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ABSTRACT: Many Media Access Control (MAC)ptomls for Wireless Sensor Networks (WSN) use aal
tions of the popular Carrier Sense Multiple Access (CSMA) protocol due to its simplicity and its high |
mance in low traffic scenarios. However, CSMA does alataysrepresent a good choice for WSNs sir
typical low power transceivers requiresgynificanttime to switch between receiving and transmitting e
vice versaSensor nodes are not able to detect a busy channel during the switching. Thus, the colliaio
bility in WSNs is very highn case oftorrelatedeventdriven traffic.In this paper we introduce the BRAC
protocol that uses a backoff preamidigh variable length in ordeéo mitigate the effect o€lear Channel &-
sessment (CCA) delay.

1 INTRODUCTION power transceivers, the CSMBA protocol does not
' represent a good choieeven for one hop scenarios
Most protocols for Wireless Sensor Nebrks are - since a node is not able tteliably detect an onar

optimized in respect to energy in order to prolongng transmission if the transmission has starteti-wit
the lifetime of the network. This is necessary sincgn the last 12& s . A CCA delaly o
the nodes areften placed in areas which are hardly 4¢ceptable for low traffic scenarios where the traffic
accessible. Low power microcontrollers andnira |, js yniformly distributedThe traffic in WSNs
Zﬁ%'vé rsai‘{]?e\lj:eg :gnredl#gﬁr;r;e ar;?/\r/gfemrmptﬁgnlowoften has burst characteristisgice nodes sleep most
power consumption is%ften paid by the pri’ceatbf- of the time until they wakeup synchronously & r
spond to a ertain event, like pressure loss, ligle-d

erlimitations. . - )
Popular low power transceivers, like the COR42 tection, humidity, temperaturestress, strain, aceel

from Texas Instruments and ATBL's AT86RF231, 'ation or broadcast polling .

provide Carrier Sense Multiple Acaes Collision The probability O.f S|multaneous_ tranggsions can
Avoidance (CSMACA) functionality and are able P€ reduced by usingackoff algorithms to smooth
to transmit data with a rate of up to 256/ The t_he traffic loadandto resohe th‘? problem of_conlte
CCA signal is usually based on the measured R tion as shown byfay et. al. Their approach is based

ceived Signal Strength Indication (RSSI). Botmtra on _no_nuniform bé.lc.k()ff slot sg!ection in _order to
sceivers allow the specification of a threshfir the ~Minimize the collision probability.The optimized
RSSI. A busy channel is reported to the micreco distributiondecreases the packet lossa significant
troller if the measured RSSI value is above tee d W& if the number of copettors is known in @
fined threshold Furthermore, te RSSI value isva ~ VaNc€: Nonetheless, the efficiency o_f_ CSMAA
eraged over 8 symbol periods. Thus, theszaiver protocols strongly depends on the utilization of the
has to |listen for a mi nPsya dhe §afif patgm, gnd the numbergon-g o
liably detect a busy channd@ertocco et. al. showed tendingnodes. Furthermore, it has to be keptin mind
that he reaction time of the CCA signal can beth_at backoff algo_rlthms, likehe pop_ularTruncated
slightly reduced if the RSS! threshold is set rightSinary Exponential Backoff Algorithm (TBEBA),
above the noise level. However, a too ldweshold reducg the collision probability by taking a h!gher
will increase the number of false positives whieh r d€lay into account. Thus, they have to be configured
duces the throughput and increases the delay. carefuly. Another problem in WSNs is peesented

MAC protocols that are based on the CSIGA by the amount of time that a traesver requires to
protocol rely on the capability of the transceiver toPOWer Up Or taswitch from rx to tx and vice versa.
detect a busy channel. Due to the limitations @f lo
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Typical durations for switching between the twoloss is not acceptable fogattime monitorng appi-
states are 128 and 192 easors we started to develop a ndMAC protocol

