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Abstract

We consider a cluster of sensors that are interteddy
a mobile node that is passing by or loitering oeth. The
mobile node functions as a clusterhead that calleme
packet of sensed data from each sensor node. Adtash
from the mobile node is used to synchronize thesniatits
cluster to within 1 microsecond. We exploit thisygital
layer characteristic to improve the retransmisselgorithm
in CSMA/CA-based MAC protocols. The result is
Synchronized, One-Stage-Backoff Retransmissionrifkigo
(SOSBRA) that is easy to implement and is shovemalysis
and simulation to have fewer collisions than binrary
exponential-backoff retransmission algorithms. \Wevs via
simulation that a SOSBRA-based 802.11 DCF protoc
performs significantly better - in terms of enetpage, delay,
and throughput - than both 802.15.4 (ZigBee) an@.80D

DCF (WiFi). A comparison between SOSBRA- and TDMA-

based MAC protocols is also provided that showsERRISis
fair and more fault-tolerant.

1. INTRODUCTION

A common scenario in sensor networks is thiecton of
information from a large number of wireless sensmdes by
a mobile node that is passing by or loitering oeach The
mobile node’s task is to quickly gather one paakketata
from each sensor and then move on.

Two of the most critical performance measumsthis
scenario are: (i) the time required to gather cmeket of data
from each sensor node; and (ii) the energy experided
communication the data by the sensor nodes. Ukggpttwo
measures, we compare the performance of severalasth
approaches to the design of the MAC layer for #aisnario:
TDMA, 802.11b, and Zigbee. We then demonstrate twav
performance of 802.11b and ZigBee can be signifigan

a

random field - the goal will be to gather enougmgkes

to estimate the parameters of that field.

Each sensor node knows the number of sensor nbates t
were deployed. This number can be downloaded th eac
node before they are deployed.

Each sensor node in the network has sufficient
communication power to transmit directly to the nteb
node. The network can thus be modeled as a single
cluster [1-11] of nodes with the mobile node as a
clusterhead.

When a node successfully gains control of the chlann
transmits all of the data it collected and procésisea
single packet. This packet is followed immediateyyan
ACK from the mobile node, after which the sensodao
returns to gathering and processing data untilatizal

of the next request to upload data.

The sensor nodes are within X hundred meters of the
mobile node. The transmission from the mobile nibde

is used to initiate the data collection can be used
synchronize the sensor nodes’ clocks to within X
microseconds. This synchronization task can beatepe
by each ACK and is similar to the synchronizati@adon
used in the ZigBee (IEEE 802.15.4) protocol [12].

In this paper, we also employ a synchronizatiorcbedo
synchronize the cluster. Unlike ZigBee, though, aleo use
the beacon to distribute information to motes teahbles
them to optimally tune any algorithm they use trargsmit
packets involved in collisions in the MAC layer. \héglesign
the retransmission algorithms to extract maximumefiie
from this information. The new algorithm replacese t
binary-exponential-backoff algorithm used in cutren
CSMA/CA-based MAC algorithms with a new Synchroxize
One-Stage-Backoff Retransmission Algorithm (SOSBRA)
The information that is then broadcast in the symcization
beacon is the backoff-window size that all motesthe

ol

improved by a new Synchronized One-Stage Backoffuster will use to schedule their retransmissioihen a

Retransmission Algorithm (SOSBRA).
The following assumptions about this scenario aelun
the remainder of this paper to:

collision does occur, its retransmission is schediuih the
next backoff window.
This new approach to managing retransmissionsngose

The sensor nodes maintain RF silence until the lmobinetworks is simpler than others and offers bettefopmance.

node arrives and announces its presence. This emablo demonstrate the improved performance, we find th

them to remain hidden while they gather data bergmts

density function of the time to gather one packemf each

them from exchanging data with each other. The dateode in a cluster with a SOSBRA-based 802.11 D@Fkopol.

gathered by the sensors include one or more sampkes

Numerical and simulation results show that this peatocol
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outperforms both WiFi (802.11 DCF) [13] and ZigBeehomogeneous wireless peer-to-peer communicatiomgsbo
(802.15.4). It results in fewer collisions and ghuses less large numbers of nodes, so it is far from optin@l the
energy and wastes less time on the channel. Wecatapare clustered structure that is often present in senstworks.
this new approach to TDMA, which requires the mdtebe The retransmission algorithm that is most closelgted
ordered as well as synchronized, and show thataghdom to the SOSBRA approach developed in this papehés t
access approach requires less overhead and prayidater MACAW protocol [15]. MACAW assumes that each user i
flexibility. the network can hear every other user and that gbsick
Paper organization: Related work is reviewed intiSe@. headers contain the backoff window counter settirag was
In Section 3, we investigate the performance of BDDCF used when that packet was successfully transmidiédisers
in a clustered environment and propose a new CSMA/Cset their backoff window counters to this valued dmus use
protocol with SOSBRA, the synchronized one-stagekbfi a common backoff window counter after each sucaoéssf
retransmission algorithm. The density function loé¢ time transmission. A similar capability is achieved unde
required for this new protocol to gather one pafie@h each SOSBRA by having the clusterhead transmit the bfcko
sensor in a cluster is derived in this section. BMudcal and window size to be used by all nodes when it tratsrtfie
simulation results for this SOSBRA-based MAC protaare  synchronization beam — and, unlike MACAW, we only
presented in Section 4. These results also shawthtbanew require that all nodes be able to hear the clusteth
protocol performs significantly better than stamd&02.11 Furthermore, in SOSBRA the same contention windiae s
DCF and 802.15.4. Analytical results on the optimak used by all users until it is changed by thetelthead, thus
contention window size for the new retransmissilgo@hm  ensuring fairness at all times, not just after aceasful
are provided in Section 5. Section 6 discussesrataive transmission. Another difference is that SOSBRAebas

