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ABSTRACT

The IEEE 802.15.4 sandard jointlywith the ZigBee specifiation
is becomingone of the mog popular technologiedor the
development of bw-Rate WrelessPersonaAreaNetworks (LR-
WPANSs). 802.15.4 Clusr-Tree topologies appea as an
apped#ing andstandard compliat solutionfor many applications
of home aitomation, nedicd senéng, telemonitoiing, etc. h this
paper we presit the emancementsmade to thecurrent IEEE
802.15.4 modein OMNeT++ tosupportthis topology aswell as
different algorithms toscheduk and dimension thé&uperframe
Durationsin orderto avoid Beacon colli;onsin the netvork. An
intuitive visual idea and a chlecof the wholeproces can be
performed with ONNeT++'s Plowe tool.
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1. INTRO DUCTION

IEEE 802.15.4standard [1] defines Physical (PHY) andMedium

Access Control (MAC) layers while the ZigBee gecification [2]

completes th@rotoml stack designedto satisfy the marketiseed
for low cog, low rate, and emgy efficient wirelessembedded
devices. Tie Physical Layer operatesn the Indudrial Scientific

andMedical (ISM) radio kands with a tranker rate 0f250 kbpsat

2.4 GHz (with16 availablechannels) or 20/40 kbpsat 868/915
MHz (10/1 channels The sandard alo definesGuaranteedime

Slots(GTS) to providequdity of servce o real time fows.
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There ae two possite modesof operation for the MC sublayer:
(1) the nonbeacon-enbled mode or point to point inwhich
unslotted CSMA/CA is used to comranicate, (2) the bean-
enabled mode which ussslotted CSMA/CA andcommunications
are synchronizedthroughspecial frames, periodically emitted by
specific nodes (thecoordinatory cdled Beacons In the firg
mode, all nodes musbe mntinuoudy listening to the ralio
chanrel, which leads to a usles wage of energy. As an
advantage this nonbeeon-enabledmode does mt preent any
scalability problemasit allows nodedgo transnit at any morrent
(so, obviowsly, GTS is not possble). Inthe £mnd modea node
should be activenly to receivethe Beaon from its coordinator
in order to keep syhronizedwith the network ad during the
CortentionAccessperiod (CAP) i.e. a spcial perioddefinedby
the mordinato)) just after the Beacon, when dataansmissns
take place. Te rest ofthe time, letweenthese peods, the nodes
can turn into a low @nsumptionstate reducing their duty cle
and congquettly saving battery Additionaly GTS slots are
allowed. On theother hand, this mode of operation ismore
complex and needs pecific algoithms to coredly desgn the
differentparametershat regulatdBeacon and daa transnission in
order to achieve a goa network capacity Furthernore, if no
specifc scheduling mechanismis adopted fo the Beacon
transnissiors of the different oordinatos, collisons may occur.
This is agreatchallenge for the ®-called Cluster-Tree topolog.
ClusterTreesare aspedal case of peer b peer netwdt in which
a device is allowed to communicate onlwith its ‘parent’
(coordindor) or ‘children’ (®ordinated) nodes. EE 802.15.4
and Zigbee admit the formation of the Clu®r-Trees but the
detailed analgis of the charactertics of thiskind of topologyis
misdgng in the liteiture.

This paper premts the modificions madeto the existing

802.15.4modkl in OMNeT++ [3] toimplement sveral algorithms
that organize thadivity periods of the coadinators inan IEEE

802.15.4 Clster-Tree network. Theperformed simiations show

thata wrong electiorof the beacon-enabled mopaameteranay

severelyaffect the globahetwork behavior.

2. BEACONS MANAG EMENT IN

CLUSTER-TREE NETWORK S

Two typesof nodesaredefinedby the IEEE802.15.4standard
the Full-Function Devices (FFDand the Reduced-Function
Devices (RFD). An RFD canonly talk to anFFD node, i.e. it
aways behave as smple device or a lelanode, while an FFD
cantalk to anycther device and magctas the FAN Coordinator,
a coordinator ora leaf node. Acoordinator isin chage d the
communicationf the ®t oflea nodesas®ciated withit and,in



the beaonendled mode, it isresponible for transmitting
Beaconsso that thedepending devicegan synchronize. Te time
betwea two congautive Beaconsof the sme coordinatoris
cdled the Beeon interval (1) and is gructure is cdled the
Superframe e Figure 1). ASuperframe, whichs bounded by
the tranmission ofa Beaon frame, ha both anadive and an
inactive period. The coordiator may ente a low-powe (sleep)
mode duing the inative period toachieve abetter energy
efficiency. The structure of the Superframe is detbed by the
values of maBeaconOrder RO) andmacSuperframeOrd€s0).
SO describes théength of the actig portion of the Superframe or
Superfame Duration (SD), which includes the Beanframe.BO,
BI andSO, SD are related afollows:

