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Abstract—In this paper we investigate new features of
futur e generation networks, where the availability of several
differ ent accesgechnique is integrated by meansof common
radio resouice managementinterfaces and, at the sametime,
information about the mobility context and the physical
proximity of some nodes is exploited. In particular, we
advocate to utilize this knowledgein order to create routing
groups of adjacent nodes,which might be bene cial in order
to improve connectvity, decrease signalling overhead and
increasetransmission ef ciency. An analytical framework is
proposed,which allows the performance evaluation of device
aggregation algorithms, by measuring several connectiity
metrics (routing hierarchy, amount of information to be
exchanged.energy consumption)under the caseswhere either
routing groups are established or not. In this way, many
detailed insights for the network connectvity performance
are obtained, which can be adaptedto any context due to the
analytical formulation. Therefore, it might be useful for the
evaluation of the grouping effectivenessand its application to
real cases.

I. INTRODUCTION

Multiple radio multiple accessscenarioss a key issue
for currentand future generationwireless networks. The
tremendousadvancementsachieved in the last few years
in the wirelesstechnologyworld have madeit possibleto
integratedifferentradiosin singleportabledevices,thereby
openingup nev marketing opportunitiesas well as new
technologicalsolutions. Clearly, thesenew systemspose
newv challengesfor both network operatorsand protocol
designerswhosegoal is now to provide ef cient mecha-
nismsto let suchcomplex networks cooperateand possibly
promotedevice aggreyation (and resourceglistribution) in
anefcient manneysoasto take advantageof the diversity
introducedby the presenceof multiple radio interfaces[1]
(“technology diversity”). These topics are currently the
objectof internationalprojects Amongothers,we cite here
the EuropeanAmbient Network project[2]. For instance,
a possiblechallengeto be solved is representecby the
problemof connectingevery userwith the “best” in range
technologyat every time. In fact, the presenceof multiple
technologieshas the potentialto allow for an increased
performance.For instance,in the presenceof multiple

Correspondingauthor e-mail: mrossi@ing.unife.it.” Departmentof
Engineering,University of Ferrara,via Saragatl, 44100 Ferrara,ltaly.
YDepartmentof Information Engineering, University of Padoa, via
Gradenigo6B, 35131 Padora, Italy. ?ConsorzioFerraraRicerche(CFR),
via Saragatl, 44100Ferrara,ltaly.

Z Paolo Giacorf, Michele Zorz?

accesstechnologiesthe systemcoverage,and hencethe
terminal reachability may be extendedwith respectto the
single technologycase.Furthermore devices may decide,
in either a coordinatedor completelyuncoordinatedash-
ion, to switch to less congestedsystems therebyachies-
ing load balancingwith a subsequenbenet in terms
of perceved performanceand overall network utilization.
However, theseare just examplesof the mary issuesthat
have to be solved in such a kind of networks. In this
paper we focus on the reachabilityissue,where we are
interestedn understandingvhetherit is worth to perform
logical device aggreation(or “grouping”). Many grouping
approachebave beenproposedn theliteraturesofar [3]—
[5], wherethe clusteringof network devices was usedto
improve routing as well as MAC [6]. However, all these
contributionsfocusedon a single technologyervironment.
Our study hereis considerablydifferentas we add a new
and important dimensionto the device aggreation. In
fact, we allow different technologiesto coexist at both
accesspoints (APs) and devices. Our study strives from
the practical obsenation that mobile usersoften tend to
move in aggreation,i.e., accordingto the so calledgroup
mobility behaviors [7]. Examplesof group mobility might
be found in our daily life, e.g.,in a group of peoplein
the samevehicle (car, shuttle, train, etc.) or pursuinga
commontask within the samegeographicalarea (rescue
squadsgroupsof touristsmoving within a museumetc.).
In these cases,it might be bene cial for the usersto
perform logical device aggreation and elect leadersin
chageof coordinatingthe transmissionsvithin eachgroup.
Grouping,in somecasesmay increaseef ciency aswell
asreachabilityof the terminals.For instancethe ef ciency
may be increasedas the transmissionsithin every group
may be handled locally by the group leader thereby
allowing for moreef cient forwardingstratejies.Our goal
hereis to derive an analytical model in orderto capture
the essentiapropertiesof sucha kind of network in order
to assesshe possiblebene ts of device aggreyation. The
remainderof this paperis organizedas follows. First of
all, in Sectionlll we presentthe modelsthat we propose
to representphysical/transmissioraspectssuch as user
positions,radio interface distributions, propagationmodel
and transmissionpowers. In SectionlV, we characterize
the routing group (RG) size as a function of various
systemparametersSuch a characterizatioris pivotal for



