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Abstract— In this paper we investigate new features of
futur e generation networks, where the availability of several
differ ent accesstechnique is integrated by meansof common
radio resource 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 knowledge in order to create routing
groups of adjacent nodes,which might be bene�cial in order
to impr ove connectivity, decrease signalling overhead and
increasetransmission ef�ciency. An analytical framework is
proposed,which allows the performance evaluation of device
aggregation algorithms, by measuring several connectivity
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 connectivity performance
are obtained, which can be adapted to 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 accessscenariosis a key issue
for current and future generationwirelessnetworks. The
tremendousadvancementsachieved in the last few years
in the wirelesstechnologyworld have madeit possibleto
integratedifferentradiosin singleportabledevices,thereby
openingup new marketing opportunitiesas well as new
technologicalsolutions.Clearly, thesenew systemspose
new challengesfor both network operatorsand protocol
designerswhosegoal is now to provide ef�cient mecha-
nismsto let suchcomplex networkscooperateandpossibly
promotedevice aggregation(andresourcesdistribution) in
anef�cient manner, soasto take advantageof thediversity
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 representedby the
problemof connectingevery userwith the “best” in range
technology, at every time. In fact, the presenceof multiple
technologieshas the potential to allow for an increased
performance.For instance,in the presenceof multiple
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accesstechnologiesthe systemcoverage,and hencethe
terminal reachability, may be extendedwith respectto the
single technologycase.Furthermore,devices may decide,
in either a coordinatedor completelyuncoordinatedfash-
ion, to switch to lesscongestedsystems,therebyachiev-
ing load balancing with a subsequentbene�t in terms
of perceived performanceand overall network utilization.
However, theseare just examplesof the many issuesthat
have to be solved in such a kind of networks. In this
paper, we focus on the reachability issue,where we are
interestedin understandingwhetherit is worth to perform
logical device aggregation(or “grouping”). Many grouping
approacheshave beenproposedin the literatureso far [3]–
[5], where the clusteringof network devices was usedto
improve routing as well as MAC [6]. However, all these
contributionsfocusedon a singletechnologyenvironment.
Our study hereis considerablydifferentas we add a new
and important dimension to the device aggregation. In
fact, we allow different technologiesto coexist at both
accesspoints (APs) and devices. Our study strives from
the practical observation that mobile usersoften tend to
move in aggregation,i.e., accordingto the so calledgroup
mobility behaviors [7]. Examplesof groupmobility might
be found in our daily life, e.g., in a group of peoplein
the samevehicle (car, shuttle, train, etc.) or pursuing a
commontask within the samegeographicalarea(rescue
squads,groupsof touristsmoving within a museum,etc.).
In these cases,it might be bene�cial for the users to
perform logical device aggregation and elect leadersin
chargeof coordinatingthetransmissionswithin eachgroup.
Grouping,in somecases,may increaseef�ciency as well
asreachabilityof theterminals.For instance,theef�ciency
may be increasedas the transmissionswithin every group
may be handled locally by the group leader, thereby
allowing for moreef�cient forwardingstrategies.Our goal
here is to derive an analytical model in order to capture
the essentialpropertiesof sucha kind of network in order
to assessthe possiblebene�ts of device aggregation.The
remainderof this paper is organizedas follows. First of
all, in SectionIII we presentthe modelsthat we propose
to representphysical/transmissionaspectssuch as user
positions,radio interfacedistributions,propagationmodel
and transmissionpowers. In SectionIV, we characterize
the routing group (RG) size as a function of various
systemparameters.Such a characterizationis pivotal for



all the following analyticalderivations.In SectionV, we
brie�y describehow algorithmsfor routing group operate
and we subsequently�nd the averageenergy spent for
maintaining RG structures.In Section VI, we focus on
the analysisof the energy requiredto transmitto all users
in the network with and without grouping.Basedon our
analytical framework, in Section VII we presentsome
resultsthat highlight the worthinessof groupingusersin
termsof improvedreachabilityof the terminals.Finally, in
SectionVIII we report the conclusionsof our work.