BI = a-259 for 0<BO<14 (1)
SD = a-2% for 0<sSO<BO )

wherea is the Base Superframe Durati¢l5.36, 24 or 48ns
dependingon the emplogd bit rate 250, 40 o 20 kbps
regedively). Finally, the SD is divided into sxteen equallyszed
slots that can & separatedinto two different periods The
ContentionAcces Period (CAP) anthe Conention Free Peibd
(CFP). During thdirst one, a node shatlontend for thk slats by
using the CSMA/CA medanism. Although the CSMCA
algorithm tries to avoid packet dbsions threy may still occur.
The® colligons together wih the backoff periodsintroducedby
CSMA/CA may inducedelays or even paket loses;anyway they
may cause the underutilizaion of the CAP slots. To guarantee
sormre quality of servte, upto seven slot¢GTS) canbe resrved
forming the CFP.
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Figure 1. Example of the EEE 802.154 Superframe
structure.

Clearly, mog of theadvantages of IHE802.15.4 sondy depend
on an adequate chaioof the MAC parametersthe behavior of
the whde netvork relieson this For example, if SO=BO there

will be no inactive periodni the Superflame neaning that the

nodes couldchat enter into thdow power state and, atme otler

hand, if SOis set too low (and ® doesthe duty cycle), the data
rate haso be dereased.

As outlined before, 802.15.4/ZigBee allowghe formation of
Cluster-Tree topologg In thatcase one of the coordintars mug
bemme the PAN Coodinator This entty, called tke ZigBee
Coordinator £C) in the ZigBee pecification mug be uniquein
the whole network. fie other oordinators or ByBee Routers
(ZR) will manage the comnmications and synchronization of
their ascriated led nodes(following a gar tgpology). Both IEEE
802.15.4 stadard and #yBee specifigtion propose the Clisr-
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Treetopology conceptbut none othemimpose any algorithm or
protocolto create or organizé If self organization is one of the
main attactivenes of IEEE 802.15.4/ZigBee capabilitigss also
one of its greatestchallenges.In fact, nost of the isting
commercial 802.15.4/igBee-compant modules do nosupport
the formation 6 Cluger-Tree tpologies Actually, many of them
only implement the Phyical Layer of the sadk (MICAz or
TelosB [4]). Theefore, hisis an ogn researchse still farfrom
being séved.

Maybe one of the mosmportant prolems rdated to Cluger-

Tree topologies derives from the coexistenceof different

coordinators. If a coordnator's Beaconcollides with another
Beacon or data pket, the syichronismof the nodesisaciated to

that coordinator could be losBearingin mind thatthe Cluger-

Tree topologycan beconddered as the oneformed by the

asgciation of beaoning coordinatorsof different gar networks it
can beinferredthatthere is ahigh protability of Beacon cdision

if no special nechanisn is implementedo avoid it. This prodem

was studied by thelEEE 802.15 TaskGroup 4b [5] which

discused several drategiesto cope with it [6] Finally, the

soluion that they found ®nsistsin the possibility of shifting the

beaconing time of each codtinatorin orderto avoid collisons

Howeve theway to determine the value$or the Beaconing times

is still missing. On tte other hand, athe activityof a coordinator
obligesits neighbors tcstay inadive, scalabilitymay become a
serious problem if theactive periods ofthe coordinatorsare

defined in a veryedrictive way.

In the nextsedion we propo® several lyorithns (also presnted
in [7]) to detemine the supeframe duration of ach @ordinator.
Thegeneralgoal of the algorithis isto optimize the uiization of
the network beacon intervagi).

3. ALGORITHMS FOR DEFINING THE
SUPERFRAME DURATIO NS

In our study we asame that anycoordinator (orany node) can
interfere with he res so a Beaoon shall not be transmitted during
the SD of any other coordinator. In other words, differe§ibs
canna overlap intime. Our goal is to maximize the us ofthe B/
of the network. Onlyleaf nodes generate tfiz and the snk will
always be tte PAN Coordinator. In order to set apper bound to
the delaythe BI is fixed. The algorithms mustdetermne the SOs
ard offsetsof each coordinatcas gen on Figee 2.

Beacon, BI, Beaon, B, Beacon, Bl,
2., - S0,
‘ time
Beacon, Beacon,
P : BI, 2 BI.
time, o I
I | time
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Figure 2. Collision avoidance bydistribut ing the SDs.

Following this BI distribution techniqueonly the childrenof one
coordinator will contend duringheir fathers CAP. Cledy, the
larger the coodinator’s CAP the higlr the traffc load it can



supprt. Sq the nain objective isto fit as beg aspossble the SD
of each coordinatao the taffic load it issupprting.