all the following analytical derivations.In SectionV, we

briey describehow algorithmsfor routing group operate
and we subsequentlynd the averageenegy spentfor

maintaining RG structures.In Section VI, we focus on

the analysisof the enegy requiredto transmitto all users
in the network with and without grouping. Basedon our

analytical framework, in Section VIl we presentsome
resultsthat highlight the worthinessof groupingusersin

termsof improved reachabilityof the terminals.Finally, in

SectionVIIl we reportthe conclusionsof our work.

Il. HETEROGENEOUS NETWORKS AND ROUTING
GROUPS

In this work, we addressheterogeneousetworks where
usersand accesspoints (APs) possesanultiple radio in-
terfacesand operatewithin the samegeographicabrea.ln
suchan ervironment,it might be bene cial to join all or
partof the usersin whatwe refer hereto asrouting groups
(RGs). This logical groupingis performedwith the aim
of taking advantageof the users' physical proximity and
possibly of similar mobility patternsin orderto improve
the ef ciency in transmittingdataand/orhandlingnetwork
relatedproceduresuchasthe handwer betweendifferent
APs. As an example, multiple usersmoving togetherand
handingover at the sametime betweenthe samepair of
accesgpoints may be joined in a routing group so that a
singlemessagéto the RG leader)needgo be exchangedo
successfullyaccomplishto the handwer procedurejnstead
of using one dedicatedchannel(an unicastmessagefor
every user This is, in general,true every time the infor-
mation can be sharedamongusers,that is, for all appli-
cationswhere a sort of multicastmessagings inherently
supportedIn other caseswe may join usersaccordingto
their accesstechnologiesand “cluster” them to increase
the transmissioref ciency. Think again,for instanceto a
vehicle occupiedby several passengersyhich henceforth
move with a similar pattern.In sucha case,it could be
efcient to electa RG leadere.g.,the on-boardmultimedia
system,andtransmitthe informationrelatedto, e.g.,close
tourist attractions,route information, tv programs,to all
usersin the vehiclein a multicastfashion.ln sucha case,
theRG leademwill retrieve thewantedinformationfrom the
externalnetwork throughdedicatedaccesgpointsandthen,
theinformationcould be moreef ciently distributedto the
RG membersby exploiting their physical proximity. This
simpleexampleillustratesthe opportunitiesandadvantages
offeredby a groupingof network entitieswhenthey exhibit
a group mobility behavior.

In this work, insteadof deriving speci ¢ algorithmsfor
handlingand creatingRGs, we focus on the effectiveness
of the grouping principle as a function of the node and
RG leadersdensitiesand of the numberandtype of radio
interfacesowned by the users.In particular our aim is to
quantify such bene ts and weigh them againstthe costs
incurredin creatingand maintainingRG structures.

I1l. SYSTEM MODEL

We consideran heterogeneousetwork wherea number
of accesspoints (APs) and a number of users coexists.
Both APs and userssupporta number of different ra-
dio technologieswhich can be describedby the indices

numbersandsortedaccordingto the requiredtransmission
enegies. Thatis, E*  E iff i < j. Accordingly, we
de ne threevectorsE™ = fE¥;EY;:::;Elfg, E™* =

theenepiesrequiredto transmitandreceie a singlebit and
the maximum transmissionrangesfor every technology
respectrely. Not all nodesoffer all radio interfacesand,
in general, the available interfaces may differ between
differentnodes.Here, we assumehat a genericnode has
an interface of type j with a given probability p; and
that interfacesare assignedndependentlyto eachuserin
the network. For the topology we considerthat usersare
independentiyplacedaccordingto a planarPoissorprocess
of intensity [8], i.e., the averagenumberof userswithin
an area A is given by A, whereasthe probability to
have exactly n nodesin this areais derivedasP (n; A) =
(( A)"=nl)exp( A).

