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Abstract— We study the effects of physical layer parameters
on the connectivity of fading wir elessad-hoc networks. Relying
on a symbol error rate connectivity metric for wir elessad-hoc
networks, we assumea pair of nodesare connectedif their bi-
dir ectionalmeasure of connectivity satis�es a given thr eshold.We
investigatethe effectsof thr eeparameterson the connectivity phe-
nomenon. First and assumingthe nodesare distrib uted over a
�xed �nite area,we study the effectsof the changesin nodesden-
sity on connectivity. Next, we measure the connectivity effectsof
the interfer encecoef�cients, i.e., the portion of power an interfer -
ing node contributes to other links. Finally, we experiment with
thr esholdof link quality for connectedness.For eachparameter,
we alsoprovide 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
nodedensity may increaseor decrease,and (2) increasingthe in-
terferencecoef�cients and thr esholdsof link quality will decrease
the connectivity of fading ad-hocnetworks.

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

I . INTRODUCTION

Wireless networks allow for establishingcommunication
pathsbetweendifferentusersregardlessof their position. Not
requiringany �x ed infrastructurehasmadethedeploymentof
wirelessad-hocnetworks moreattractive thancellular ad-hoc
networks from aneconomicalstandpointandin thecontext of
specialapplicationssuchas tactical applications. In spite of
having several advantagescomparedto wired networks, both
cellular and ad-hocwirelessnetworks have encounteredma-
jor challengesdue to requiring to transmit data over the air
medium.

Investigatingthe connectivity of radio networks datesback
to almosthalf a centuryago. Relying on the geometricdisk
modelandpercolationtheory, Gilbert [8] studiedtheconnectiv-
ity of in�nite randomnetworks . In thegeometricdisk model,
a randomtopologynetwork is representedby a disk graphin
which two nodesareconsidereddirectly connectedif their dis-
tanceis smallerthanagiventransmissionradius.In thecontext
of ad-hocnetwork connectivity, percolationtheory[12], [9] re-
volvesaround�nding conditionsunderwhich a mobile node
belongsto an unboundedclusterof connectedmobile nodes.
Gilbert showed that thereexists a critical thresholdrepresent-
ing theminimumnumberof nodeswithin a transmissionrange
above which a randomgraphis almostsurelyconnected.He
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alsointroducedupperandlower boundson thecritical thresh-
old of connectivity.

Recently, the connectivity subjecthasreceived muchatten-
tion dueto thedeploymentof wirelessad-hocnetworks. Some
of therecentfollow-onstudiesabouttheconnectivity of in�nite
randomnetworksrelying on thegeometricdisk modelinclude
thework of Boothet al. [4], Philipset al. [14], andQuintanilla
et al. [15]. In addition, thereare a large numberof articles
in thecontext of connectivity of ad-hocnetworkswith a �nite
numberof mobile nodes. Someof the relatedarticlesin this
areainclude the work of Chenget al. [5], Santi et al. [16],
Bettstetter[3], andDousseet al. [6].

Sincegeometricdisk modeldoesnot capturethe reality of
wirelessnetworks, Guptaet al. [10] introducedanothercon-
nectivity metricbasedontheconceptof Signal-to-Interference-
NoiseRatio(SINR).Accordingto theSINR metric,two nodes
in a randomtopologyaredirectly connectedif their minimum
SINR is greaterthana given threshold.Baccelli et al. [2] uti-
lized the SINR metric underPoissonassumptionsin the con-
text of in�nite CDMA networks. Relyingon thesamemetric,
Dousseet al. [7] showedthatif bothnodedensityperunit area
andSINRaresuf�ciently high,theresultingin�nite graphof an
ad-hocnetwork is almostsurelyconnected.Interestingly, con-
nectivity in randomnetworks representedby graphsof mixed
short and long edgescan also be relatedto small world net-
works[19].

In [11] and[20], we arguedthateventheSINR metric falls
shortof truly capturingthe connectivity phenomenonin wire-
lessad-hocnetworks. We introduceda pair of probabilistic
connectivity measuresbasedon the capacityand symbol er-
ror ratesof wirelessMultiple-Input Multiple-Output (MIMO)
links. We relatedthequantitiesof interestto thecharacteristics
of thephysicallayersuchasmodulation,numberof antennas,
andSINR.Utilizing thesizeof thelargestconnectedclusterof
anad-hocnetwork, we focusedon its connectivity.