The following non-strict inequalitynug always ke guaranteel:
N Ne

Bl=a-2*>) SD,=>"a-2" ®
i=1 i=1

being N, the numler of coordingors pregnt in the netverk
(including the PAN coordinator) anfiD, SO; the Supenfame
Durationand Siperframe Order of theth node, respectivelyf
equation (3)can be stidied, it would imply tha a correct
distribution of theSDs with no overlaping isposible if not, one
or more SOs have tobe reduced oBO increased.fl this situation
occus when B0 is 14 and allSO values are zerdhen theonly left
possbility is to drop sore coodinator(s) fromthe network.

3.1 Equidistributi on of the Beacon Interval
This is the easigssolution to thedistribution of the BI. In this
case we set allSOs to thesame vdue that canbe derived frm
equation (3) obtaining finally

ZBO
N

C

SO = Iogz( J =| BO-log,(N,)] @

3.2 PAN coordinator priorit ization

Many practical applications, for example, Wreles Sensor
Networks (WSNs) const of a group of nodesthat collects data
and end them toa centralprocesmng rode In this kind of
situationswe can kghtly modify the previous policyin order to
privilegetherole of the PAN Coodinator (which will receiveall
the packets generated the tee) by incredng its SD. As a first
option, theSO of the PAN coodinator is set tdwice the value of
that of the rest of coordinators

SO,=8S0 Vie[2,N.]; SO,=2-50 ®)

Subdgituting in (3)and after sme calculuswve obtain:

SO = tlogz(l— Ne+y(Ne-17+4:27) - 1J 6

As SD depads on apower of SO (following equation (2)), the
above pdicy overesimates theSD of the PAN Coordinator in
mog cases. Therefore, as aezond option we propes

S0,=S0 Vie[2,N.]; SO,=SO+1 0
Using these new values equation (3) we obtain:

BO

+1

N,

C

SO = Iogz[ j =|BO-log,(N.+1)| ®

3.3 Beacon Interval distribution basedon
topology

The previous policies wererough ®lutions to the problem of
distributing the BI. There aremany applications where each
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coordinatorhasto support a diferentnumber of nodesor traffic
load). Next, we proposea more flexible grategy allowing the
design ofeachSD for each coordintar asafunction of the traffic
load it isexpected tougpport. Fgure3. showsthe flow diagram of
the algoribm (see [7]for more detail3:

SO,=0 Vie[,N,]
li{no.ofleave nodes }

depending on node i

Network canot be
s0,=50,-1 p ety dimesioned
[ =0 (Bl shaild beinceased)
%
YES
END )

Figure 3. The Beacorinterval distrib ution based on topology
algorithm flow diagram

It hasbeen asamedthat all data surces(i.e. the leaf node} do
geneate the same tific. The asignation of theSOs is made
iteratively so tha coordinatorswith the higter numberof children
are favored. This policy adjusgs better to divese taffic loads and
topologiesthan the preious ores.

4. IMPLEMENTATION’
DETAILS

In order toimplementthe aforementionegolicies for 802.15.4
ClusterTrees, ve extended thesapabilites of the exiging IEEE
802.15.4modkl in OMNEeT++ [8]. This model wasdapted from a
verson for ns- 2 by Feng Chen andFalko Dressler in the
Universty of Erlangen-Nirnkrg (Gernany).

S FUNCTIONAL

The nodel, which is described in more detail n [9] implements
the IEEE 802.15.4 protocol tack (vesion of 2006). It includea
Routing Module that permitsto configure startopologies To
suppeot Cluster-Tree toplogies, our exterisn to the model



definestherole of the ZigBee Coordiator (ZC) asa geda class
of FFD node acting in tabeacon-enabled ade.

In a real scenariojthe ZC is supposed to be in chargdé
progranming and communicatingthe MAC paameters that
regulatesthe Beacon emé®n of the ZigBee Routers (ZRs),
mainly the Beacon @der (BO) of the whole network anthe
Superframe Ords (SOs) of the outers[2]. To simdify this
procedure in our implementation, the configuratiotheseMAC
parameterss defined through the filemnetpp.ini.

In thisfile, following the dructure of the oiginal code, a value for
the BO and theSO is defined for evey node. The role ahe FFDs
(ZRs and the ZC) is asdgned byfixing a valueto BO different
from 15. Onthe contray, theRFDs (the final devicethat do ot
emt Beacon} are identified by settingthe BO to 15.A special
Boolean field is added to select thBC among allthe ZRs(just
one nodecan behavessthe ZC, in othercase the simulation will
not wok propety). The ZCinitiatesthe Beaconemisson assoon
asthe simulationbegins Converséy, ZRs are programmed sthat
they only emit their Beaons after asociatirg to the ZC. After
this association, the onlyfunctiond difference between theZC
and the ZRsgs that aZR alternativelyactsasan asociatednode
(during the actie period d the Siperframeof the ZC) andasthe
coordinator of aet of surrounding R nodes(seethe example
in Figure 4).