At the physical layer, every transceier device has a
given recever sensitvity ; which dependson the con-

paclets are correctly decodedwhen the receved power
is above the respectie technology-dependergensitvity
threshold.According to the analysispresentedn [9], the
propagatioriossL (d) (in decibel)at a distanced is given
by L(d) = Ko+ KiInd + s, where Ky and K, are
proper constantswhile s is a shadeving samplewhich
is assumedo be log-normally distributed with zero mean
and standarddeviation sphaq . Thus, the receved power
(decibel) at the genericinterface j of a given node is
Prxj (d) = Py;  L(d), whered is the distancebetween
the source(S) and the nodeitself and Py is the power
usedby S to transmit. We say that a paclet transmitted
with technologyj is correctly receved if Pry; (d)

j . Obsere that, as the channelattenuationis modeled
accountingfor a log-normal shadeving contrikution, the
receved power (and hencethe correctnessof a paclet
transmission)as a function of the distanceis a random
variable dependingon the shadeving pdf. Now, if we
refer to a probabilistic thresholdp. 2 (0;1), we can
de ne the maximumtransmissionrange rj for a given

dmaxj for which the relation Prolf Py (d) ig= Pc
holds. Then, we cansetr; = dmax; by observingthat
rj is conditionedon the quality of service (QoS) level
capturedby the probability p.. Hence, by repeatingthe
above reasoningsfor every technology it is possibleto
derive the maximum transmissionrangesvector r as a
function of the transmissionpower levels Py and of
the radio sensitvities ;, wherer is conditionedon the
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Fig. 1. Consideredhetwork architecture.

minimum QoS guaranteq, as explainedabove. That is,
giventhe QoSrequirementsye canalwaysgetto arelated
vectorof maximumtransmissiordistancesThe analytical
formulationthatwe presenin the sequelwill make adirect
useof the vectorr by, for the sale of simplicity, omitting
this last passagebut by bearingin mind hov maximum
rangesare actually derived.

Given the network topology and the radio interface
models,we caneasily nd the density ; of nodeswith
aninterfaceof typej. Formally

P 1 P n :

= n=0 P(n,A) k=0 kPJ (kJn) — (l)

i= A = b

whereA 2 *, P (kjn) = popk@ p)" k. Of course,
le j may alsobe largerthan .

In Fig. 1, we report an illustrative example of the
considerednetwork architecture.Both nodesand access
points (APs) are randomly placed accordingto a planar
Poissordistribution, asintroducedabove. APsareassumed
to possesall the available technologiesand are therefore
ableto communicatewith every in rangedevice. Network
devices are classi ed in two different categories: regular
devices (referredto as Device in the gure) and routing
group leaders(referredto as RG leades). RG leadersare
also assumedto have all technologies,whereasregular
devicesown technologyj 2 f1;2;:::;Jg with probability
pj . As reportedin the gure, we accountfor two different
communicationparadigms:in the rst case (e.g. AP3)
nodescommunicatalirectly with the closestAP, whereasn
thesecondcase(e.g.AP2in the gure) nodescommunicate
with their RG leaderwhich actsasa relay nodefor every
device in its routing group (RG). The aim of the following
analysisis to comparethesetwo possibilitiesin terms of
enegy consumptionaswell asnetwork connectvity.