I I . HETEROGENEOUS NETWORKS AND ROUTING
GROUPS

In this work, we addressheterogeneousnetworks where
usersand accesspoints (APs) possessmultiple radio in-
terfacesandoperatewithin the samegeographicalarea.In
suchan environment,it might be bene�cial to join all or
partof theusersin whatwe referhereto asroutinggroups
(RGs). This logical grouping is performedwith the aim
of taking advantageof the users' physicalproximity and
possibly of similar mobility patternsin order to improve
theef�ciency in transmittingdataand/orhandlingnetwork
relatedproceduressuchas the handover betweendifferent
APs. As an example,multiple usersmoving togetherand
handingover at the sametime betweenthe samepair of
accesspoints may be joined in a routing group so that a
singlemessage(to theRG leader)needsto beexchangedto
successfullyaccomplishto thehandoverprocedure,instead
of using one dedicatedchannel(an unicastmessage)for
every user. This is, in general,true every time the infor-
mation can be sharedamongusers,that is, for all appli-
cationswherea sort of multicastmessagingis inherently
supported.In other cases,we may join usersaccordingto
their accesstechnologiesand “cluster” them to increase
the transmissionef�ciency. Think again,for instance,to a
vehicle occupiedby several passengers,which henceforth
move with a similar pattern.In such a case,it could be
ef�cient to electa RG leader, e.g.,theon-boardmultimedia
system,andtransmitthe informationrelatedto, e.g.,close
tourist attractions,route information, tv programs,to all
usersin the vehicle in a multicastfashion.In sucha case,
theRGleaderwill retrievethewantedinformationfrom the
externalnetwork throughdedicatedaccesspointsandthen,
the informationcouldbemoreef�ciently distributedto the
RG membersby exploiting their physicalproximity. This
simpleexampleillustratestheopportunitiesandadvantages
offeredby a groupingof network entitieswhenthey exhibit
a groupmobility behavior.

In this work, insteadof deriving speci�c algorithmsfor
handlingand creatingRGs,we focuson the effectiveness
of the grouping principle as a function of the node and
RG leadersdensities,andof the numberandtype of radio
interfacesownedby the users.In particular, our aim is to
quantify such bene�ts and weigh them againstthe costs
incurredin creatingandmaintainingRG structures.

I I I . SYSTEM MODEL

We consideran heterogeneousnetwork wherea number
of accesspoints (APs) and a number of userscoexists.
Both APs and users support a number of different ra-
dio technologieswhich can be describedby the indices
1; 2; : : : ; J , wheretechnologiesare indicatedwith integers
numbersandsortedaccordingto the requiredtransmission
energies.That is, E tx

i � E tx
j if f i < j . Accordingly, we

de�ne three vectorsE tx = f E tx
1 ; E tx

2 ; : : : ; E tx
J g, E r x =

f E r x
1 ; E r x

2 ; : : : ; E r x
J g and r = f r 1; r2; : : : ; r J g tracking

theenergiesrequiredto transmitandreceiveasinglebit and
the maximum transmissionrangesfor every technology,
respectively. Not all nodesoffer all radio interfacesand,
in general, the available interfaces may differ between
differentnodes.Here,we assumethat a genericnodehas
an interface of type j with a given probability pj and
that interfacesare assignedindependentlyto eachuser in
the network. For the topology, we considerthat usersare
independentlyplacedaccordingto a planarPoissonprocess
of intensity � [8], i.e., the averagenumberof userswithin
an area A is given by � A , whereasthe probability to
have exactly n nodesin this areais derived asP(n; A) =
(( � A )n =n!) exp(� � A ).