A node is not able to detect the transmission ofvhich is introduced in the following section.
another node during this time interval. As a result, a This work is organized as follows. In Section 2,
collision will occur if two nodes start themransms-  we describe thMAC protocol and analyze the cell
sionswi t hi n a 128 Weesncountened siom prababiita in. case of simultaneous media
the problem described above in one of our projectaccessThe performance of the BRAC protocol is
in which we attached sensor nodes to a metal plamompared with the CSMABEBA protocol in a
in order to measure the stress of the plate. Thesnod&arge number of different scenarios in SectioR&-:
were configured such that they transmit their sensekhted Work is introduced and discussed in Section 4.
values to a central node for a short amount of time iFinally, we conclude in Sectidn
the sensed values exceeded a certain threshold. The
nodes started to transmitr@ost synchronously if the
plate was stressed due to the fact ttety were 2 BP-MAC
placed within a small ared&urthermore, we relied ) ) _
on the CSMA capabilities of the transceiver suchh€ BRMAC protocol isa highy reliable MAC

that the nodes were allowed to access the media ffotocol which uses preambles with variable length
the CCA pin was indicating a free media. to schelule the media access of the nodes. The usage

As a consequencef the synchronous transsai of preambles increases the reliability of the protocol

: : such that more tharB9ercent of the packets are-r
sionapprodmately 15 percent of the packets Whereceived even in high t@ffic scenarioswithout using

part of a coII|S|c_)n which was quite surprising SINCe otransmissionwhile maintaining a low delay
the overall traffic load was less than 5 percent. A

packet loss of 15 percent is not acceptable fa-mi 2.1 Media Access Description

sion critical data. Therefore, we decided to ieapl The basic idea of the protocol is to uséackoff
ment a TEEBA to reduce the collision probability. It preamble with variable lengthwhich covers the
turned out that the TBEBA algorithm was only ablefunction of a medium reservation signal on the one
to reduce the collision probability tmughly 1 pe-  handand the function of a busy signal on the other
cent in the low traffic scenario. hand. The duration of the reservation signal is & mu
In the next step we increased the samplireg fr tiple of the CCA delay which results in a slotted
quency of the nodeis orderto measure the perfo  contention resolution. In the following the term slot
mance of the WSN under a higher traffic load. ThdS usedinstead of CCA delay duration sinceig
packet loss increased to almost 5 percent inascenMore related to the context of mention resolution.
rios with a utilization of approximately 40 gent. If a nod(_a wants to transmit a data packet, it senses
We tried to increase the reliability by further-i the media for three slots. In the case that the media
creaing the Start Backoff Window (SBW) and the is still free after the third slot, it switches from rx to
End Backoff Window (EBW) of the CSMA tx an_d starts to transmit tHeckoff preamble. The
TBEBA. However, the reliability did not increase duration in number of slots of ttteckoff preamble

o : ; is chosen uniformly distributed betweene and a
significantly as expected. After checking different ,ovimum backoff window.

error sources, like interferences from other wireless After the transmission of thieackoff preambleis
technologies and the software on the microcdntro completed, the node switches from tx to rx to sense

ler, we located the cause of the packet 10ss in thge media. Ifthere is an ongoing transmission, the
CCA delay and in the time that the transceiver I o4e may switch off its transceiver and waiteb

quires to switch between rx and fypical backoff  yyeen two and maximum backoff window number
algorithms are only abl® reduce the problem since f gjots pefore it senses the media again. The node
they spreadthe traffic load which decreases theg,itches from rx to tx to start its data transmission in
probability that two or more nodes transmit at thene case that thmedia is free after the transmission
same time. Nevertheless, a node can never Knoyt ihe hackoff preamble. Thus, the time between the
whether another node is starting its transmission dugng of the backofpreambletransmission and the
ing the next CCA time interval due to the fact that itsi4rt of the data transmission is two slots. For that
camot listen to the air interface while switching yea50n, a node senses the media for the duration of
from rx to tx mode However, colisions will occur if three slotsbefore it stag to transmit abackoff

two or more nodes try to access thediom within a Tpreamblein order to be sure that there is no ongoing
time interval that is shorter than the CCA delay ofcontention resolution.

the transceiverDue to the fact that a high packet
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The usage of a backgfireamblewith varying di-
ration reduces the collision probability in a signif

cant way. However, collisions
or morenodes start to transmit

can kticcur if two
théaackoff prean-

2.2 Analysis of th&€ontention Resolution

The probability that two or more nodes access the
media within one slot duration depends on the traffic
load and the traffic patterrzor that reasqnevery

ble within one slot and choose the same preamblécenario has to be analyzed individually if theareli
duration.As a consquencethenodes will start their

data transnssionat the same timsince they are not Nevertheless, it is possible to calculate the collision
able to detect the transmissiof the other node
The contention resolution in case of synchronoushronously and the maximum backoff preamble d
mediaaccess is shown in Figulte Three nodes start ration is known.Thus, the achievable rability can

to sense the media within one slot duration.