IV. CALCULATION OF THE AVERAGE ROUTING GROUP
SI1ZE AND NUMBER OF MEMBERS

In this sectionwe characterizethe RG structure, by
analyzingthe RG geographicalextensionand number of
nodes.Theseresultswill be usedin the following sections
for the calculationof the averageenengy requiredto deliver
datawhenRGsstructuresrein place.We considethatRG
leadersare uniformly distributed within the network and
thatevery nodeis electedasaleademwith a probability p.p
which is the samefor all nodeq9]. We notethatdepending
on the speci ¢ RG schemeat play, the averageRG size
may vary, asfor standarcclusteringapproache§l0], [11].
Hence,we can choosep.p to re ect, in a very simple
manney the averagesize of the formed RGs and henceto
accountfor the speci ¢ RG formation algorithm at play.
For what concernsthe node positioning,we still consider
all devices (standardnodesand RG leaders)to be placed
accordingto a planarPoissondistribution. Now, we focus
on a given nodeand we assumehat the nodewas elected
as a RG leader Then, starting from this leader we seek
for the 1st, 2nd, : : :, nth device surroundingit, wherethe
1st nodeis the closestto the leader the 2nd is the second

therandompositionsof thesen nodesThejoint probability
of thesepositionswas rst derivedin [12] andis given by

Pn(di;dp;:::;dn) = (2 )'e di d;dd; drdd,  d,dd,
(2)
where = and O d; do d,. The

absoluteprobability thatthe nth nearesneighboris distant
dn from the RG leaderis obtainedby integrating Eq. (2)
with respecto d; from 0 to d;, with respecto d, from 0
to ds, :::, with respectto d, 1 from 0 to d,, andis given
by

2 ng digen 1
2" “rdit © 3)

(n 1)

Moreover, the probability that the closestieaderis the nth
nearesinodeis given by

P1(dn) =

P (noden is the closestleadej = (1 pwp )" pip : (4)

Thejoint pdf thatthe n-th closestnodeis the closestieader
and its position is d, is then given by the product of
Egs.(2) and(3) asfollows"

2 Na dﬁdﬁn 1(1 po )" lpLD

Pfnth is leaderd,g =

(n 1)
®)
The mamginal pdf Pfd, g is thereforefound as
Pfd,g = Pfnth is leaderdng
n=1
s n
= = (6)
by (M D)

LIn fact, we assumeherethat leadersare electedindependentlyf their
geographicapositions.
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Now, the averageclosestdistancebetweentwo leaderscan
be computedby
z 1
o 2 1

E[d,]= 2 x°e dx = -p——

0 2" P

where = pp . From this result,we can calculatethe

averagerange(frg ) andthe averagearea(Arg ) covered

by a RG, as E[d,]=2 and Arc = T3g, respectiely.
Therefore 1

4 PLp

(8)

(9)

TrRG

V. RG FORMATION ALGORITHMS AND RELATED
ENERGY CONSUMPTION

Routinggroups(RGs)canbe usuallyformedexploiting a
distributedapproachThatis, userscooperateandexchange
data in order to gain information about their physical
proximity and,at the sametime, to measuraghe worthiness
of groupingwith othernetwork entities. This involvesthe
periodical exchangeof the so called HELLO messages
betweenmobile nodes.In eachHELLO, ary given node
can include the list of its “stable neighbors”, that can
be seenas the list of nodesthat have beenin its close
proximity for a long enoughperiod of time [13]. Specic
algorithms for the creation of RG structuresare not in
the scopeof the presentpaper However, it is easyto
understandhat if movementsare correlated,stablenodes
are likely to remain in close proximity of the sending
device and are thereforegood candidateso be grouped
with it. We further assumethat a leaderis electedwithin
eachRG; this device hasthe specialrole of handlingthe
datatraf c soasto optimizethetransmissiorandtheaccess
to the channelof the RG members.This can be seen,as
in standarctlusteringalgorithmsfor ad hoc networks[11],
as a way to partially centralizethe transmissioncontrol
therebyenhancinghe performanceWe assumehat every
interfacej 2 f1;2;:::;Jg sendsHELLO messagesvith
an interface-speci cperiod T; and we referto by asthe
number of bits composingHELLO paclets sent by an
interface of type j. Moreover, we considerthat all Tjs
are multiple of a referencetime period T such that

n'= — (10)

is the numberof HELLOs sentby the j -th interfacein a
time periodequalto  T. Accordingto the above model
and assumptionsthe enegy spentto maintain the RG
structuresover anareaA in atime periodof T seconds
can be derived accordingto Eq. (11) on the top of this
page,where"; is the meannumberof nodesreceving the
HELLO messagesentby a given sendingnode and using
interfacej . Here,we reasonablyassumehattheseHELLO
paclets are only decodedby the node neighborswhose
distanceis lessthanor equalto Frg , i.€., in the worstcase
RG related information spansover two adjoining RGs?
The enegy spentper unit of areaandtime to createand
maintainRG structuress thereforederived as
_Erc(A; T)
RET AT

