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Abstract— We study the effects of physical layer parameters
on the connectvity of fading wirelessad-hoc networks. Relying
on a symbol error rate connectiity metric for wirelessad-hoc
networks, we assumea pair of nodesare connectedif their bi-
dir ectional measure of connectiity satis es a given threshold.We
investigatethe effectsof thr eeparameterson the connectvity phe-
nomenon. First and assumingthe nodesare distrib uted over a
xed nite area,we study the effectsof the changesin nodesden-
sity on connectvity. Next, we measure the connectvity effectsof
the interfer encecoef cients, i.e., the portion of power an interfer -
ing node contributesto other links. Finally, we experiment with
thresholdof link quality for connectednessFor eachparameter,
we also provide an intuiti ve explanation of the phenomenaoccur-
ring in our experiments. Our simulation results show that (1)
dependingon the value of interfer encecoef cient, an increasein
node density may increaseor decrease,and (2) increasingthe in-
terferencecoef cients and thr esholdsof link quality will decrease
the connectiity of fading ad-hocnetworks.

Index Terms— Ad-Hoc Networks, Rayleigh Fading Channel,
Symbol Error Rate, Connectivity, Node Density, Interfer ence,
Link Quality.

|. INTRODUCTION

Wireless networks allow for establishingcommunication
pathsbetweendifferentusersregardlesof their position. Not
requiringary x edinfrastructurehasmadethe deploymentof
wirelessad-hocnetworks more attractve than cellular ad-hoc
networks from an economicaktandpointandin the context of
specialapplicationssuchas tactical applications. In spite of
having several advantagescomparedo wired networks, both
cellular and ad-hocwirelessnetworks have encounteredna-
jor challengesdue to requiring to transmitdata over the air
medium.

Investigatingthe connectvity of radio networks datesback
to almosthalf a centuryago. Relying on the geometricdisk
modelandpercolatiortheory Gilbert[8] studiedtheconnectv-
ity of in nite randomnetworks. In the geometricdisk model,
a randomtopology network is representedby a disk graphin
whichtwo nodesareconsideredlirectly connectedf their dis-
tanceis smallerthana giventransmissiomadius.In the context
of ad-hocnetwork connectvity, percolationtheory[12], [9] re-
volves around nding conditionsunderwhich a mobile node
belongsto an unboundedtlusterof connectedmobile nodes.
Gilbert shaved that thereexists a critical thresholdrepresent-
ing the minimumnumberof nodeswithin atransmissiorrange
above which a randomgraphis almostsurely connected.He
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alsointroducedupperandlower boundson the critical thresh-
old of connectvity.

Recently the connectity subjecthasreceved muchatten-
tion dueto the deploymentof wirelessad-hocnetworks. Some
of therecenfollow-onstudiesaboutthe connectvity of in nite
randomnetworks relying on the geometricdisk modelinclude
thework of Boothetal. [4], Philipsetal. [14], andQuintanilla
etal. [15]. In addition, thereare a large numberof articles
in the context of connectity of ad-hocnetworkswith a nite
numberof mobile nodes. Someof the relatedarticlesin this
areainclude the work of Chenget al. [5], Santietal. [16],
Bettstette3], andDousseetal. [6].

Sincegeometricdisk model doesnot capturethe reality of
wirelessnetworks, Guptaet al. [10] introducedanothercon-
nectvity metricbasednthe concepbf Signal-to-Interference-
NoiseRatio (SINR). Accordingto the SINR metric, two nodes
in arandomtopologyaredirectly connectedf their minimum
SINR is greaterthana giventhreshold.Baccellietal. [2] uti-
lized the SINR metric underPoissonassumptionsn the con-
text of in nite CDMA networks. Relying on the samemetric,
Dousseetal. [7] shavedthatif bothnodedensityperunit area
andSINRaresufciently high,theresultingin nite graphofan
ad-hocnetwork is almostsurelyconnectedinterestingly con-
nectvity in randomnetworks representedby graphsof mixed
shortandlong edgescan also be relatedto small world net-
works[19].