Node 1 iISISISITI1I2|3[RIBI mlslslalgl

Node 2 |S]S|S|T|1|2|3| ---|7|8|R|T|

1
Data |

bility of a WSN has to be calculatech advance.

probability if the number of nodes that tsamt syn-

be calculated foworst case scenarios if we assume
that all nodes in the WSN start the media access
procedure at the same time.

First of all, we hae to specify a collision frorprob-
ability calculus point of view. A collision of two or

more transmissions occurs if two or more nodes s
lect the same number of backoff slots provided that
they have selected the highest number of slots in this
contentiorrelution phase.

The discrete random vahle C which represents the
number of nodes that are part otallision can be

Node3|S|S|SIT|1|2|3I

I I I
T l T T
1 1 1 1
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I >
e
t] t, Time t

- Sensing Channel

Figure 1. BPMAC - Synchronous Accedsxample

calculated as followd.et the number of nodes that

Due to the fact that the media is frew the fd-
lowing three slots, all nodes switch theimsaeivers
to tx mode and start to transmit their preamble.

Node 1 has chosen thbastest backoff preamble
with duration of three slots. After the transmission o

its preamble, the node switches ® mode and
senses the medid@he time that is required to switch

the transceivemode and to sense the media is one P(C > 2) =
slot duration. If a node recognizes a busy channel

the next slot is marked as bu®ode 1 recognizes a
busy channelThus, t waits a urformly distributed The protability that the contation is successfufl
number of slotgntil it senses the media agahode
3 recognizes a busy channel after its preamblplified to Eqution 2 in the case that the backoff

transmission, tool herefore it fo

llows the same@r

cedure as Node 1. Node 2 senses a freeumsafiter

its backoff preamble tramissian
start its data transmission.

which allows it to

Collisions may stilloccur, as mentioned earlier in
this section. However, collisions only occur if two or
more nodes start to access the medwithin one

slot and chose the same backoff preamble durationP(C = ©) =

An example of a unsuccessful contention resolution

is shown in Figure.

Node1 i[S[S|s|T]1]2]3]R[B[:--]S[S[BIB]
Nods 2 [STSTSTTIETZIELS 'i7i8iRi+w ?ﬂ
wsos | SIS TIPS TS TR TN

r 1 1 T T T Timet

t1
Figure 2. BRMAC i Collision Example

Lt

access the media at the same time be m while the
maxmum number of backoff slois n. The number

of nodes that are part of a collision is ¢ which-co
responds to the value of the random variable C.
Thus, we can formulate thdistribution function of

trandom variable C according to Etjon 1

.m-1
n-1m- i
1- P(C=1)=1- )

i=1

n

(1)

resolved is given by P(C=1).dgation 1 can be si-

slots are dected acording to a urform distribu-
tion.

m
m! 1 -1 .
— 2 1<c<m
cl m-c!\_n i=1
m-1
1
— c=m
n
0 otherwise

(2)

In the fdlowing weassume that the backoff slots are
chosen according to a idoarm distribution. The
probability that the trasmissions of two or more
nodes are part of a collision during one backoff can
be calculated according to Eqiaet 4 by using the
completeness axiofnom Equation 3
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Y p(c)=1 , (3) E[T] = 2 tRT=)
c=1 t=1
m-c = Z CP(C: C)
m! n-1 c J c=2
PC=0g=——2X i+1) X p(K
c!l m-cli=1 k=1 (4) m
= X tP(T =1)
To give a bder impression of the impact that the t=1
duration of the badkoff and the number of m me1
synchraously transmitting nodes have on the mz_lt m! 1 nil_m—t 1
collision prdoability, we show the esults of - - m ; _71' e,
Equationl for typical values in Fjure3. =2 Bm=t =
m
n (5)

Thus, we are able to lcalate the mean of the packet
loss due to calsiors during the contention
resoltion according to Equation 6

m
m! 1 n-1 _t
() 2 2<t<m
t m-t!\_n i=1
: " - 40 m-1
S it xo 1
- P(T=t=+| — t=m
& ”Smrssfons 0 Wt ( ) n

Figure 3. Collision Probability @bendingon the Number of 0 otherwise .
Competing Nodeand the Number of Backoff Slots (6)