In our studies,we noticedthatthephysicallayer issuesplay
a crucial role in identifying thesizeof the largestclusterof an
ad-hocnetwork. For example,sendingdataoveranopenshared
transmissionmediumcausesinterferenceresultingin degrada-
tion of link quality andconnectivity. Due to the samereason,
the physical location of the nodesbecomesimportantwhich
brings the notion of densityin mind. As such,we identi�ed
theneedfor performinganindependentstudywith thegoalof
inspectingtheeffectsof physicallayerissueson theconnectiv-
ity phenomenon.Thispaperaddressesthelatterneed.

In thispaper, weconsidertheeffectsof physicallayerparam-
etersof thenetwork on connectivity basedon theergodicSER
measureof connectivity introducedin [20]. As the�rst parame-
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ter of our discussion,we investigatetheeffectsof nodedensity
changeson the connectivity of a numberof nodesdistributed
over a �x ed�nite area.Next andasthesecondparameter, we
investigatethe effectsof the interferencecoef�cient capturing
the shadowing gain. The third parameterof our discussionis
thethresholdof quality in termsof symbolerrorratesrequired
for a pair of nodesto beconsidereddirectly connected.

This paperis organizedasfollows. In sectionII, we provide
a review andananalysisof theutilizedconnectivity metric,i.e.
theergodicSERmetricof [20]. SectionIII presentstheresults
of our study in measuringthe effects of differentparameters
of thephysicallayeron connectivity andthetradeoff between
them.Wealsoprovidesomeinsightwhenjustifying ourresults.
Finally, SectionIV concludesthis paper.

I I . ERGODIC SER METRIC OF CONNECTIVITY

In thissection,weprovideareview of theconnectivity metric
utilized in ourstudy. Consideranad-hoctopologywith � wire-
less�at fadinglinks �������	���	�
���
��� onwhich transmissionpow-
ersare �������	���	��������� , respectively. Link � is associatedwith the

� -th transmitter/receiverpair. Eachlink maybeconnectingmul-
tiple antennamobilenodes.Suppose,persymboltransmission
power ��� is equallydistributedamong��� transmitantennasof
link � . The numberof receive antennasfor link � is assumed
to be �

� . Let us assumethat the �
���

��� matrix �
�

� repre-
sentsthe fadingchannelbetweenthe transmitterof link � and
thereceiverof link � . Denoting 

� asthe �
�!�#" symbolmatrix

of link � transmittedover discretetime blocksof length " , the
receivedsymbolmatrixat link � is thefollowing �
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where the channelmatrices �
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� consist of complex Gaus-
sianrandomvariableelements.Associatedwith eachelement
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wherethenumeratortermindicatesthedesiredreceivedpower
at the receiver of link � , andthe numeratortermsindicatethe
powerof interferenceandnoisesignals.Wenotethatthepower
of whiteGaussiannoise�%cCd^e

�

on link � is multipliedby �
� .

In [21], weidentify theexpressionsof SERfor link � in terms
of the numberof signalpoints in the constellationf

� andthe
averagesignal-to-interference-noiseratio

F�G

�IH
� . Our calcu-

lationsarecarriedoutundertheassumptionof facingacomplex
Gaussiannoisesignalandutilizing PhaseShift Keying (PSK)
modulation.
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where
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Further,
j

is a constantthat dependson the antennacon�gu-
ration. The valuesof

j

for the con�gurationsof interestare
shown in TableI. Similar expressionscanbegivenin thecase
of utilizing L-PSK modulation.

Basedon the assumptionof facing a �at Rayleigh chan-
nel and in the duration of a frame, the channel matrices
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Equation(2) and(3) arealsorandomvariables. However the
expectation

F�G

�IH
� is not a randomvariable.Rather, it repre-

sentsaprobabilisticaverage.In orderto expressourconnectiv-
ity criterion,weareinterestedin determiningthedistributionof
therandomvariables
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Whenthechannelmatrix is identi�ed by complex Gaussian
noiseelements,>
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> hasa marginalRayleighdensityfunction
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where†

B

�
�

equalsto half of theaveragepowerof all of themul-
tipathcomponentsaffectingthelink.

We now expresstwo propertiesof randomvariables[13].
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Basedon the �rst propertyabove, the PDF of
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OncethePDFsof
<

�)� termsarecalculatedandassumingthey
arespatiallyuncorrelated,thesecondpropertyabovecanbeuti-
lized to specifythePDFof

v

� asde�ned in Equation(4). Fi-
nally, thePDFof
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Hx� asde�ned in Equation(3) canbecal-
culatedin termsof thePDFof therandomvariables

v
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on thethe�rst propertyabove.