We obsene that this calculationholds for uniform node
and radio interface distributions and for a generic RG
groupingalgorithmswhereRGsareformedandmaintained
in a distributed mannerthanksto periodic exchangesof
neighborsinformation.Moreover, Eq. (11) is relatedto the
maintenanc@hasewhereagheinitial transientdiscovery)
phasewhich couldbereasonablcharacterizedby a higher
enegy consumptionis neglectedasit doesnot contrilbute
to the steady-statenegy metric.

In the following sections,we considerthe unicastdata
transmissiorcaseby focusingon both the scenariosvhere
RGsarein placeandthe onewhereno RGsareaccounted
for. Obsere that, in the former case unicast ows are
routed rst from the closestAP to the RG leader(AP
RG leade) and then optimally and locally distributed to
theRGmembergRG leader RG members In thelatter
scenarigdno RGs),insteadunicast o ws aretransmittedli-
rectly by the APsto every device in the network. SeeFig. 1
for an exampleof the two above caseswherethe former
is illustratedby AP3, whereasthe latter is representedy
the transmissiororiginatedfrom AP2, respectiely.

2Devices may decide, based on the RG membershipinformation
containedinto the HELLO paclet header whetherthey should decode
or ignore the paclet (therebysaiing enegy). This mechanismcould be

implementedthrough specialheadertagsas done, e.g., in the Bluetooth
system[14] to discriminatepaclets belongingto differentpiconets.

(12)



Fig. 2. lllustration of the AP coveragecapabilitiesand their relationto
the radio technologiegransmissiorranges.

VI. ENERGY CONSUMPTION FOR THE DELIVERY OF
UNICAST DATA

In this sectionwe considerthe delivery of unicasttrafc

to a set of userssurroundinga given AP. Moreover, we
considettheworstcasewhereeachuserrequiregheunicast
ow andall ows have the samebit-rate B;. Thesetwo
assumptionsan be seenas the situationwhereall nodes
in the network are active and the commonbit-rate canbe
roughly interpretedas the averagetransmissiorrate deliv-
eredto the endusers.The aim of the following analysisis
to characterize¢he enegy spentper unit of areaandtime
in transmittingthese o ws to all usersin the network. We
further considerthat accesspoints are placed according
to a uniform distribution with density ap and that are
equippedwith all the technologiesgpresentin the network.
The a/eragedi?}ancebetweentwo APs is thereforegiven
by dap = 1=(2" “ap ) (Eq. (8) with p.p = 1). Hence,on
averageeachAP is in chage of deliveringdatato all users
placedwithin a circle of radiustap = dap =2. To help
understandinghe following analysis,in Fig. 2 we report
a schemedepicting two neighboring APs and the radio
technologiesransmissiorranges(vector r) in a scenario
with J = 4 differentradiotechnologies’ As clearly shavn
in the gure, on averageeach AP only needsto sene
the areacoveredby technologyi for which r; 1 < Fap
(ro = 0). For instance,in Fig. 2 region 3 is the last one
that needsto be consideredyy a given AP to cover all its
users;in fact,rz > rap . We referto the numberassociated
with thelastregionasl  J. More precisely transmission

ranges;,i 2 f1;2;:::;1gform| circularanulii with area
Ai = [min(ri;Tap )? min(r; 1;Tap )?]withro = Oand
i 2 f1;2;:::;1g. Thedensityof nodeswith technologyj is

still givenby ; asderivedin Eq. (1). The averagenumber
of usersthat have to be reachedin region i, mj, is found

3The 4th technologyis not shavn in the gure but we assumeo have
rqa>r3.

accordingto

rz ;] i=Jandri<Tap

=2
- [Fap
i otherwise

n = A, (13)
wherethe rst line in the above equationaccountdor the
casewhere technologyJ can not completely cover the
servingareaassignedo the AP (thatisrj < rap ). If this
occurs,partof the AP servingarea( [F3  rZ]) remains
uncovered and the total numberof userto be sened in
regioni = J (N3) is actually higher than the numberof
usersreachablewith the highestrank technologyJ.