In [11] and[20], we arguedthat eventhe SINR metric falls
shortof truly capturingthe connectvity phenomenorin wire-
lessad-hocnetworks. We introduceda pair of probabilistic
connectvity measuredasedon the capacityand symbol er-
ror ratesof wirelessMultiple-Input Multiple-Output (MIMO)
links. We relatedthe quantitiesof interestto the characteristics
of the physicallayer suchasmodulation,numberof antennas,
andSINR. Utilizing the sizeof thelargestconnectecalusterof
anad-hocnetwork, we focusedonits connectvity.

In our studieswe noticedthatthe physicallayerissuesplay
acrucialrole in identifying the sizeof the largestclusterof an
ad-hocnetwork. For example,sendingdataoveranopenshared
transmissiormediumcausesnterferenceesultingin degrada-
tion of link quality andconnectvity. Due to the samereason,
the physicallocation of the nodesbecomesmportantwhich
brings the notion of densityin mind. As such,we identi ed
the needfor performinganindependenstudywith the goal of
inspectingthe effectsof physicallayerissueson the connectv-
ity phenomenonThis paperaddressethelatterneed.

In this paperwe considetheeffectsof physicallayerparam-
etersof the network on connectvity basedon the ergodic SER
measuref connectity introducedn [20]. Asthe rst parame-



ter of our discussionyve investigatethe effectsof nodedensity
changeson the connectvity of a numberof nodesdistributed
overa x ed nite area.Next andasthe secondoarameterwe
investigatethe effects of the interferencecoefcient capturing
the shadaving gain. The third parameteiof our discussions
thethresholdof quality in termsof symbolerrorratesrequired
for a pair of nodesto be consideredlirectly connected.

This paperis organizedasfollows. In sectionll, we provide
areview andananalysisof the utilized connectvity metric,i.e.
theergodic SERmetric of [20]. Sectionlll presentsheresults
of our study in measuringthe effects of differentparameters
of the physicallayeron connectity andthe tradeoff between
them.We alsoprovide someinsightwhenjustifying ourresults.
Finally, SectionlV concludeghis paper

Il. ERGODIC SER METRIC OF CONNECTIVITY

In thissectionwe provide areview of theconnectvity metric
utilized in our study Consideranad-hoctopologywith  wire-
less at fadinglinks onwhichtransmissiompow-
ersare , respectiely. Link is associateavith the

-thtransmitter/receierpair. Eachlink maybeconnectingnul-
tiple antennamobile nodes.Supposeper symboltransmission

power s equallydistributedamong transmitantennasf
link . The numberof receive antennador link is assumed
tobe . Letusassumdhatthe matrix repre-

sentsthe fading channelbetweerthe transmitterof link  and
thereceveroflink . Denoting asthe symbolmatrix
of link transmittedover discretetime blocksof length , the
recevedsymbolmatrixatlink is thefollowing matrix

(1)

where the channelmatrices consistof complex Gaus-

sianrandomvariableelements.Associatedwvith eachelement

of channelmatrices,we de ne the fading factors

. For eachlink , the SERcanbe

derivedasanexactfunctionof theaverageSINR andthecorre-
spondingfadingfactors .

Denoting asthe scalarshadeving (path)gainin the ab-
senceof fadingfrom thetransmitterof link  to therecever of
link , thesignal-to-interference-noisatiofor link is de ned
as

(2)

wherethe numeratotermindicatesthe desiredreceived power
at the recevver of link , andthe numeratortermsindicatethe
power of interferenceandnoisesignals.\We notethatthe power
of white Gaussiamoise onlink is multiplied by

In [21], we identify theexpression®f SERfor link interms
of the numberof signalpointsin the constellation andthe
averagesignal-to-interference-noigatio . Our calcu-
lationsarecarriedoutundertheassumptiomf facingacomple
Gaussiamoisesignaland utilizing PhaseShift Keying (PSK)
modulation.