Having speci�ed thePDFof
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H � , we assumethatthefad-
ing wirelesschannelis ergodic.Undertheassumptionof facing
an ergodicRayleighchannelandutilizing L-PSK modulation,
theaveragevalue

F�o

Hx� canbespeci�edby calculatingtheex-
pectedvalueof Equation(3) as
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where~0Ì
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: is theProbabilityDensityFunction(PDF) of the
randomvariable

v

� . In [21], we calculateclosed-formexpres-
sionsof the integral of (7) in termsof the numberof signal
points in the constellationf

� and the averagesignal-to-noise
ratio
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discussionconsideringthefactthatin thecurrentdiscussionthe
quantityof interestis
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Next, we focuson thesymbolerror ratesof multiple transmit
antennalinks usingSpace-Time Block Codes(STBCs)of [1]
and [18]. We note that in the caseof STBCsand underthe
assumptionof a �x ed amountof power availableat the trans-
mitter, thepower is split equallybetweenthetransmitantennas
of eachlink in a givensymbolinterval. On thecontraryandin
thecaseof anMRC link, only onesymbolis transmittedin each
symbolinterval andthetotal power is allocatedto it. Sincethe
productof transmitandreceiveantennasspeci�esthediversity
gain,differentcon�gurationsof antennasutilizing eitherMRC
or STBCcanyield similardiversitygains.For example,thedi-
versitygainof a

h
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MRC link is thesameof thatof a
i
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i

STBClink. As such,thesymbolerrorrateexpressionof a
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STBC for as long as the effectsof transmissionpower
areproperlycaptured.We capturethetransmissionpowersplit
effect in termsof
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Basedon theergodicsymbolerrorratesof aMIMO link, we
expressour ergodicconnectivity metricin theform of
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where
F ���
	

is thethresholdof connectivity.

I I I . EXPERIMENTAL RESULTS

As indicatedin theprevioussection,theergodicconnectiv-
ity metric of (11) is expressedin termsof the parametersof
thephysicallayer. Thelatter includesthenumberof antennas,
modulation,SINR, and the thresholdof connectivity. In this
section,we investigatetheeffectsof physicallayerparameters
onthenormalizedsizeof thelargestconnectedclusterin anad-
hocnetwork. We notethata fully connectedad-hocnetwork is
representedby a normalizedclustersizeof 1.

Beforeproceedingwith theexplanationof our experiments,
we further note that we are investigating the connectivity
of wireless ad-hoc networks accommodatingmobile nodes
equippedwith two antennas.While the mobile nodesutilize
STBCsof [1] and [18] whentransmitting,they rely on MRC
when receiving. In addition, we assumethat the slow fad-
ing wirelesschannelcharacterizedby a Rayleighdistribution
is quasi-staticand �at implying that the shadowing gainsare
constantover a framebut vary independentlyfrom oneframe
to another.

The following describesthe generalsettingsof our experi-
ments. We considera set of nodesdistributed on a 2-D do-
mainwith anareaof 1000squaremetersaccordingto aPoisson
point process.All of thenodesareutilizing BPSKmodulation.
Theshadowing gainsfor eachlink arecomputedas E
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for ���
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� , where �@�
� representspropagation

pathlengthfrom thetransmitterof link � to thereceiverof link
�

. The factor � can be viewed as the commonpower falloff
with frequency in anFDMA system,or thespreadinggainin a
CDMA system.Weassumethateachnodeutilizesatotal trans-
missionpowerof �

'

h
�

on thecombinedsetof its outgoing
links with the total transmissionpower split equally between
the transmitantennas.The expectedvalueof the noisepower
oneachpathis assumedto be

h�k

†

�

. A pair of nodesarecon-
sideredto formalink f

� if theconnectivity metricof (11)holds.
Wenotethatlink connectivity maybedirectionalimplying that
a�rst nodecantransmitto asecondnodewhile thesecondnode
maynotbeableto transmitto the�rst node.In ourexperiments,
we considerlink connectivity exists if bothnodescantransmit
andreceive from oneanotherundertheconnectivity criterion.

For therandomtopologydescribedabove,we considerthree
setsof experimentationscenarios.In the�rst scenario,wecon-
sidera �x edconnectivity threshold

F����
	

in a network with 200
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nodesandstudytheeffectsof interferenceby choosingdiffer-
ent valuesfor � . In the secondexperimentationscenario,we
considerthe effects of variationsin the thresholdof connec-
tivity

F ���
	

while keepingthe restof the parameters�x ed. In
thethird experimentationscenario,we investigatetheeffectsof
variationsin thenodedensityfor differentvaluesof � . In each
of theexperimentscorrespondingto thesescenarios,we�nd the
largestconnectedclusterof thenetwork and�nd its normalized
size.