A. Casewithout RGs

The aim of this sectionis to compute the average
enepgy requiredto deliver the unicast ows to all users
sened by a given AP. We start with region 1, where
users are reachablewith every technology (r; ro,

hasa completeknowledgeregardingthe usersto be sened
and can therefore optimize its transmissionenepgies as
follows. First of all, the AP senesall usersin A; having

technologyl, henceniq = 1A usersare sened (on

average) rst by exploiting n1.1 unicastchannels where
we referto Mj; asthe averagenumberof userssened in

region i by technologyj (whoseregionis Aj). For what
concernstechnology?, the AP on averageneedsto sene
N2.1 = min(Nyf2 andno 1g;n;  My.1) usersin region 1,

wherem; f 2 andno 1g is the averagenumberof usersin

region 1 thathave technology? but do not have technology
1, whereadn; is thetotal numberof usersin region 1. The
probability of having k usersover n  k with interfaces
lis

found as

. n
Pfj andno 1;2;::1 1g(kJn)= k (p])k(l ﬁj)n k (14)

wherep; = p [ernzll (1 pm)], andp; is the probability
for a generic user of having interface of type j. The
j 1gin
> 1 and without interfaces
1 is thereforefound by averaging

1g over n, accountingfor the

Poissondistribution andthe areaA ;. Hence
19= piA; (15)

In general, the quantities mj; are obtained according
to Eq. (16) on the top of the next page,wherei 2

expenditureper unit areaandtime is thereforefound as

P I P J N (Etx + ErX)BU
= i= i=i i i i
EuNi norc = = A A ! ! a7
AP
where App = T,ip is the area sened, on average,

by a single AP. Besidesthe enegy expenditure,another
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Fig. 3. Diagramfor the calculationof the enegy spentin transmitting
unicasttrafc in the RG case.

interesting performancemetric to look at is the average
numberof uncovered users.Theseare usersthat do not
own all interfacesand that are not reachableby ary AP;
their averagenumberny, is promptly obtainedas

X X X

Ny = n;j Ni;j
i=1 i=1 j=i

(18)

where n; are derived using Eq. (13) and thereforealso
accountfor completelyuncoveredregions (when present).
Thenumberof uncoveredusersperunit areais nally given
by Nu=Aap .

B. Casewith RGs

In this section we consider the scenariowhere the
unicasttrafc hasto be delivered to all usersthrough
dedicatedchanneland RGs structuresare presentin the
network. In this case,insteadof directly transmittingthe
datatraf c to the enduserswe rely on the presencef RG
leadersAs above, we considera downlink transmissiorfor
eachdata ow, whereall ows are assumedo have the
samebit-rate By and one data o w hasto be delivered
to eachuser The diagram for this caseis depictedin
Fig. 3, wherewe reportan example scenariowith J =
radio interfaces.Accordingto the analysisin the previous
section,we characterizeéhe AP coverageradiusby means
of Fap , Whereaghe RG areacovered(sened) by the RG
leaderis modeledthroughtre (EQ. (9)). In this case,the
unicast ows are rst transmittedto the RG leaderand
thenoptimally deliveredfrom hereto the nodesin the RG

=
«Q
=
—

j<i

j iandj=1 (16)

Ll
=
=

j iandj>1

coveragearea.As a working assumptionwe assumethat
RG leadershave all technologiesin practicalRG schemes
it is, in fact, reasonablgo pick RG leadersamongthe
more capabledevices. As above, we subdvide the RG
areainto | regions (in Fig. 3, | = 3) and we calculate
}ge avg;agenumberof reachablausersin a RG ashgg =