merits of TDMA and SOSBRA-based 802.11. protocols in clustered environments use an optinaakoff
window size determined by the number of active sddehe
2. RELATED WORK cluster, as discussed in Section 5.

Recent work on retransmission algorithms includes t

Clustered architectures for sensor networks hawn beFast Collision Resolution (FCR) and Fairly SchedufCR
studied extensively [1-11]. However, work has orggently (FS-FCR) algorithms proposed in [16]. In these atgms,
begun on the design of Medium Access Control (MACfeedback from the channel on the number of idldésslo
protocols for these architectures. The most prominecollisions, and successful transmissions is useihdiyidual
example is an option in the proposed ZigBee stahdamnodes to adjust a “multiplicative-increase, lindacrease”
802.15.4. In this option, a synchronization beammfia PAN-  backoff algorithm. At any point in time, differensers may
Coordinator (clusternead) initiates a superframe tbe thus be using different size backoff windows. A rfied
wireless channel. Nodes randomly schedule theist fircollision resolution algorithm called Gentle DCFOGF) is
transmissions in the 16 slots in this superframéasBquent proposed to enhance the performance of IEEE 80RQE
new transmissions and retransmissions follow slette[17]. The contention window size is halved after
CSMAJ/CA procedures. consecutive successful transmissions and an optiahag for

A synchronization beam and random scheduling of the is proposed.
first transmission attempt are also used in the BRSbased Other work on retransmission strategies [22] carsién
MAC protocol defined in this paper. The differenisethe event driven system in whichl nodes that have detected an
way backoffs are handled. Specifically, failed gramssions event, such as a fire, are all trying to an aladket to a base
in ZigBee can be rescheduled for either the cur@nt station. The optimal probability mass function teath node
subsequent superframes. In SOSBRA-based protdadésd  should use when transmitting a packet in one ofld{ssis
transmission attempts in the current “backoff wintlanust ~ determined. The density is optimal in the sense tha
wait until the next backoff window to attempt aminimizes the time until the first successful traission. In
retransmission. our case, we fix the number of nodes, and assume

In [14], a scheduling algorithm for data collectia® transmission attempts are uniformly distributed rowe
proposed. The clusterhead wuses information abowindow of size W. We find the value of W that mirimms

interference patterns created by the physical ilmcatf each the overall time to collect ALL the data packets.
non-CH node within the cluster to schedule simdtars,

collision-free transmissions. While [14] determinedower- 3 PERFORMANCE OF STANDARD AND

bound on the performance of other MAC protocols, it
implementation depends on knowledge of the physic LlSJBSI_T_é;?BASED 80211 PROTOCOLS IN A

location of each node. This may not be possiblenany

cases and relies on either polling by the cluststha well- | ¢ df Ki
synchronized clocks in the multiple-hop nodes. In a cluster of sensors used for target trackiogles may

Standard 802.11 DCF has been considered for saegor 0Ny be active after_ a target is detecteq. The‘id:rgn‘attern
because of its low-cost and wide availability. tied not Fhat occurs after this event IS not a Poisson a@invocess;
require synchronization as in [14] and ZigBee [12ut the instead, each Qf th&l nodes in the 1-hop sensor cluster has
cost is wasted energy due to collisions and dedaysto idle data to transmit and they begin at roughly the stme. We
channel time. More generally, 802.11 DCF was desigior also assume that each sensor will transmit onegpackthe
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clusterhead and then remain silent until all othedes have
transmitted. A similar traffic pattern can be exgecin

environmental and building monitoring networks véheach
node in a cluster regularly updates the CH with da&a
sample. Our goal is to find a MAC protocol thawisll-suited

to these situations in clustered sensor networks.

MAC protocols can be sorted into two categories:

distributed random access protocols, such as CSWA#Ad
centralized scheduling algorithms, such as polliagd
TDMA. In the class of distributed random accessqurals,
802.11 DCF is currently the dominant protocol inme of
presence in the commercial market. It is thus eelbes
against which alternatives should be compared. Tinuthe
following subsection, we determine the time to gatbne
packet from each sensor in a cluster using 802QE.These
results, plus the performance of a TDMA protocolll tve

T, : The duration of a successful data packet transomssi
dEﬁned aSTD = TRTS +TCTS +TDATA + SI:FSIFS +TDIFS .

T.(N,W): The total time required to collect one packet
from each node in the one-hop cluster when thexeNar
nodes and the backoff window W. For simplicity, T,
may be used.