TABLE |
THE VALUESOF  FOR DIFFERENT ANTENNA CONFIGURATIONS OF

INTEREST.

Basedonouranalysisthesymbolerrorrateof link utilizing
BPSKmodulationcanbederivedas

(3)

where is the averagesignal-to-interference-noise-ratio
of link calculatedoy takingtheexpectedvalueof Equation(2)
and isdenedas

(4)

Further is a constantthat dependson the antennacon gu-
ration. The valuesof for the con gurationsof interestare
shavnin Tablel. Similar expressionganbe givenin the case
of utilizing L-PSK modulation.
Basedon the assumptionof facinga at Rayleigh chan-
nel and in the duration of a frame, the channel matrices
consistof Gaussianrandom variableswhile the
shadaving gains and transmissionpowvers  are con-
stant. Since arerandomvariablesand
, thefadingfactors arethemselesran-
dom variables. Similarly, and asde ned in
Equation(2) and(3) arealsorandomvariables. However the
expectation is not arandomvariable. Rather it repre-
sentsa probabilisticaverage.ln orderto expressour connectv-
ity criterion,we areinterestedn determiningthedistribution of
therandomvariables
Whenthe channelmatrix is identi ed by complex Gaussian
noiseelements, hasa maminal Rayleighdensityfunction
[13] in theform of

(5)

where  equalgo half of theaveragepower of all of themul-
tipathcomponentsffectingthelink.
We now expresstwo propertiesof randomvariableq13].

Property 1: If and arerandomvariablessatisfying
, thenthe PDFof  satis es

— where aretherealrootsof

representshederivative of with respecto
Property 2: If the PDF set is
associatedvith the setof independentandomvariables
, thenthePDFof theirsum
is calculatedas
representshe corvolution operator

and

where



Basedon the rst propertyabove, the PDF of canbe ex-
presseds

— o (6)
Oncethe PDFsof termsare calculatedand assuminghey

arespatiallyuncorrelatedthesecondgropertyabore canbe uti-
lized to specifythe PDFof  asde nedin Equation(4). Fi-
nally, the PDF of asde ned in Equation(3) canbe cal-
culatedin termsof the PDF of therandomvariables  relying

onthethe rst propertyabove.

Having speci edthe PDF of , we assumeahatthefad-
ing wirelesschannels ergodic. Undertheassumptiorof facing
an ergodic Rayleighchanneland utilizing L-PSK modulation,

theaveragevalue canbespeci ed by calculatingthe ex-
pectedvalueof Equation(3) as

(7)
where is the Probability Density Function(PDF) of the
randomvariable . In [21], we calculateclosed-formexpres-
sionsof the integral of (7) in termsof the numberof signal
pointsin the constellation andthe averagesignal-to-noise
ratio . In whatfollows, we provide a brief review of our
discussiorconsideringhefactthatin thecurrentdiscussiorthe
quantityof interestis ratherthan . First,wein-
troducethe symbolerrorrateof a link usingMaximum
Ratio Combining(MRC) as

(8)

where —, —,and

Noting that the numberof bits per symbolis relatedto the
numberof signalpointsin the constellation as , the
resultof Equation(8) for a link utilizing BPSKmodulation
with is expresseds

9)

Next, we focuson the symbolerror ratesof multiple transmit
antenndinks using Space-Tme Block Codes(STBCs)of [1]
and[18]. We notethatin the caseof STBCsand underthe
assumptiorof a x ed amountof power available at the trans-
mitter, the power is split equallybetweerthe transmitantennas
of eachlink in agivensymbolinterval. On the contraryandin
thecaseof anMRC link, only onesymbolis transmittedn each
symbolintenval andthetotal poweris allocatedto it. Sincethe
productof transmitandreceve antennaspeci esthe diversity
gain, differentcon gurationsof antennasitilizing eitherMRC
or STBCcanyield similar diversitygains.For example thedi-
versitygainof a MRC link is the sameof thatof a
STBCIink. As suchthesymbolerrorrateexpressiorof a
MRC link canbe usedto specify the symbolerror ratesof a

STBC for aslong asthe effects of transmissiorpower
areproperlycaptured We capturethe transmissiompower split
effectin termsof . We derivethe symbolerrorrateof a

STBClink by replacing with in Equation
(8). With thechoiceof BPSKmodulation theresultfor a
link is expresseds

(10)

Basedontheergodicsymbolerrorratesof aMIMO link, we
expressour ergodicconnectvity metricin theform of

(11)

where is thethresholdof connectity.