At the physical layer, every transceiver device has a
given receiver sensitivity � j which dependson the con-
sideredradio interfacej 2 f 1; 2; : : : ; J g. We assumethat
packets are correctly decodedwhen the received power
is above the respective technology-dependentsensitivity
threshold.According to the analysispresentedin [9], the
propagationlossL (d) (in decibel)at a distanced is given
by L(d) = K 0 + K 1 ln d + s, where K 0 and K 1 are
proper constants,while s is a shadowing samplewhich
is assumedto be log-normallydistributedwith zeromean
and standarddeviation � shad . Thus, the received power
(decibel) at the generic interface j of a given node is
Pr x;j (d) = Ptx;j � L (d), whered is the distancebetween
the source(S) and the node itself and Ptx;i is the power
usedby S to transmit.We say that a packet transmitted
with technology j is correctly received if Pr x;j (d) �
� j . Observe that, as the channelattenuationis modeled
accountingfor a log-normal shadowing contribution, the
received power (and hence the correctnessof a packet
transmission)as a function of the distanceis a random
variable dependingon the shadowing pdf. Now, if we
refer to a probabilistic threshold pc 2 (0; 1), we can
de�ne the maximumtransmissionrange r j for a given
technologyj 2 f 1; 2; : : : ; J g as the maximum distance
dmax;j for which the relation Probf Pr x;j (d) � � j g = pc
holds. Then, we can set r j = dmax;j by observingthat
r j is conditionedon the quality of service (QoS) level
capturedby the probability pc. Hence,by repeatingthe
above reasoningsfor every technology, it is possibleto
derive the maximum transmissionrangesvector r as a
function of the transmissionpower levels Ptx;j and of
the radio sensitivities � j , where r is conditionedon the
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Fig. 1. Considerednetwork architecture.

minimum QoS guaranteepc, as explainedabove. That is,
giventheQoSrequirements,we canalwaysget to a related
vectorof maximumtransmissiondistances.The analytical
formulationthatwe presentin thesequelwill make a direct
useof the vectorr by, for the sake of simplicity, omitting
this last passagebut by bearing in mind how maximum
rangesareactuallyderived.

Given the network topology and the radio interface
models,we can easily �nd the density � j of nodeswith
an interfaceof type j . Formally

� j =
P 1

n =0 P(n; A)
P n

k=0 kPj (kjn)
A

= pj � (1)

whereA 2
� + , Pj (kjn) =

� n
k

�
pk

j (1 � pj )n � k . Of course,
P J

j =1 � j may alsobe larger than � .

In Fig. 1, we report an illustrative example of the
considerednetwork architecture.Both nodesand access
points (APs) are randomly placedaccordingto a planar
Poissondistribution,asintroducedabove.APsareassumed
to possessall the available technologiesand are therefore
able to 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 leaders). RG leadersare
also assumedto have all technologies,whereasregular
devicesown technologyj 2 f 1; 2; : : : ; J g with probability
pj . As reportedin the �gure, we accountfor two different
communicationparadigms:in the �rst case (e.g. AP3)
nodescommunicatedirectlywith theclosestAP, whereasin
thesecondcase(e.g.AP2 in the�gure) nodescommunicate
with their RG leaderwhich actsasa relay nodefor every
device in its routinggroup(RG). Theaim of the following
analysisis to comparethesetwo possibilitiesin termsof
energy consumptionaswell asnetwork connectivity.

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

In this section we characterizethe RG structure,by
analyzingthe RG geographicalextensionand numberof
nodes.Theseresultswill be usedin the following sections
for thecalculationof theaverageenergy requiredto deliver
datawhenRGsstructuresarein place.WeconsiderthatRG
leadersare uniformly distributed within the network and
thateverynodeis electedasa leaderwith aprobabilitypLD
which is thesamefor all nodes[9]. We notethatdepending
on the speci�c RG schemeat play, the averageRG size
may vary, asfor standardclusteringapproaches[10], [11].
Hence,we can choosepLD to re�ect, in a very simple
manner, the averagesizeof the formedRGsandhenceto
accountfor the speci�c RG formation algorithm at play.
For what concernsthe nodepositioning,we still consider
all devices (standardnodesand RG leaders)to be placed
accordingto a planarPoissondistribution. Now, we focus
on a given nodeandwe assumethat the nodewaselected
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
closestandso on. Moreover, we refer to d1; d2; : : : ; dn as
therandompositionsof thesen nodes.Thejoint probability
of thesepositionswas�rst derived in [12] andis given by

Pn (d1; d2; : : : ; dn ) = (2� )n e� �d 2
n d1 dd1 d2 dd2 � � � dn ddn

(2)
where � = � � and 0 � d1 � d2 � � � � � dn . The
absoluteprobability that thenth nearestneighboris distant
dn from the RG leaderis obtainedby integrating Eq. (2)
with respectto d1 from 0 to d2, with respectto d2 from 0
to d3, : : : , with respectto dn � 1 from 0 to dn andis given
by