i Mij , where the quantitiesn;; are evaluated
from theanalysmllustratedm SectionVI-A by substituting
Fap With Tre (SeeEq.(9)). Similarly, the averagenumber
of uncoveredusersper unit areais evaluatedasn,=Agg ,
whereArg = T3 andny is obtainedasin Eq. (18). In
the RG casethe transmissiortakes placein two different
phases,where the rst one consistsof the transmission
from the APs to the RG leaders(AP  RG leade} and
the secondone of the transmissiorfrom the RG leadersto
the RG memberqRG leader RG member}. Moreover,
the secondphasecan be seenas a specializationof the
algorithm presentedn SectionVI-A where the RG size
(Tra ) is usedinsteadof the AP coveragearea(fap ). We

refer to this enegy contribtution as Ef,b?\, |:rG - FOr what
concernghe rst enegy contritution (AP RG leadey,
we reasonablyassumethat RG sizesare smallerthanthe
AP coveragearea,i.e., thatr3;  T4p . In sucha caseit
is reasonablé¢o considerthe distancebetweenAPsandRG
leadersas uniformly distributed in [O;Tap ] and evaluate
the enegy consumeder unit time in transmittingto a RG
leaderas E(Ua,zl I'RG — Nrc BUgAp rRG , WherenNgg is
the averagenumberof reachablaiserswithin a RG, By is
the bandwidthfor the unicasttrafc andEp g is the
averageenepgy spentto transmitone bit from the AP to
the RG leader

Z

min (Tap iry)

Eap RrG = —— E(x) dx (19)
0 F'ap
wherethemin( ) accountdor thefactthatwhenr; < Tap
the AP servingarea(fap ) cannot be completelycovered
by the accesspoint (rj) and thereforethe farthestRG
leaderreachabléyy the AP is placedmin(Tap ;r;) meters
apartfrom the AP; E(x) is a mappinggiving the minimum
enepgy thatcanbe usedto communicatevith a nodeplaced
X metersapart

xg (20)

E(x) = lminjf(Ejtx + E[*) suchthatr;

j
where E(x) is the minimum transmissionenegy that can
be used to reach a node at distance x. The average
transmissionenegy per unit area and time is therefore
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found as

—=(a) =(b)
Eunire t Eunire

Arc

EuniRre = (21)

VII. RESULTS

In this sectionwe reportsomeresultsfor a network case
study with J = 3 technologieswhere E>* = f1;2;4g,
E'* = f1=2;3=4; 29, r = f10; 100 200y, wheretransmis-
sionandreceptionenegiesareall normalizedwith respect
to E¥, i.e., the transmissiorenegy per bit of the lowest
rank technology whereastransmissiorrangesr; s are ex-
pressedn meters.For what concernghe RG maintenance
phaseweassume T=1s, 1=1, ,=2and 3=4
secondsFor the AP density we assume ap = 10 > m ?
which gives an averageinter-AP distanceof dap 158
m. We assumethat the length of all HELLO messages$s
30 bytes.Finally, we considerthe following probabilistic
distribution of interfacesamongusersp; = 3=4, p, = 3=4,
ps = 1=2. Given theseparametersye study the impact
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Fig. 6. Averagenumberof uncovered usersas a function of the node

density .

of the node density and of the RG leader probability
po - In Fig. 4, we reportrgg andrap (dap =2 79
m) as a function of  for the above parametersand
consideringprg = 0:01. rap remainsconstantas ap is
left unchanged)whereas rc decreasewith anincreasing

. At = 0:001 the two coverageradii becomeequal
and the density of RG leadersequals ap . In Fig. 6, we
focusonthetotal (transmission/reception/R@aintenance)
enepgy expenditureperunit areaandtime with andwithout
RGs. For comparison,we also report the enegy spent
(unit of areaand time) to maintain RG structuresas a
function of . This enegy contritution is presentwhen
RGs are consideredjncreaseswith  andis signi cantly
lower thanthe enegy neededo transmitto the end users.
It shall be obsenred that this term also highly dependson
the vectorE'* andon the HELLO messagesansmission
periods. Furthey as ! 1 its contribution is no more
negligible. Therefore all RG maintenanc@arametersnust
be carefully consideredfor moderateto high densitiesas
their impact on the overall enegy balanceis relevant.
Besidesthe RG maintenancephase,we obsene that the
total enegy expenditureis higherin the RG caseandthis
is substantiallydue to the fact that the RG leader acts
as a relay by rst receving the datafrom the APs and
then re-transmittingto the RG members.This, from the
enegy point of view is trivially inefcient and, for this
reason)eadsto a higherenegy expenditure Nevertheless,
we notethatthe situationmay be reversedin the multicast
trafc caseor whenthe informationto be deliveredto the
RG memberby its own naturecanbe meigedin a single
or a reducednumberof multicastchannels.f this case,
groupingandhencerelayingpacletsis expectedto leadto
considerabldene tsin termsof enegy. Thistopicis object
of our future researchandis not quantitatvely addressed
here.