Figure 3shows that BP-MAC contention resai-

tion is ableto reduce theollision prdability in case All traffic sources in the network access the-m
of smultaneous nedium accessn a sgnificant way  gjym at the same time in a worst case scenario. In
deperding on the number of backoff $& However,  g,ch a particular scenani@riable m corresponsito
it has to be kept in mind that the contentionihe numbenf traffic sources. In wer to reduce the
resoltion reduces the possible overall throughput.qjision prolability, a larger number of backoff
since no data can be transmitted during the preambl§ots n can be used tesplve the contention pbo
trarsmission. Thus, the utilization of the air interface|g . Nonetlless, the dution of the backoff should
and the traff_ic peiern h_aveto be @iken into account ot exceedcertain duration since a longer backoff
when choosing thmaximumnumber ofslots. || realt in a higherdelay. Furthermore a longer

If the difference of thesignal strength of twois  pagoff increases thprobability that more nodes try
multaneoustransmissions is largetan 3db, the (g trarsmit during asingle backoff which might d-
transmissionwith the higher signal strength i®-r crease the reliability. For that reason, we areusim
ceived correctly while the other packet istldse to lating the impact of the backoff duration and the
bit errors Nevertheless, wfocus on the worst case cca delay in Setion 3.
scenario in which both packets are disturbed such nodes in WSNs are usually not synchronized to

that the bit errors can not be corrected. In order thyaintain simplicity since the clock drift of the micro

calculate the mean packet loss we introduce a ne@pntroller makes synchronization a serious task.
number of lost packets during one contention sol yjiged into time slots to achieve a nifmum of sy-

tion. The random variable T is calculated & d chronization. The behavior of the protocol upon
scribed in Eqetion 5 higher layer packet arrivals is shown in Figdre
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Figure 4. Media Access ProcegsFlow Diagram

access counter is set to zefte transceiver might
be switched dfduring the waiting periodh order to
save energy

The proteol increases the access counter by one
if the media is idle and checks whatliee counter is
equal to threewhich indicakes that the media has
been idle for duration of three consecutive backoff
slots. If the value of the accessunter is smaller
than hree the protocol waits one backoff slot until it
follows the proedure described above.

The protocol calculates the preamble duratien
pending on the retry countand starts to send the
backoff preamble after the medium has been idle for
duration of tmee backoff slots. Then it switches the
transceiver back teeceive modavhich requires the
duration of one backoff slot. If the node senses an
idle channehfter the preamble transmissidginstarts
to transmit all packets in its waiting queue. @the
wise, it increases its retry counter by one and resets
the access counter before restarting the procedure.

3 RESULTS

The performance evaluation of a MAC protocol is
always a challenging task since many factors, e.g.
the nunber ofcompetingnodes, the utilizatioof the

air interface, and the traffic pattern, have an impact
on the reliability and the delay. Due to the fact that
our protocol is designed for WSNs, we focus on
networks with dataentric traffic pattern and highly
correlated traffic. We simulate the rjrmance of
the protocol under various traffic loads and ayvar
ing number of traffic sources.

In all scenarios the sensor nodes are in trasismi
sion range of each other and the signal strength b
tween the sources and the sink differs by less then 3
dB. Theefore, all packets of simultaneous transmi
sions are lost which represents the worst case for
collisions. The nodes are placed according toia un
form distribution within a square of 10 by 10 meters.

Higher layer packets are put into the waitingin order to give a better impression of the perfo

queue if a backoff is already pendirig. the case manceof the BP-MAC protocol we compare its pe
that no backoff is pending the media access proces§rmance with the CSMA protocol. The CSMAopr

is startedThe protocol initializes a retry coter and  tgcol uses a TBEBA to resolve contention on the
an access counter. Ndtetthe retry counter and the channel. The duration of aSMA backoff slot is set
access counter have different functions. The accessg 3 0. 51es whi c B2 kHpndocke s p
counter is used to count the numberregfconsas  cycle of the micro controllerThe TBEBA uses a
tive backoff preambleslots while the retry counter sSB\W and an EBW to calculate the number ofksac
represents the number of transmitted backoffmrea off slots. The number of backoff slots is then chosen
bles. _ uniform distributed between zero dartwo to the
After the initialization of the counters is completed,power of the current backoff window. The algorithm
the protocol switches the transceiwdrthe nodeto  jncreases the backoff window if the media is busy

receive mode andtarts to ensethe media.lf the e the current backoff which indicates an wunsu
media is busy, it waits between zero and EBW SIOtﬁessful media access

before the media is sensed agdm addition, the
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CC2420 or the AT86RF231, have a typical CG&A d