P1(dn ) =
2� n e� �d 2

n d2n � 1
n

(n � 1)!
(3)

Moreover, the probability that the closestleaderis the nth
nearestnodeis given by

P(noden is the closestleader) = (1� pLD )n � 1pLD : (4)

Thejoint pdf that then-th closestnodeis theclosestleader
and its position is dn is then given by the product of
Eqs.(2) and(3) as follows1

Pf nth is leader; dn g =
2� n e� �d 2

n d2n � 1
n (1 � pLD )n � 1pLD

(n � 1)!
(5)

The marginal pdf Pf dn g is thereforefound as

Pf dn g =
1X

n =1

Pf nth is leader; dn g

= �
1X

n =1

� n

(n � 1)!
= � �e � (6)

1In fact,we assumeherethat leadersareelectedindependentlyof their
geographicalpositions.



E RG (A ; T = � � T ) =
JX

j =1

1X

n =1

P(n; A)
nX

k=1

�
kPj (kjn)bj nh

j [E tx
j + E r x

j " j ]
�

" j =
1X

n =2

P(n; � min(r j ; r RG )2)
nX

k=1

(k � 1)Pj (kjn) (11)

where � = (1 � pLD )�d 2
n and � = [pLD =(1 �

pLD )]dn e� �d 2
n . After straightforward calculations,Pf dn g

canbe re-writtenas

Pf dn g = 2�p LD dn e� �p LD d2
n (7)

Now, theaverageclosestdistancebetweentwo leaderscan
be computedby

E[dn ] = 2

Z 1

0
x2e� 
 x 2

dx =
1

2
p

�p LD
(8)

where 
 = �p LD . From this result, we can calculatethe
averagerange(r RG ) and the averagearea(A RG ) covered
by a RG, as E[dn ]=2 and A RG = � r 2

RG , respectively.
Therefore

r RG =
1

4
p

�p LD
(9)

V. RG FORMATION ALGORITHMS AND RELATED
ENERGY CONSUMPTION

Routinggroups(RGs)canbeusuallyformedexploiting a
distributedapproach.Thatis, userscooperateandexchange
data in order to gain information about their physical
proximity and,at thesametime, to measuretheworthiness
of groupingwith othernetwork entities.This involvesthe
periodical exchangeof the so called HELLO messages
betweenmobile nodes.In eachHELLO, any given node
can include the list of its “stable neighbors”, that can
be seenas the list of nodesthat have been in its close
proximity for a long enoughperiodof time [13]. Speci�c
algorithms for the creation of RG structuresare not in
the scope of the presentpaper. However, it is easy to
understandthat if movementsare correlated,stablenodes
are likely to remain in close proximity of the sending
device and are thereforegood candidatesto be grouped
with it. We further assumethat a leaderis electedwithin
eachRG; this device hasthe specialrole of handlingthe
datatraf�c soasto optimizethetransmissionandtheaccess
to the channelof the RG members.This can be seen,as
in standardclusteringalgorithmsfor adhocnetworks [11],
as a way to partially centralizethe transmissioncontrol
therebyenhancingthe performance.We assumethat every
interface j 2 f 1; 2; : : : ; J g sendsHELLO messageswith
an interface-speci�cperiod Tj and we refer to bj as the
number of bits composingHELLO packets sent by an
interface of type j . Moreover, we consider that all Tj s
are multiple of a referencetime period � T such that

Tj = � j � T , � j 2 �

+ , j 2 f 1; 2; : : : ; J g, � T 2
� + .

If we de�ne the leastcommonmultiple (LCD) of all Tj s
as � � T , thenwe have that

nh
j =

�
� j

(10)

is the numberof HELLOs sentby the j -th interfacein a
time periodequalto � � T . According to the above model
and assumptions,the energy spent to maintain the RG
structuresover anareaA in a time periodof � � T seconds
can be derived accordingto Eq. (11) on the top of this
page,where" j is the meannumberof nodesreceiving the
HELLO messagesentby a given sendingnodeandusing
interfacej . Here,we reasonablyassumethattheseHELLO
packets are only decodedby the node neighborswhose
distanceis lessthanor equalto r RG , i.e., in theworstcase
RG related information spansover two adjoining RGs.2