T, : The total time wasted on collisions and idle slat
emptying a cluster; thug,, =T (N,W)-NT,.

T, : The duration of thé -th round during the collection of
one packet from each node.

Ters © The duration of an Extended InterFrame Space;
dEﬁned aSTEIFS = TSIFS+TDIFS +TACK'

used later in comparisons with the new SOSBRA-based If we assume that there is no interference fronsidetof

802.11 protocaol.

3.1. Standard 802.11 DCF in a Clustered Network

Previous results have shown that the four-way, RTSt
based mechanism in standard 802.11 DCF is vergtafein
improving channel throughput, especially when ladgga
packets are considered. In this paper, we will adgsider
this four-way handshaking mechanism. All simulasioof
802.11 DCEF in this paper are conducted with NS&.[The
standard 802.11 DCF model is used in the simulatemd
the relevant parameters in the DCF protocol areasein
Table 1.

Table 1: Configuration of Standard 802.11 DCF for
NS-2 Simulations used in this paper.

CWin 31
CWiax 1023
SIFS 10 us
Slottime 10 pus
DataRate 1M bps
RTS 352 bits
CTS, ACK 304 bits
Data Packet Length 1000 bits

Before presenting our analysis, we define all \Hes

used in the following sections:

W : The size of the contention window; measured assl|

fuw : The cost function when a contention window of

W slots is used and there aké nodes.

P;: The probability that all nodes can be successfull

transmitted without any collisions.

I:)W,n,r,c :

The probability

that n

nodes

transmit

successfully and the other nodes are involved irt
collisions. The contention window size V.

T.: The duration of an RTS collision; defined as
Te = Tars+ Tees + Topes-

the cluster and that all nodes begin their transions on the
cue of a single event, then every node will waisémse the
channel idle for one DCF InterFrame Spd@&!FS) period
and transmit its RTS. The common destination ndtbe,
clusterhead (CH), will then see the collision df @l these
RTS packets. Each collision results in an Extended
InterFrame Space (EIFS). At this point, each nodé w
generate a discrete random backoff slot numberghwisi an
integer that is uniformly distributed in the intaho,w -1].

Define W =W, W; .....W;_,Wy) to be the backoff
vector theN users have chosen; each lies [ W -1].
Without loss of generality, we assume
W!'sW, <......sW,_, <W;. Depending  on
relationships among the/'s, there are two cases:

1. No collisions If all Ws are distinct, then all data
packets can be successfully transmitted. This oasars
WIW -1 L..0W -N+1) _ (W),

wh -~ wh
where we assume thaW < W, and by convention,
W), =wiow -1 0.00W - N +12). If N>W, at least one
collision must occur. In this case of no collisiptiee total
time to empty the cluster will b&. =T, +W; + N [T, .
The mean value of; in this case can easily be shown to
be:

that
the

with probability Py =

E(T: |nocollisiong
=T, +E(W,; |nocollisiong+ N [T, ,
where, recalling that there is a slot numbered,zero
E(W& | no collisions)
w-1
= > xP(W = x| no collisions

x=N-1

2. Collisions With probabilityl-P,, there will be at

least one collision. In this case, some of Wiés assumed
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the same value. When their backoff slot counters reach zer= 0, decreasing their counters, both backoff and stage
simultaneous transmissions of RTS’s from all node$ Witcounters, after each slot period and freezing thaim®rs
this W* will lead to a collision, which causes all busywhen a transmission is detected on the channel.

nodes to freeze their backoff counters for one EIFoger _ When a node’s backoff counter reaches zero, the node

The nodes that collided will generate new random backdffill transmit its RTS packet to the CH. If no other aduas
numbers uniformly distributed ifi0, 2w - 1]. chosen the same backoff window slot, the node will

. . successfully transmit its packet following the RTS-ETS
Without loss of generality, we assume that only ONBATA-ACK procedure of 802.11 DCF . The remaining

collision occurs, that two nodes were involved, and th?\%des will activate their backoff counters after one DIFS

these two nodes’ first stage backoff W'ndowperiod after the packet transmission ends.

isW' =W, 1<i<N.We further assume their second- Collisions will occur if two or more nodes choose the
stage backoff window counters ar&/? and W2 , with ~S&me random backoff slot. Contrary to the standard 802.11
both in the intervalio.2W — 1 ' e DCF, though, the nodes involved in the collision witht
oth in the intervalG, ] generate a new random backoff window until their stage

Since W? and W?, are uniformly distributed over counters reach zero. This ensures that all scheduled attempts
[0,2w -1] and the first stage backoff slots for the rest o t;ar(;srlng bRTS pa‘;keﬁsl_ take place before any are

. — rescheduled because of collisions.

tré)ew I_JiJSythenodgsss_b_?re eu_r;tf;)rmelyé eg'lzltlr |butehden ot\r/]eer For all the nodes within the cluster, the collision will
[ ] possibility - exists, pecially w result in an EIFS idle time on the channel while thenter
number of nodes is fairly large, th&t® or W2, have the of each node is frozen.