I1l. EXPERIMENTAL RESULTS

As indicatedin the previous section,the ergodic connectv-
ity metric of (11) is expressedn termsof the parameterof
the physicallayer Thelatterincludesthe numberof antennas,
modulation,SINR, andthe thresholdof connectvity. In this
section,we investigatethe effectsof physicallayer parameters
onthenormalizedsizeof thelargestconnectedlusterin anad-
hocnetwork. We notethata fully connectedd-hocnetwork is
representetly a normalizedclustersizeof 1.

Beforeproceedingwith the explanationof our experiments,
we further note that we are investigatingthe connectvity
of wireless ad-hoc networks accommodatingmobile nodes
equippedwith two antennas.While the mobile nodesutilize
STBCsof [1] and [18] whentransmitting,they rely on MRC
when receving. In addition, we assumethat the slow fad-
ing wirelesschannelcharacterizedy a Rayleighdistribution
is quasi-staticand at implying that the shadaving gainsare
constantover a frame but vary independenthfrom oneframe
to another

The following describeghe generalsettingsof our experi-
ments. We considera set of nodesdistributed on a 2-D do-
mainwith anareaof 1000squaremetersaccordingo a Poisson
pointprocessAll of thenodesareutilizing BPSKmodulation.
The shadaving gainsfor eachlink arecomputedas

and — for , Where  representpropagation

pathlengthfrom thetransmitterof link  to therecever of link
. Thefactor canbe viewed asthe commonpower falloff
with frequeny in anFDMA systempr the spreadinggainin a
CDMA systemWe assuméehateachnodeutilizesatotaltrans-
missionpower of onthecombinedsetof its outgoing
links with the total transmissiorpower split equally between
the transmitantennas.The expectedvalue of the noisepower
on eachpathis assumedo be . A pair of nodesarecon-
sideredoformalink  if theconnectvity metricof (11)holds.
We notethatlink connectvity maybedirectionalimplying that
a rst nodecantransmitto aseconchodewhile theseconchode
maynotbeableto transmitto the rst node.In ourexperiments,
we considedink connectvity existsif both nodescantransmit
andreceve from oneanothemunderthe connectvity criterion.
For therandomtopologydescribedabore, we considerthree
setsof experimentatiorscenariosln the rst scenariowe con-
sidera x edconnectvity threshold in anetwork with 200



nodesandstudythe effectsof interferenceoy choosingdiffer-
entvaluesfor . In the secondexperimentationscenariowe
considerthe effects of variationsin the thresholdof connec-
tivity while keepingthe restof the parametersx ed. In
thethird experimentatiorscenariowe investigatahe effectsof
variationsin the nodedensityfor differentvaluesof . In each
of theexperimentsorrespondingp thesescenariosywe nd the
largestconnectedlusterof thenetwork and nd its normalized
size.

Fig. 1 providesthe resultsof our rst setof experiments.
It depictsthe normalizedsize of the largestconnectectluster
versustheinterferencecoefcient . The gure hasavariation
rangeof for while keepingthe otherparameters
x ed. Thecurveshavsthatincreasinghevalueof from
to yieldsasharpdropin thenormalizedsizeof thelargest
connectedtlusterfrom toabout . Passedhekneeof the
curve, the connectvity is almostnon-eistentfor the ad-hoc
network of our study
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Fig. 1. Thedrawing of the normalizedsize of the largestconnectectluster
versusthe interferencecoefcient ~ for a connectrity thresholdof

Fig. 2 shows the connectvity graphsof threepointsbefore,
on,andafterthekneeof thedrawing of Fig. 1. We obsenre that
increasinghe interferencecoefcient will decreaseonnectv-
ity andjustify ourobsenationbaseddnthefollowing argument.
Sinceahigherinterferencecoefcient representalower SINR,
the symbolerror rate increasesanda smallernumberof links
cansatisfythe connectity criterion.