The energy spentper unit of areaand time to createand
maintainRG structuresis thereforederived as

E
�
RG =

E RG (A ; � � T )
A � � T

(12)

We observe that this calculationholds for uniform node
and radio interface distributions and for a generic RG
groupingalgorithmswhereRGsareformedandmaintained
in a distributed mannerthanks to periodic exchangesof
neighborsinformation.Moreover, Eq. (11) is relatedto the
maintenancephase,whereastheinitial transient(discovery)
phase,which couldbereasonablycharacterizedby a higher
energy consumptionis neglectedas it doesnot contribute
to the steady-stateenergy metric.

In the following sections,we considerthe unicastdata
transmissioncaseby focusingon both thescenarioswhere
RGsarein placeandtheonewhereno RGsareaccounted
for. Observe that, in the former caseunicast �o ws are
routed�rst from the closestAP to the RG leader(AP  
RG leader) and then optimally and locally distributed to
theRGmembers(RG leader RG members). In thelatter
scenario(noRGs),instead,unicast�o wsaretransmitteddi-
rectly by theAPsto everydevice in thenetwork. SeeFig. 1
for an exampleof the two above cases,wherethe former
is illustratedby AP3, whereasthe latter is representedby
the transmissionoriginatedfrom AP2, respectively.

2Devices may decide, based on the RG membershipinformation
containedinto the HELLO packet header, whetherthey should decode
or ignore the packet (therebysaving energy). This mechanismcould be
implementedthroughspecialheadertagsas done,e.g., in the Bluetooth
system[14] to discriminatepackets belongingto differentpiconets.
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VI. ENERGY CONSUMPTION FOR THE DELIVERY OF
UNICAST DATA

In this sectionwe considerthedelivery of unicasttraf�c
to a set of userssurroundinga given AP. Moreover, we
considertheworstcasewhereeachuserrequirestheunicast
�o w and all �o ws have the samebit-rate BU . Thesetwo
assumptionscan be seenas the situationwhereall nodes
in the network are active and the commonbit-ratecanbe
roughly interpretedas the averagetransmissionratedeliv-
eredto the endusers.The aim of the following analysisis
to characterizethe energy spentper unit of areaand time
in transmittingthese�o ws to all usersin the network. We
further consider that accesspoints are placed according
to a uniform distribution with density � AP and that are
equippedwith all the technologiespresentin the network.
The averagedistancebetweentwo APs is thereforegiven
by dAP = 1=(2

p
� AP ) (Eq. (8) with pLD = 1). Hence,on

averageeachAP is in chargeof deliveringdatato all users
placedwithin a circle of radius r AP = dAP =2. To help
understandingthe following analysis,in Fig. 2 we report
a schemedepicting two neighboringAPs and the radio
technologiestransmissionranges(vector r ) in a scenario
with J = 4 differentradio technologies.3 As clearlyshown
in the �gure, on averageeach AP only needsto serve
the areacoveredby technologyi for which r i � 1 < r AP
(r0 = 0). For instance,in Fig. 2 region 3 is the last one
that needsto be consideredby a given AP to cover all its
users;in fact,r 3 > rAP . We refer to thenumberassociated
with the last region asI � J . More precisely, transmission
rangesr i , i 2 f 1; 2; : : : ; I g form I circularanulii with area
A i = � [min(r i ; r AP )2� min(r i � 1; r AP )2] with r0 = 0 and
i 2 f 1; 2; : : : ; I g. Thedensityof nodeswith technologyj is
still givenby � i asderived in Eq. (1). Theaveragenumber
of usersthat have to be reachedin region i , n i , is found

3The 4th technologyis not shown in the �gure but we assumeto have
r 4 > r 3 .

accordingto

ni =

(
�� [r 2

AP � r 2
J � 1] i = J andr i < r AP

� A i otherwise
(13)

wherethe �rst line in the above equationaccountsfor the
casewhere technologyJ can not completely cover the
servingareaassignedto the AP (that is r J < rAP ). If this
occurs,part of the AP servingarea(� [r 2

AP � r 2
J ]) remains

uncovered and the total numberof user to be served in
region i = J (nJ ) is actually higher than the numberof
usersreachablewith the highestrank technologyJ .