Our implementation is specdally intended for topologies
supprting upstrem traffic, that isto say; traffic flowing from the
final RFD leaf nodesto the ZC(typical case of @aensometwork).
If so, ZRsreceiveand buffer thepackes coming from the RFDs
until they can be etransmitted tothe ZCduring the active peod
of the ZigBeeCoordinator.

To prevent the overlapping of tlaetive partsof the Superframes
of the ZRsand the ZC, the emision of the Beacons (and
consequently the digribution of the tme between the
Superfame$ are governedby an ofset time. The offset for each
coordinatoris set in a specialtartTime parameter. The partular
valueof the offset (which is null for the ZC) br each ZR depends
on the utili®d policy to coordinge the Siperframe Duratiors (the
policy is seleded in the pogramconfiguration fil§. The different
propo®d policies are implementedin a sngle routire which is
executedat the beginning of thesmulation. Basingon the elected
algorithm, theBO of the network (that of the ZC) and the niemb
of ZRs and leaf nodes asociatedto each ZR, tk routine
calculatesthe values of the StartTime ard SO for the ZRs. These
parametergesuting from the application of this routine canbe
optionally shown in the screen or savediifile.

5. SIMUL ATION EXAM PLE

Figure 4 sftows anexample ofa 802.15.4 Cluster-Treeetwork
configured with our architecture.The network corists of 1 ZC
(host[0) and 3ZRs (hog[1], hog[2] and ho{3]). The three Rs
have 2, 4 and 1 associated fitedf nodesregectively. The BI of
the networkwas &t to 5 while theradio band is 2.4 Gh&or this
scenario, the refts of the different propa policiesfor the
dimensoning of the Superframe Dationsare those tabulateth
Table 1.Thes values are als gored n a file which is conpatible
with Scalargool of OMNeT++.

To illustrate thatBeacon enssonsfollow the configured values
of these panmmeters, Figure 5 representshe retwork activity
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(captured with ONNeT++ Plove tod) when thetopology basd
algorithm isemployed. In the figure, a value of@rregpondsto a
Beacon emison (i.e, the beginningf the CAP of a coordinator)
while the intervals with a consant vdue of 1 represnts the
different Siperfrane Duratios. From the figure,we can observe
thatthe adivity periods ofthe Superframeddo notoverlapwhile
the Superframe Dut#onsfollow the @lculated dfsets(the values
defined in thdast columm of Table 1).

7% (leeeB02154CIusterNet) clusterNet oo e |
|l @) eulew] ¥ @ 2| D
J (leeeBi2154Ciusteriet] clustetet (id=1) [pti02408060)
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Figure 4. Examge of Cluster- Tree topology
Table 1. Reaulting SOs and StartTimes
Node Applied Policy
Parameter | Same SO= SO~ | Based on
so | 2.sq | so+1 | topology
ZC SO 3 4 3 4
hog[0] | StartTime 0 0 0 0
hog[1] SO 3 2 2 2
StartTime | 0.123s| 0.246s | 0.123s| 0.246s
hog[2] SO 3 2 2 3
StartTime | 0.246s| 0.307s | 0.185s| 0.307s
hog[3] SO 3 2 2 2
StartTime | 0.369s| 0.369s | 0.246 s| 0.430273

As it refersto the performancef the simulator, just70 seconds
are requiredto smulate 1800 econds in the previa enario

with a tréfic load of 10 packets (of 10Bytes) persecondandper

final leaf node.

6. CONCLUSIONS

IEEE 802.15.4/ZigBe standard isa promiing technolog that
enables the creation of low casand low consumgion multi-hop
ClusterTrees. A efficient utilization of networks baad on this
technology may requirethe definition of algorithmsthat optimize



the adivity period of the so called coordinatorgin charge of
timing andcentrdizing the communicationsf a set of nodes by
means ofpecial Beacon mesges)

This paper hagdegribed the implerantation on OMNeT++ of
several policiesiming at coordinating thbeacon emissen of the
coordinators in 82.15.4 Cluster-Trees. The policies haween
progranmed as an exteim of the @pabilities of anexisting
802.15.4 moel for OMNeT++.
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Example of Bl's distribution between coordinators based on topology

- =D in cuserNethosq0).nic.mec —- 5D in clusterNet hes{[1].nic. mac:

SDin clusterNet hosi2].nic.mac SD in clusterNet host[3].nic.mac

Symbolic representation: 2—>Beacon, 1->CAP

Time (seconds)

Figure 5. Visualization with OMNeT++ Plove tool of the disrib ution of the Bl between coordinators
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