met,we cantry incrementingthe
transmitpower to help reducethe numberof errors. We
mustthenre-checkhatthe power dissipationconstraini(in-
equality4) still holds.

Tables5 and7 presentmeasurementsf powerconsump-
tion andlateng for several differentmodulationfunctions
on a Pentiumlll/733 MHz. This processoiis not the best
choicefor mary softwareradio applicationsput theresults
provide uswith aninitial setof benchmark$or comparison.
Cyclescountscanbeusedto estimatehepower dissipation,
sincethesecountscan be corvertedto power by usingan
estimateof joulesper cycle for a particularprocessarThe
StrongARMfor instancecanbeaslow as1 nJperinstruc-
tion, thougha Pentiumprocessois considerablyjhighet

Type Cycles | Lateng (ns)

BPSK 891 1244.8
DQPSK | 1669 2277.33
4-QAM 962 1353.6
8-QAM | 1063 1411.2
16-QAM | 1202 4910.0

Table 6. Cyclespersampleandlateng for severalmodula-
tion functions.

Type Cycles | Lateng (ns)
(23,12,7)Golay 6877 9381.90
(24,12,8) Golay 7365 10047.02
(18,6, 8) Golay 2964 4043.43

(15,11, 3) Hamming 4151 5663.37
(10,6, 3) Hamming 1695 2311.90
(16,8, 5) cyclic 3166 4318.96
(207,187)ReedSolomon| 177662| 242376.9

Table 7. Cyclespersampleandlateng for severalencoding
functions.

Practically it will not be necessaryo re-calculatethe
codingandmodulationpair for eachpaclet. The appropri-
atepair couldbedeterminedor eachflow throughthenode
andthenupdatedonly whenthe channekonstraintchange
appreciably

4. SUMMARY

A flexible physicallayer for an ad-hocnetwork provides
the ability to vary the modulationand codingdynamically

providing potentialimprovementsn performancemoreef-
ficientbandwidth,andextendedbatterylife.

The frameawork presentedn this paperis fairly rudi-
mentary Therearemary otherfunctionsthatshouldbein-
cluded,suchasforwarderrorcorrectionanddifferentaccess
protocols.However, thegoalof this frameworkis to definea
fairly simplesystenthatcanbeeasilybuilt andtested Data
from the testbedwill be usedto drive the further develop-
mentof the constrainfframework, dynamicdesignprocess,
andthe network statemanagementThe knowledgeof the
batterylife atthereceving nodewill be animportantcon-
siderationandthe degreeto which this statemustbe main-
tainedthroughouthe network is animportantcharacteristic
thatmustbe determined.The goalis to maturethe system
to the point thatit canbe usedto performexperimentghat
helpdeterminehow theflexibility of softwareradiosmight
influencethe performanceof variousaccessrotocolsand
routingalgorithmsin ad-hocnetworks.
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