A. Casewithout RGs

The aim of this section is to compute the average
energy required to deliver the unicast �o ws to all users
served by a given AP. We start with region 1, where
users are reachablewith every technology (r j � r0,
8 j 2 f 1; 2; : : : ; J g). Moreover, we assumethat the AP
hasa completeknowledgeregardingtheusersto beserved
and can thereforeoptimize its transmissionenergies as
follows. First of all, the AP servesall usersin A 1 having
technology1, hencen1;1 = � 1A 1 usersare served (on
average)�rst by exploiting n1;1 unicastchannels,where
we refer to n i;j as the averagenumberof usersserved in
region i by technologyj (whoseregion is A j ). For what
concernstechnology2, the AP on averageneedsto serve
n2;1 = min(n1f 2 andno 1g; n1 � n1;1) usersin region 1,
wheren1f 2 andno 1g is the averagenumberof usersin
region 1 thathave technology2 but do not have technology
1, whereasn1 is the total numberof usersin region 1. The
probability of having k usersover n � k with interfaces
j 2 f 2; : : : ; J g and without interfaces1; 2; : : : ; j � 1 is
found as

Pf j andno 1;2;::: ;j � 1g(kjn) =
�

n
k

�
(~pj )k (1 � ~pj )n � k (14)

where ~pj = pj [
Q j � 1

m =1 (1 � pm )], and pj is the probability
for a generic user of having interface of type j . The
averagenumberof usersn i f j andno 1; 2; : : : ; j � 1g in
region i with interfaces j > 1 and without interfaces
of type 1; 2; : : : ; j � 1 is therefore found by averaging
pf j andno 1; 2; : : : ; j � 1g over n, accountingfor the
Poissondistribution and the areaA i . Hence

ni f j andno 1; 2; : : : ; j � 1g = �p 1
j A i (15)

In general, the quantities n i;j are obtained according
to Eq. (16) on the top of the next page, where i 2
f 1; 2; : : : ; I g and j 2 f 1; 2; : : : ; J g. The total energy
expenditureper unit areaandtime is thereforefound as

E U N I � noRG =

P I
i =1

P J
j = i ni;j (E tx

j + E r x
j )BU

A AP
(17)

where A AP = � r 2
AP is the area served, on average,

by a single AP. Besidesthe energy expenditure,another
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Fig. 3. Diagramfor the calculationof the energy spentin transmitting
unicasttraf�c in the RG case.

interestingperformancemetric to look at is the average
numberof uncovered users.Theseare usersthat do not
own all interfacesand that are not reachableby any AP;
their averagenumbernu is promptly obtainedas

nu =
IX

i =1

ni �
IX

i =1

JX

j = i

ni;j (18)

where n i are derived using Eq. (13) and thereforealso
accountfor completelyuncoveredregions(whenpresent).
Thenumberof uncoveredusersperunit areais �nally given
by nu =A AP .

B. Casewith RGs

In this section we consider the scenario where the
unicast traf�c has to be delivered to all users through
dedicatedchanneland RGs structuresare presentin the
network. In this case,insteadof directly transmittingthe
datatraf�c to theenduserswe rely on thepresenceof RG
leaders.As above,we considera downlink transmissionfor
eachdata �o w, where all �o ws are assumedto have the
samebit-rate BU and one data �o w has to be delivered
to each user. The diagram for this case is depicted in
Fig. 3, wherewe report an examplescenariowith J = 4
radio interfaces.Accordingto the analysisin the previous
section,we characterizethe AP coverageradiusby means
of r AP , whereasthe RG areacovered(served) by the RG
leaderis modeledthroughr RG (Eq. (9)). In this case,the
unicast �o ws are �rst transmittedto the RG leader and
thenoptimally deliveredfrom hereto the nodesin the RG

coveragearea.As a working assumption,we assumethat
RG leadershave all technologies.In practicalRG schemes
it is, in fact, reasonableto pick RG leadersamong the
more capabledevices. As above, we subdivide the RG
area into I regions (in Fig. 3, I = 3) and we calculate
the averagenumberof reachableusersin a RG asnRG =P I

i =1

P J
j = i ni;j , where the quantitiesn i;j are evaluated

from theanalysisillustratedin SectionVI-A by substituting
r AP with r RG (seeEq. (9)). Similarly, theaveragenumber
of uncoveredusersper unit areais evaluatedasnu =A RG ,
whereA RG = � r 2