same value as one of the remaining backoff countersof th With Synchronization of all the nodes in the ClUSter, the

rest of the busy nodes in the first backoff stage. This Stage counter of every node will reach zero simultaneously.
cause collisions that we call “cross-stage” collisions. At this point, the nodes that suffered collisions géherate a

By the definition of the EIFS, collisions lead to longnew random backoff slot that is uniformly distributeder

idle times on the channel, which decreases the chand8|W —1] and begin sensing the channel.
throughput significantly. While increasing the windoizes The idea of this retransmission algorithm is that
can alleviate the problem, cross-stage collisions cat@ot synchronization will make all nodes that were in collisions
prevented completely in 802.11 DCF. generate the next random backoff slot simultaneouslyaand
the end of the first backoff stage, thus preventingpssr
3.2 A SOSBRA-based Approach to 802.11 stage” collisions. It is obvious that the channel may &tk
The above investigations of the behavior of standafdr several slots after each node’s backoff counter esach
802.11 DCF in a clustered sensor network lead us {@oge0 zero; however, as a collision leads to a rather long ElES
an 802.11 protocol in which binary exponential bdtk® time on the channel, the throughput will be improved,
replaced by a Synchronized, One-Stage-Backo#specially when the cluster contains a fairly large number of
Retransmission Algorithm (SOSBRA). nodes. Furthermore, a one-stage backoff window size
3.2.1 The New Algorithm algorithm is much simpler than a multiple-stage backoff
Due to the simple clustered architecture of a sensorechanism and should decrease the cost in energy of
network, synchronization between nodes within a cluster éxecuting the protocol for each sensor node.
possible and is assumed throughout the remaindehisf t  We next analyze the performance of this protocol. Only a
paper. The synchronization can be achieved Vvisingle, one-hop cluster will be considered but thdyaisacan
communications between the clusterhead (CH) and non-@Gdsily be extended to the multiple-hop cluster case. We
nodes during configuration of the cluster and by periodiassume that the total number of non-CH nodeN iand the
synchronization updates from the CH. size of the one-stage backoff windowis
With knowledge of the number of non-CH nodes in the
CIUSter, the CH will broadcast a control paCket which @iost 3.2.2 Performance of the &/nchronized, One.Stage.Backoff
a fixed backoff window size, referred to &8 in what Retransmission Algorithm (SOSBRA)
follows, that is used by all nodes in the cluster. &sume . - - N N
that all the nodes of the cluster correctly receive packets with Define W =W W, ... W ,,Wy) to be the sorted
synchronization and backoff-window information. Our goafandom backoff slot vector, where ea@th is uniformly
is to determine the optimal size of the backoff-window. distributed over[0,W —1]. We determine the time to empty

The transmission of data packets from every sensor node . . .
to the CH begins at time=0 with each node selecting a (he whole cluster, called;. This is the time required for the

random numberW, that is uniformly distributed over CH o collect one data packet from every non-CH node

h node will maintai within the cluster.
[0, W -1] . We assume each node will maintain two counters. gefqre providing a general form for the density fumati

One is a backoff counter with starting val¢; the other of T., we analyze two special cases:

counter starts with valug/ and is called the stage counter. 1 No collisions all the packets are successfully transmitted
All nodes will start sensing the channel at time in the first round. This occurs with probability
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p SWIWDLIW-N+D Wy o yaiime AN =N, =N =1).G 26,6 26,0 =6,))

wh wh N W-n,
T, in this special case is given By =W +N [T, , n w), o i) B(n.0)
whereT, is the same as the case in 802.11 DCF. = wWh L0
2.Collisions: one or more collisions occur in the first round, N+ W-n,

and all the nodes that collided successfully transmit thei [ IJEM)MEE JEOQ!)ESZ(H,Q)
packets in the second round. Define the successful node n G O E(\N)ry

- e LG
vector N =(N,,N,), where N, and N, are random w! Wi 3)

variables that stand for the number of packetghjs outcome will lead to a total time to empty thester of:
successfully transmitted in the first and second round,

respectively. ThusN, + N, = N. Te (N, W) :ingi = igl(W“LCi (e +n o) +W+n, Tp)
Assume that the number of collisior,, in the

first round results inN, nodes that must retransmit.

Then the random variabl€, takes values in the set Recall that the time wasted on the channel wheptying
the cluster,T,,,is defined asT,, =T.(N,W)-NI[T,. From

{1 ZL%J} In this case, the total time to empty theequation (4) it follows that:
T, =1 W+(Yc)T,.
i=1

=1 W+ (3 ) Te +N T, . (@)

cluster is:
Te =T, +T,=W+N, O, +C, O, +W+N, [T,
=2W+C, O, +NO, .
with probability:
P{N, =n;,C, =¢;,nocollisions in thesecondround}

(1) Note that{N = (n,,n,,...,n,),C =(c,,C,,...,C,; )}implies
{Te =1 W+ (c)d. +NO,}. The converse is not true
because different successful node vectors and sicuili
vectors may lead to the same total tifeif the sums of

[NJEQ\N)n1 EEW_nlj Mc!)B,(N-n,c) their collision vectors are identical. However, thebability
M G E(W )an . (2) density function ofT. can be numerically evaluated by
w

wh -
Here S,(N -n,,c,)is a special case db, (n,k), ther- listing all possible vector pairgN,C} that can produce a
associated Stirling number of second kind [19]. given Te.