Fig. 3 shaws the effects of variationsin the connectvity
threshold on the normalizedsize of the largestconnected
cluster i.e., the minimum symbolerror rate requiredfor con-
nectiity. Reviewing the curve, we obsene thattighteningthe
connectvity thresholdwhile keepingall otherparametersx ed
will decreaseonnectity. Thisis expected becauseapplying
atighterthresholdallows for alower numberof links to satisfy
theconnectvity criterion.

Fig. 4 and5 show the effects of variationsof nodedensity
onconnectvity for two differentchoicesof theinterferenceco-
efcient . Interestingly the effectsof nodedensityvariations
impactconnectvity in conjunctionwith the interferencecoef-
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thekneeof thedrawing of Fig. 1.
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Fig. 3. Thedrawing of the normalizedsize of the largestconnectectluster
versusthe thresholdof connectiity for aninterferencecoefcient

cient . Asit canbeseenin Fig. 4, increasingnodedensity
with a large interferencecoefcient  will leadto a decrease
in the connectvity pro le. Onthe contrary Fig. 5 shows that
increasingnodedensityin conjunctionwith asmallvalueof ,
improvesthe connectvity pro le. Thisresultis in agreement
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Fig. 4. Thedrawing of the normalizedsize of the largestconnectectluster
versusthe numberof nodeswith connectiity thresholdof and

. For this choiceof , connectiity degradeswith increasingthe
numberof nodesin the network.

with thework of [6], wherein theform of atheoremthepossi-
bility of percolationfor in nite networkswasexplainedunder
differentinterferencepro les. Thereasorbehindtheseconsis-
tentobsenationsis thatanincreasen nodedensitywill impact
the effects of two contradictingfactors. Whennodesbecome
closer the distancebetweenneighboringnodeswill decrease
which leadsto alower pathlossandhigherrecevedpower. On
the other hand,a decreasén distanceor an increasein node
densitywill increasethe amountof interferencecausedy in-
terfering nodes. The choice of dominantfactoramongthese
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Fig. 5. Thedrawing of the normalizedsize of the largestconnectectluster
versusthe numberof nodeswith connectrity thresholdof le-6and

le-5.Forthischoiceof |, connectiity improveswith increasinghenum-
berof nodesn the network.

two will thendependon theinterferencecoefcient . Asit is
shawvn in Fig. 4, for the caseof the secondfactor
wasdominantandthe connectvity keptdecreasingvith thein-
creasef nodedensity Howeverfor the caseof , the
rst factoris dominantandanincreasen nodedensityresults
in anincreasen thesizeof thelargestconnectedluster

IV. CONCLUSION

In this paperwe investigatedhe effectsof variationsof the
physicallayer parameter®n the connectvity of fadingwire-
lessad-hocnetworks. We assumedh pair of nodesare con-
nectedf their bi-directionalmeasuref connectvity, i.e., their
ergodic symbol error rate falls belov a given threshold. We
focusedon a setof experimentgertainingto thefollowing fac-
tors. First, we looked at the effectsof variationsof nodeden-
sity in a x ed nite area. Second,we studiedthe effects of
interferencecoefcient or the portion of power an interfering
nodecontributesto otherlinks. Finally, we studiedthe effects
of changinghethresholdof link quality for connectednes§or
eachparametemwe alsoprovidedanintuitive explanationof the
phenomenomccurringin our experiments.Our experimenta-
tion resultsshavedthat (1) dependingon thevalueof interfer
encecoefcient, anincreasdan the nodedensitymayincrease
or decreaseonnectvity, and(2) increasingheinterferenceco-
ef cient andthethresholdof link qualitywill decreaseonnec-
tivity.
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