In Fig. 6, we reportthe averagenumberof unconnected
usersperunit area.Thesearethe usersthat, on averageand



for the givensystemparameters;annot be reachedy ary
technologyandarethereforedisconnectedn the gure we
reportthreecasewherethe rst oneis for the casewithout
RGs,whereaghe remainingtwo curvesarefor the RG case
with pp 2 f0:01; 0:05g. Fromthis gure it is interesting
to obsenethatRGsandhencethelocalizedpresencef RG
leaderqor coordinating/relayentities)areactuallygoodfor
extendingthe coverageby thereforesubstantiallyreducing
the probability for a device to be disconnectedin general,
the higherp.p the higherthe bene ts are. We also note
that thereis a thresholdvalue of = for which each
of the two curvesin the RG casereachesa minimum.
This densityvalue correspondso the coverageranger gg
for which RGs spanover a single region (I = 1) and
henceall userswithin a RG are reachableif they have
at least one interface. Obsere that  dependson both

andpp as rec = P . For > | the average
numberof unconnectedisersstill increasewith the node
density becausesomeusersmight not have ary interface
(this occurswith probability (1  p1)(T  p2)(I  p3))
andtheseusersare the only reasonfor the oor after .
In conclusion,when rc < ap (whenpp = 0:01,

< 0:001) the RG approacHeadsto both a higherenegy
consumptiorandto a highernumberof unconnectedisers.
Hence,RGs shall not be activatedin sucha case.On the
otherhand,for grg ap RGsintroduce(in the unicast
case)a higher enegy consumptionbut provide a higher
connectity that,for reasonablealuesof , canexceedthe
connectvity of the normaloperationaimode(AP  users)
by more than one order of magnitude.Finally, it shall
be obsened that for a given further increasing grg
doesnot lead to ary advantagein terms of connectvity
asthe differencewith respectto the no RG casebecomes
constant(after  the two curves with and without RGs
becomeparallel). This meansthat, the choice rg = ap
is optimal in the sensethat further increasing rg, and
henceincreasingeither or pp , doesnot lead to ary
improvementn termsof differencein theperformancevith
respecto the no RG case,whereasdecreasingt will lead
to asmallerdifference Also, since  is reachedissoonas
all userdn aRG arecoveredby all tecr;mologlesglven PLb
andrq, is foundas = 1—(4r PLD )2 In fact, for
pip = 0:01andr; = 10m, = 0:0625 in accordance
with the resultsin Fig. 6.

VIII.

In this paperwe focusedon next generationwireless
network scenariosvhereboth usersandaccesgointsown
multiple radiotechnologiesindcanthereforecommunicate
exploiting radio technologydiversity. In this contet, we
introducedthe conceptof routing group (RG) formationas
a tool to logically memge usersin close proximity and/or
moving togetherGiventhe RG conceptwe rst formulated
an analytical framavork in order to model the multi-
radio scenario,by consideringuniform and randomuser

CONCLUSIONS AND FUTURE WORK

placementand a probabilistic radio interface assignment.
Subsequentlywe investigatedhe effectivenesof the user
aggregation (RG) approachin termsof connectvity, that
we expressechereasthe densityof unconnectedisers We
foundthat,underreasonablassumptionghe RG approach
hasthe potential of increasingthe connectvity metric of
morethanone order of magnitudeIn our future research,
we will extend our analyticalframeavork to more comple
scenariosby alsoaccountingfor the multicasttraf c case.
Also, connectiorwith moreelaboratemobility patternswill
be sought.
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