We now analyze the general case. Assume that laotbta

I rounds are required to empty the cluster, andrasghat 4, NUMERICAL AND SIMULATION RESULTS
the vector of the number of successfully transnttiisers in

N ! _ We now present numerical and simulation resultsndigg
each round isN =(N;,N,....N,) , where EN‘ =N For e performance of the SOSBRA-based 802.11 pratdaol

simplicity, we also define an associated randomtorec all cases, the time scale is normalized by a Btud,twhich is
_ _ equal to 10ps (see Table 1). Note that the timguo€essful
R=(R,R,....R), where R = Z N;, 1=12..,1-1  transmissions on the channel is common to all C3sed

j=i+l . e . .

. rotocol, that isN [T, . Minimizing the wasted timd,,, will
Each R is the number of remaining nodes after th¢h P e ° . .g I
thus minimize delay and maximize channel utilizatio

round that still have to transmit their packets. s¥& define In Fig. 1 we plot the probability mass function Bf for

the collision vectorC =(C,,C,....C, ), where C, , the N =50and W =120 Note thatT, is significant over a
number of slots in a round in which collisions agcoan  proad range: the interval [12000, 15000].

In Fig. 2, simulation results for the average clenn
throughput Yo) , defined as
NO, /T =(NO,)/(NO, +T,,) , with different backoff
C is a vector of lengti{l —1) because there are no coII|S|onszdOW sizes are provided. All results are averageer

assume the values 1, ZL%J i=12,...,1 -1. Note that

in the last round. 100,000 runs. From the figure, it is clear thatachieves a
The outcome n= (N, =n,N, =n,...N, =n,), Maximum value at some backoff window sk, . As we
. mentioned earlierT; =T,, + N[O, and the termN T, is
c=(C, =¢,C, =¢,...C,, =C_) and associated

common to all the protocols. From equations (1) @), T,,

r=(Rh=n,Ro=r,...,R-1= ;) for N, C and R occurs consists of two terms: the time due to collisiond ¢he time
with probability: due to empty slots. While increasing the backatrval may
increase the probability of successful transmissidrdata
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packets in each mini slot, it also increases itne until the
end of the round. On the other hand, decreasindpdickoff
interval will decrease the time spent waiting te #md of the
round while increasing the wasted time due to giolfis. The
trade off between these two effects leads to armapt
backoff window size for a fixed number of sensode®
within the cluster, as shown in Fig. 3. In Fig.2shows that
overall channel throughput can reach as high a2 foQall

four cases in the figure, and this proves the Highe-

efficiency of SOSBRA-based protocol. We furthetenthat
the optimal throughput is not very sensitive to ¢oatention
window size in a wide range, especially for theecaklarger
number of nodes. For example, for the caseNof100,

when W =600, that is one and half times of optimal

window size, the overall channel throughput dodschange
much. This offers great flexibility for system dgsi
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Fig. 1: Numerical results for the probability mass function of
Te, the total time to empty the cluster, for the SOSBRA-

based 802.11 protocol. Here, N =50 nodes and W =120.
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Fig. 2: Simulations for the SOSBRA-based 802.11 protoco/
that show the average channel throughput during the
emptying the cluster for different contention window sizes.
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Fig. 3: Simulations for the SOSBRA-based 802.11 protocol
that show the average wasted time, T,,, during empty the
cluster for different contention window sizes. N is the
number of nodes in the cluster.
It is interesting to investigate the relationshgivieen the
optimal backoff window sizeV,, and the total number of

sensor nodes within the cluster. In Fig. 4, we fHetoptimal
backoff window sizes for different cluster sizesheT
corresponding results for the total time to empty tluster
are shown in Fig. 5. Note the nearly linear relahip
between the optimal backoff window size and thealtot
number of nodes. It provides a simple way to edtnthe
optimal window size when the CH knows the total bemof
nodes within the cluster.
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window size for different N for the SOSBRA-based 802.11
protocol.
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ig. 5: S/mL//aﬂons deteﬂn//;;ng /the IT;/HI/;?LI‘/:? Te ’/ the Fig. 6: Simulations comparing the wasted-time T,, before
minimum total time to emply the cluster, for different cluster th p :

. ) e cluster is emptied for the SOSBRA-based 802.11,
sizes for the SOSBRA-based 802.11 protocol Standard 802.11 DCF, and ZigBee with and without GTS. The

advantage of the SOSBRA-based approach is significant for all

Fig. 6 provides comparisons between the SOSBRAEDASE) otor gizes put increases as the number of nodes in the
802.11 protocol, standard 802.11 DCF, and ZigBeh and c/uster/ncreaselé‘. e wmoer !