RG andnu is obtainedasin Eq. (18). In
the RG casethe transmissiontakes placein two different
phases,where the �rst one consistsof the transmission
from the APs to the RG leaders(AP  RG leader) and
the secondoneof the transmissionfrom theRG leadersto
the RG members(RG leader RG members). Moreover,
the secondphasecan be seenas a specializationof the
algorithm presentedin SectionVI-A where the RG size
(r RG ) is usedinsteadof the AP coveragearea(r AP ). We
refer to this energy contribution as E

(b)
U N I ;RG . For what

concernsthe �rst energy contribution (AP  RG leader),
we reasonablyassumethat RG sizesare smallerthan the
AP coveragearea,i.e., that r 2

RG � r 2
AP . In sucha case,it

is reasonableto considerthedistancebetweenAPsandRG
leadersas uniformly distributed in [0; r AP ] and evaluate
theenergy consumedperunit time in transmittingto a RG
leaderas E

(a)
U N I ;RG = nRG BU E AP  RG , where nRG is

theaveragenumberof reachableuserswithin a RG, BU is
the bandwidthfor the unicasttraf�c and E AP  RG is the
averageenergy spentto transmit one bit from the AP to
the RG leader

E AP  RG =
Z min (r AP ;r J )

0

�
2x

r 2
AP

�
E(x) dx (19)

wherethemin( �) accountsfor thefactthatwhenr J < r AP
the AP servingarea(r AP ) cannot be completelycovered
by the accesspoint (r J ) and therefore the farthestRG
leaderreachableby the AP is placedmin(r AP ; r J ) meters
apartfrom theAP; E(x) is a mappinggiving theminimum
energy thatcanbeusedto communicatewith a nodeplaced
x metersapart

E(x) = min
1� j � J

f (E tx
j + E r x

j ) suchthat r j � xg (20)

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

E U N I ;RG =
E

(a)
U N I ;RG + E

(b)
U N I ;RG

A RG
(21)

VI I . RESULTS

In this sectionwe reportsomeresultsfor a network case
study with J = 3 technologies,where E tx = f 1; 2; 4g,
E r x = f 1=2; 3=4; 2g, r = f 10; 100; 200g, wheretransmis-
sionandreceptionenergiesareall normalizedwith respect
to E tx

1 , i.e., the transmissionenergy per bit of the lowest
rank technology, whereastransmissionrangesr i s are ex-
pressedin meters.For what concernsthe RG maintenance
phase,we assume� T = 1 s, � 1 = 1, � 2 = 2 and � 3 = 4
seconds.For theAP density, we assume� AP = 10� 5 m� 2

which gives an averageinter-AP distanceof dAP � 158
m. We assumethat the length of all HELLO messagesis
30 bytes.Finally, we considerthe following probabilistic
distribution of interfacesamongusersp1 = 3=4, p2 = 3=4,
p3 = 1=2. Given theseparameters,we study the impact
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Fig. 6. Averagenumberof uncoveredusersas a function of the node
density� .