Fig. 1 provides the resultsof our �rst set of experiments.
It depictsthe normalizedsizeof the largestconnectedcluster
versustheinterferencecoef�cient � . The�gure hasa variation
rangeof é

n

€

Î

�

�

h

ì for � while keepingthe otherparameters
�x ed.Thecurveshowsthatincreasingthevalueof � from

n

€

Î

�

to
kml k

ò

yieldsa sharpdropin thenormalizedsizeof thelargest
connectedclusterfrom

h

to about
k•l k•h

. Passedthekneeof the
curve, the connectivity is almostnon-existent for the ad-hoc
network of ourstudy.
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Fig. 2 shows theconnectivity graphsof threepointsbefore,
on,andafterthekneeof thedrawing of Fig. 1. Weobservethat
increasingthe interferencecoef�cient will decreaseconnectiv-
ity andjustify ourobservationbasedonthefollowingargument.
Sinceahigherinterferencecoef�cient representsalowerSINR,
the symbolerror rate increasesanda smallernumberof links
cansatisfytheconnectivity criterion.

Fig. 3 shows the effects of variationsin the connectivity
threshold

F
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on thenormalizedsizeof the largestconnected
cluster, i.e., the minimum symbolerror raterequiredfor con-
nectivity. Reviewing thecurve, we observe that tighteningthe
connectivity thresholdwhile keepingall otherparameters�x ed
will decreaseconnectivity. This is expected,becauseapplying
a tighterthresholdallows for a lowernumberof links to satisfy
theconnectivity criterion.

Fig. 4 and5 show the effectsof variationsof nodedensity
onconnectivity for two differentchoicesof theinterferenceco-
ef�cient � . Interestingly, theeffectsof nodedensityvariations
impactconnectivity in conjunctionwith the interferencecoef-
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�cient � . As it canbe seenin Fig. 4, increasingnodedensity
with a large interferencecoef�cient � will lead to a decrease
in theconnectivity pro�le. On thecontrary, Fig. 5 shows that
increasingnodedensityin conjunctionwith a smallvalueof � ,
improvestheconnectivity pro�le. This resultis in agreement
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with thework of [6], wherein theform of a theorem,thepossi-
bility of percolationfor in�nite networkswasexplainedunder
differentinterferencepro�les. Thereasonbehindtheseconsis-
tentobservationsis thatanincreasein nodedensitywill impact
the effectsof two contradictingfactors. Whennodesbecome
closer, the distancebetweenneighboringnodeswill decrease
which leadsto a lowerpathlossandhigherreceivedpower. On
the other hand,a decreasein distanceor an increasein node
densitywill increasetheamountof interferencecausedby in-
terfering nodes. The choiceof dominantfactoramongthese
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Fig. 5. The drawing of the normalizedsizeof the largestconnectedcluster
versusthe numberof nodeswith connectivity thresholdof � �����  1e-6and

�+ 1e-5.For thischoiceof � , connectivity improveswith increasingthenum-
berof nodesin thenetwork.

two will thendependon the interferencecoef�cient � . As it is
shown in Fig. 4, for the caseof �

'

kml k5k•h

the secondfactor
wasdominantandtheconnectivity keptdecreasingwith thein-
creaseof nodedensity. Howeverfor thecaseof �

'

h

€

Î

n

, the
�rst factoris dominantandan increasein nodedensityresults
in anincreasein thesizeof thelargestconnectedcluster.

IV. CONCLUSION

In this paperwe investigatedtheeffectsof variationsof the
physicallayer parameterson the connectivity of fadingwire-
lessad-hocnetworks. We assumeda pair of nodesare con-
nectedif their bi-directionalmeasureof connectivity, i.e., their
ergodic symbol error rate falls below a given threshold. We
focusedonasetof experimentspertainingto thefollowing fac-
tors. First, we lookedat the effectsof variationsof nodeden-
sity in a �x ed �nite area. Second,we studiedthe effects of
interferencecoef�cient or the portion of power an interfering
nodecontributesto otherlinks. Finally, we studiedtheeffects
of changingthethresholdof link quality for connectedness.For
eachparameter, wealsoprovidedanintuitiveexplanationof the
phenomenonoccurringin our experiments.Our experimenta-
tion resultsshowedthat(1) dependingon thevalueof interfer-
encecoef�cient, an increasein the nodedensitymay increase
or decreaseconnectivity, and(2) increasingtheinterferenceco-
ef�cient andthethresholdof link qualitywill decreaseconnec-
tivity.
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