without GTS. For fair comparisons, we record wagiete

Ty only since ZigBee without GTS defines a different The reason for this improved performance is the
ACK(acknowledgement) packet size from that in 802.1elimination in the SOSBRA approach of “cross-stage”
DCF. In each simulation of ZigBee a superframesed. collisions, a phenomenon that becomes dominant in
Different superframe orders are tested and therfapee 802.11DCF and ZigBee without GTS as the numbeodes
order that yields the best performance — lowestmbla increases. Though ZigBee with GTS may prevent ‘&ros
wasted time — is chosen. For ZigBee with Guaranféete stage” collisions, some portion of the superframesirbe
Slots (GTS), we ignore the overhead due to GTSalions dedicated to Contention Access Period (CAP); furtivee,
and reallocations, so the actual performance ofsttteme each node must reserve an integer number of tioie &ir
will be worse than the results presented here. data packet transmission.  These requirements ecreat
From the figure, it is clear that the SOSBRA-basesdignificant overhead, which shows up in the figuas
802.11 protocol utilizes the channel better thatht892.11 inefficient use of the channel.

DCF and ZigBee. Its advantage increases as the @uafb Energy-efficiency is also a critical issue in senso
g g y >
nodes increases. networks. Note that the performance improvement of
SOSBRA-based 802.11 DCF over standard 802.11 D@F an
00 G ZigBee comes from the elimination of “cross-stage”
8 00l - 1 ||~ ZigBee with GTS . collisions. Each collision involves at least twartsmissions,
3 ;/ || T Standard 80241 bOF and nodes consume energy even while waiting urey tan
o SOSBRA-based 802.11 DCF Vv . N
< 25001 - 7/;7 e e retransmit, so we can conclude that SOSBRA is ranezgy-
2 ; ; ; T efficient than 802.11 DCF and ZigBee. To make these
Lg 2000[/* e = e comparisons preceise,_we use someh publishded meml%a;_
s B S R on energy consumption ratios when nodes are idling,
2 e F :F :F :F i = receiving and sending: The Digitan 2Mbps Wirelesslute
N R T T = SR IEEE 802.11/2Mbps) specifications shows idle:reesiend
5 1000| | | | | | . p p .
g L : R, ratios of 1:2:2.5 [20]. We apply these ratios aahtLgiate _the
B os0p-—r oo total energy consumed to empty a cluster with chfie
) 1 1 1 l protocols. The results are shown in Fig. 7.
% P " prs 20 e © In Fig. 7, all the energy consumed is normalized by
Total Number of Nodes energy consumed by a node when it is idle for 1000
(a). Case of small number of nodes microseconds. From Fig. 7, we can see that SOSBas&d

802.11 DCF is the most efficient in term of energy
consumption. In Fig. 6, we can see that stand@2dld8 DCF
is more time-efficient than ZigBee with GTS. Howevin
terms of energy efficiency, ZigBee with GTS outpenis
standard 802.11 DCF. This is because there arellisians
in ZigBee with GTS, and a node being idle consutess
energy than one that is sending during the same pieniod.
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Furthermore, each collision involves at least tvemding 1) No nodes choose this slot; this occurs with prdigbi

events. 1.n
Pompy = L= W) .
16000 T T T T T T T T
g ; ; ; ! ; ; ; ; 2) Only one node chooses this slot; this occurs with
814000———4———\———+———\———#——4———>———4—/7 . 1 1 N1
° T L ! ! ! ! probability P,,.. = NG—[{1-—)" .
£ 1o000l | = ZigBee without GTS L 7/7 | W W
2 —— ZigBee with GTS | | . e .
E Standard 80211 DCF /{ ! 3) More th.a?n one node choose this slot; this occuith wi
o - ¥ SOSBRA-based 80211 DC?’ | T | T probabilityP,, =1— (Puppy + Pauco) -
ot e i Sy Define f,,, to be the cost function when contention
§ 6000/~ — - 4: - 737 - % - 737 - % 4: B :p - 4: - window W is used, which characterizes the wasted time
= v ro /L I ‘ during collecting data packets. This cost comesnfrtovo
E oor = /’ R ’;3’ = sources. The first is from the number of idle slotsthe
T 2000f -~ Aol {, R R TR window of size W; the other one comes from possible
P ; /H/; ;/ ! ; ; ; ; collisions. We thus define
20 40 60 80 100 120 140 160 180 200 f
Total Number of Nodes fuw =W +P,, OT. + N W )W . (6)
. . ) . ) : w
Fig. 7: Simulations comparing total energy consumption to . . . .
empty the duster for the SOSBRA-based 802.11, Standard Equation (6) is derived as follows. Givéw andW, the

802.11 DCF, and ZigBee with and without GTS. The energy ~ average length for any of th& slots in the first round is
consumption  ratios  used in these simulations was  1+P,, [T_. The total average length of the first round is
idle:receive:send=1:2:2.5 WILl+P,, [T.) given that that th&V slots are independent
5 OPTIMAL CONTENTION WINDOW sizg from each other. Furthermore, users will enter sgbent
FOR SOSBRA-BASED PROTOCOLS rounds with probabilit,,. If we overestimate the number
of collided users by assuming there &tef them, which is
From the sections above, it is obvious that an gmjate the worst case, equation (6) follows.
choice of the contention window six®, is critical to the
SOSBRA-based 802.11 protocol's performance. In the
extreme case oV =1, all nodes will collide with each other cause the colliding nodes to reschedule transmmisdior the
and no packets would ever reach the clusterheadth®n second round, inducing additional costs. Sirfeg, is the

other hand, itW is SO large that almost all packets can bflotal cost for allw slots, on average, the “collision cost” for
successfully transmitted to the clusterhead onr tliest f

attempt, the idle time between successive packghch slot s .