of the node density � and of the RG leaderprobability
pLD . In Fig. 4, we report r RG and rAP (dAP =2 � 79
m) as a function of � for the above parametersand
consideringpRG = 0:01. rAP remainsconstant(as� AP is
left unchanged),whereasr RG decreaseswith an increasing
� . At � = 0:001 the two coverageradii becomeequal
and the densityof RG leadersequals� AP . In Fig. 6, we
focuson thetotal (transmission/reception/RGmaintenance)
energy expenditureperunit areaandtime with andwithout
RGs. For comparison,we also report the energy spent
(unit of area and time) to maintain RG structuresas a
function of � . This energy contribution is presentwhen
RGs are considered,increaseswith � and is signi�cantly
lower thanthe energy neededto transmitto the endusers.
It shall be observed that this term also highly dependson
the vectorE r x andon the HELLO messagestransmission
periods.Further, as � ! 1 its contribution is no more
negligible. Therefore,all RG maintenanceparametersmust
be carefully consideredfor moderateto high densitiesas
their impact on the overall energy balance is relevant.
Besidesthe RG maintenancephase,we observe that the
total energy expenditureis higher in the RG caseandthis
is substantiallydue to the fact that the RG leader acts
as a relay by �rst receiving the data from the APs and
then re-transmittingto the RG members.This, from the
energy point of view is trivially inef�cient and, for this
reason,leadsto a higherenergy expenditure.Nevertheless,
we notethat the situationmay be reversedin themulticast
traf�c caseor whenthe information to be deliveredto the
RG memberby its own naturecan be merged in a single
or a reducednumberof multicast channels.If this case,
groupingandhencerelayingpacketsis expectedto leadto
considerablebene�tsin termsof energy. This topic is object
of our future researchand is not quantitatively addressed
here.

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



for thegivensystemparameters,cannot bereachedby any
technologyandarethereforedisconnected.In the�gure we
reportthreecasewherethe �rst oneis for thecasewithout
RGs,whereastheremainingtwo curvesarefor theRGcase
with pLD 2 f 0:01; 0:05g. From this �gure it is interesting
to observethatRGsandhencethelocalizedpresenceof RG
leaders(or coordinating/relayentities)areactuallygoodfor
extendingthe coverageby thereforesubstantiallyreducing
the probability for a device to be disconnected.In general,
the higher pLD the higher the bene�ts are. We also note
that there is a thresholdvalue of � = � � for which each
of the two curves in the RG casereachesa minimum.
This densityvaluecorrespondsto the coverageranger RG
for which RGs span over a single region (I = 1) and
henceall userswithin a RG are reachableif they have
at least one interface. Observe that � � dependson both
� and pLD as � RG = �p LD . For � > � � , the average
numberof unconnectedusersstill increaseswith the node
densitybecausesomeusersmight not have any interface
(this occurs with probability (1 � p1)(1 � p2)(1 � p3))
and theseusersare the only reasonfor the �oor after � � .
In conclusion,when � RG < � AP (when pLD = 0:01,
� < 0:001) the RG approachleadsto both a higherenergy
consumptionandto a highernumberof unconnectedusers.
Hence,RGs shall not be activatedin sucha case.On the
otherhand,for � RG � � AP RGsintroduce(in the unicast
case)a higher energy consumptionbut provide a higher
connectivity that,for reasonablevaluesof � , canexceedthe
connectivity of thenormaloperationalmode(AP  users)
by more than one order of magnitude.Finally, it shall
be observed that for a given � � further increasing� RG
doesnot lead to any advantagein terms of connectivity
as the 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 pLD , does not lead to any
improvementin termsof differencein theperformancewith
respectto the no RG case,whereasdecreasingit will lead
to a smallerdifference.Also, since� � is reachedassoonas
all usersin aRGarecoveredby all technologies,givenpLD
and r1, � � is found as � � = 1=(4r1

p
pLD )2. In fact, for

pLD = 0:01 and r 1 = 10 m, � � = 0:0625, in accordance
with the resultsin Fig. 6.

VI I I . CONCLUSIONS AND FUTURE WORK

In this paperwe focusedon next generationwireless
network scenarioswherebothusersandaccesspointsown
multiple radiotechnologiesandcanthereforecommunicate
exploiting radio technologydiversity. In this context, we
introducedtheconceptof routinggroup(RG) formationas
a tool to logically merge usersin closeproximity and/or
moving together. GiventheRGconcept,we �rst formulated
an analytical framework in order to model the multi-
radio scenario,by consideringuniform and randomuser

placementand a probabilistic radio interfaceassignment.
Subsequently, we investigatedthe effectivenessof the user
aggregation (RG) approachin terms of connectivity, that
we expressedhereasthedensityof unconnectedusers.We
foundthat,underreasonableassumptions,theRG approach
has the potentialof increasingthe connectivity metric of
morethanoneorderof magnitude.In our future research,
we will extendour analyticalframework to morecomplex
scenarios,by alsoaccountingfor themulticasttraf�c case.
Also, connectionwith moreelaboratemobility patternswill
be sought.
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