transmissions would be very large. Thus, choosing

W involves a trade-off between the wasted time caused It is worthwhile noting that (6) overestimates #ftect of
collisions and idle slots left by long contentiomdows. collisions because we did not consider the costuatessful

5.1. The Optimal Contention Window Size transmissions. Actually, one collision will contuie less
. . . f . .
Given the total ”“mbef of nodell, and the window size than —* to the cost in the following round because there
W, the mean wasted time to empty the whole cluster, w

E{T.(N,W)} is used to evaluate the performance of thwill almost always be fewer thaM nodes in that round.
Thus, the contention window size we get through théethod

f . L. .
The term%anses because one collision in a slot will

algorithm:
g Neny should be larger than the optimal one. Howevesinaplify
N T2 our analysis, we ignore that effect.
ET(NW)}= Y ¥ Tunn-me P N-ne From (6), we obtain
m=0m#N-1 ¢;=1 1 1 1
N N-1
wWhereTy, , nono =W +¢ [0 + E{Tc (N —n,,W)} ) W+T. W I{L- (1_W) -N EW E(l—w) )
5 fNW - .
®) . . . . . ' 1w 1 1ina
Determining the optimal contention window size tigh @-—)" +NE-[1-—)
i P w w w
equation (5) is difficult, so we present anotheprapch to )
estimate the optimal contention window size. As atioal 1
and simulation results show later, this approaabvides a Taking the derivative with respect Yo =—,
reasonable estimate of the optimal window size. naeire w
of the approach is to minimize a cost function isadefined ¢ T _(+)MEN*+) V2 +(N-2 IV +]) [@-W)™™
below. v VALV O+ (N-D ) '
For any one of th&V slots in a backoff interval, three @®)

possible cases may happen:
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It is not straightforward to determine thg, such that

fuw =0 from equation (8).
(01/ N) in Figure 8.

We plotf,, vs V over

10°

10'E IE!

S /]

10°F \

Cost Function

10 ¢

Minimum Value

10° -
10° 10° 10 10° 10°
Fig. 8: Numerical results showing the cost function f, vs

1/W for different cluster sizes. The cost function assumes a
minimum value in [0,1/ N] for differentN.
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Fig. 10: Average Total time obtained with
simulation and analysis.

W, from both

opt

5.2 Optimal Contention Window when the Number of
NodesisLarge
In sensor networks, sensor nodes are usually deployed

with high density to ensure adequate spatial sampling

resolution and redundancy. In this subsection, westigate

In Fig. 9 we plot the optimal contention window sizethe optimal contention window for the case of a vergdar
obtained from simulations and the above analysis. As weimber of nodes within the cluster. We maintain that the

stated above, the analytical results yield a slighthgda
optimal contention window size than the simulation rssul

In Fig. 10, we compare the mean time to empty theearust

optimal contention window size in a SOSBRA-based
approach is a linear function of the total number osod
As is well known [21], binary exponential backoff

with the optimal contention window size from the simulatioietransmission algorithms are ultimately unstable forelarg
and analytical results. From the figure, we found that t user populations in the sense that the asymptotic ahte
mean total times agree with each other well, even though thigccessful transmission is zero, no matter how sihall

analytically chosen backoff window size is not optinidiis
follows from the fact that the curves of the mean tataé tto
empty the cluster vs. the contention window size are dlaite
around their minimal points. Thus, even though theyaimsl
gives a slightly larger contention window, this wimdatill
achieves nearly optimal performance.

4
0 ———————— T ——— ——— T  S—
I

:
””””” T IZZZZ3—* Simulations| -

Size

Optimal Contention Window

Total Number of Nodes

Fig. 9: Comparison between simulation and analytical results
for Wi, -

arrival rate. In other words, for a system with binary
exponential backoff, the ultimate queuing time for data
packets must eventually increase to infinity. In owpmsed
SOSBRA approach, as the number of nodes increases, the
contention window size must increase correspondirkigiym
Section 3.1, it is known that W is a linear function oiN,
say W =a [N, the probability of a collision in any slot

converges to a constant:

im P,
N - 00 W=a [N
_ oL ot Ly
= im (A NGRS )T
L L
=l-e?-—e“.
a

Recall that our measure of cost was defined to be:

1 1 1
W+T, W - @1-)" -NG-[{-)N*
_ cWHLm(y) w W) )

fN,W -

1 11
1- )N +NO- -t
W w W

fN,W

Now, define fy,, = to be the cost per slot. If we

setW =a [N and letN converge to infinity, we obtain
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lim fl as TDMA and polling are also possible and should be
NooW=alN evaluated. We quickly eliminated polling becausevdtuld
1+T require so many transmissions from the clusterhbad it
= |im D\[ < ]-Te would quickly exhaust its battery.
N oo W=ar (1_i)N _,_ﬂ(l_i)N—l We then considered TDMA and evaluated its
wW w W performance according to the following criteria:
14T 1) Complexity Each node is assigned a distinct slot in
=— - ° -T= C(a) . TDMA. This requires the clusterhead to know thentdg of
e—% + 1 e—% each mote in the cluster in order to order themmiist

broadcast the ordering to the cluster in ordersiga slots
©) and should likely repeat this broadcast each timete dies
from lack of energy or the network is re-clustered.

2) Inflexibility: Each node in TDMA can only transmit
one fixed-length packet per frame. If the packeshsrter
than a slot, the remaining time in the slot is wdstf a node
has a packet longer than a slot, then the packst brusplit
and transmitted over two frames, causing excesselay.
Random access schemes are much more flexible in

Fw _ alC(a) (11) accommodating variable packet lengths. Variablekgtac
fuw *NO,  alC(a)+T, lengths are likely because of compression algostosed to

Equations (9) and (10) show that the cost per siggduce the number of bits, and hence the enerdsarismit a

converges to a constant that is a functionaofonly. The pac:I%(et'.: it Tol S g Iy ch g
total cost is then a linear function of. And this results in a ) Fault Tolerance Sensor nodes are usually cheap an

S . vulnerable to failure; furthermore, they will alentually
constant channel throughput. Thethat minimizesf,,, is stop working because they have depleted their rpestdt is

independent ofN, and can be easily evaluated by takinglifficult for the CH to detect such unpredictablaildre
derivatives ofa [C(a). events. In this case, pre-assigned time slots&ied nodes
Fig. 11 shows the relation betwe@p and thea that become wasted which is costly because each.smMA is
. ) ) ) as long as a data packet. 802.11, both with antowit
minimizes fy,, .Itis clear thata increases a3 increases. gosBRA., is not very sensitive to the change of nugber
As explained above,T, comes from two sources: idle in the cluster, as shown in Figure 2. In Figure & provide
backoff slots and time from possible collisions. akitr, e performance comparison between SOSBRA and TDMA-
. ol llision h et based approach when the cluster topology changestalu
INcreases, a possibie collision nas a more SeVEel®N — qypar node failures or other changes in topologystands
T, - A larger contention window in this case will redube

. . . for the probability that a node has failed. Here we asstimae
average number of collisions in each round; thusimizing

a

From (9), it is clear that, for very largnl, we may
approximate the total cost ,, as:
fuw =W 5, =N [T(a). (10)

This further leads to the overall channel throughiou
empty the cluster as:

P=Ty, /T =

o total number of nodes in the clusterNs=1000, the data
the effect of collisions on the overal, . packet length i®L =1000bits, and all other parameters are
same as specified in Table 1. In SOSBRA, we fix the

22 T T
207jjji7””J””L”LJWLUVZ, contentionwindow size W, (N) for N =1000 for all of
mfififi”f””:h”j”j”i”ifi{gi cases. The figure shows that when the node failure
L ; Lo probability is larger than 0.15, TDMA performs werthan
F i T R B A R SOSBRA. Furthermore, we ignore the overhead for
L L,,,47/,},,},4,},L, broadcasting slot assigning information in TDMA, 8@

- L Y RS 7t N I S TDMA approach actually performs even worse thant tha
Sl i/f”jl”i”iﬁliu» shown here.p can also be interpreted as the probability that
L ] a node does not has a packet to send during thplisgm
A | oo process. We conclude that SOSBRA is more faulrdole

R R compared to TDMA-based approach.
o ‘ R SOSBRA is not very sensitive to changes in the

Tc: Length of a RTS Collision

3

contention window size, especially when the numbér

nodes is largeln other words, for a fixed contention window
size, changes of the number of nodes participatinghe
sampling process do not significantly affect theeray
performance. Thus, even if nodes are added or s&ipehe
initial rounds of data collection, the overall pgrhance — in
erms of the overall time to empty the cluster -eslmot
change much. Thus SOSBRA offers much flexibilitarth
TDMA with regard to changes in topology or traffiatterns.

Fig. 11: Relationship between Optimal a and T .

6. SOSBRA AND TDMA: A COMPARISON
The SOSBRA-based 802.11 protocol introduced abave

ZigBee both rely on synchronization of the motea itluster.
When synchronization is possible, centralized pra®such
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Fig. 12: Comparison between SOSBRA and TDMA-based
approaches. HereN =1000, PL =1000bits and a slot time is
10 microsecond in SOSBRA.

7. CONCLUSIONS

In this paper, we proposed a synchronized, onesdiagkoff,
retransmission algorithm (SOSBRA) for MAC protocfds
clustered sensor networks. We studied the perfocenanf
this new algorithm in 802.11 via both probabilisticalysis
and simulation. We showed via simulation that a BR&
based 802.11 DCF protocol performs significantlitdye- in
terms of energy usage, delay, and throughput - thath
802.15.4 (ZigBee) and 802.11 DCF (WiFi). It is stpeto
TDMA in terms of flexibility and complexity; espedly
from the point of view of the mote serving as thesterhead.
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