Pattern Name Parameter  Distribution Range/Values | ay bet ween 128 and 1292

Burst (Sources)Burst IAT  uniform [9.9995:10.0005]s cided to sinulate the delay and the reliability of the
Ect E. tBllX_?t cor}stant FO 0000; 0.0010] protocolsly i ncreasing the CC
acke uniform . ; 0. s |
Packet Size constant 1024 bit up to 256 €S The SBsMagdptiee 0

EBW of the CSMATBEBA protocol are set to 9
which representhe best tradeff between reliability

and delay forthis scenario.The configuration was
determined from measements and a large number
of simulations with comparable traffpattern A de-
tailed description of the CSMABEBA configua-
tion and its impact on the performance isegivin

the following subsection. ThBP-MAC protocol is
configured such that it sen@spreamble with dar
tion of up to32 backoff slotsNote thatthe duration

of a BP-MAC slot corresponds to the CCA delay
while the CSMATBEBA backoff slot durationis

constant. The reliability and the delay of the prot
cols depending on the CCA delay ah®wn in FO-
ure 5 and Figure 6The results of Figure 5 reveal

Sources [10;20;30;40;50;
60;70;80;90;100]
Burst (Load) BurstlIAT  uniform [0.4995; 0.5005]s
Pct p. Burst constant [2;4;6;8;10;12;
14;16;18;2(R2)]
Packet IAT constant 0.0250 s
Packet Size constant 1024 bit
Sources 10
Low Packet IAT uniform [0.9500; 1.0500]s
Packet Size constant 1024 bit
Sources 10
Medium Packet IAT uniform [0.0950; 0.1050]s
Packet Size constant 1024 bit
Sources 10
High Packet IAT uniform [0.0450; 0.(650s
Packet Size constant 1024 bit
Sources 10
CCA Delay Packet IAT uniform [0.0950; 0.1050]s

Packet Size constant

1024 bit

that the reliability of the CSMA'BEBA protocol is
greatly affected by the duration of the CCA delay.

Sources - 10 The slope of the graph shows that the reliability of

the CSMATBEBA is reciprocally proportinal to
the CCA delayHowever, the result is no realrsu
set to the durationf the CCA delay If not further  prise since the performance of the protocol mainly
mentionedt he CCA del ay i s dependstonthelkengng eapabilitiels of ¢hh tramscei
represents the RSSI average time of eight symbalr.

periods.In addition, the data rate of the transceiver

The backoff duratiorof the BP-MAC protocolis

is set to 256&kb/s. The settings described above are ! Sy,
used in all scenario$ not further mentioned again 0.8861 e
in the Pllowing subsectionsThe duration of each 099

simulation run is 1100 seconds. Statistics arke co
lected after a 100 second transient phdke results
are calalated from20 simulation runs with different
seedswhich are quite sufficient since the results of
differentsimulation runs are almosiual The delay oo
results represent the average of the 99 percem-qua **°
tiles of the delay while the reliability results ard-ca 0% 3 64 o6 128 160 182 224 256 288
culated as the averagéthe simulation runs. Cloar Ghamel Assessmentn s

3.1 Impact of the CCA Delay

The configuration of ta CSMATBEBA and the The reliability of theBP-MAC protocol islessaf-
BP-MAC protocol can be optimized for low traffic fected by the CCA delay. Tremall decrease of the
and high traffic scenarios. However, before we takéeliability with increased CCA delay is caused by
a look on the performance of both protocols undethe higher media access delay due to longer backoff
different traffic loads with different configuratisn slots. As a consequence of the higher delay more
we compare their performanceith an optimized nodes compete for the media access withinamne
configuration depending on the CCA delay in a-sc tention resolution. Thus, the probability that two or
nario with a medium traffic load. more nodes start their preamble transmission at the
The CCA Delay scenario consists Db sources same time and choose the same number of backoff
that generatd0 packets per seconuh averagec-  sjots increases. Nonetheless, the decrease is muct

Cording tothe uniform distrbution shown in Table less Compared to the re||ab|||ty decrease of the
1. Thus,the overall traffic load is approximately 40 CSMA-TBEBA protocol.

percent. Typical transceivers for WSNdike the

0.9851

Reliability
(=]
©
-]

0.975-

Figure 5. Reliability depending on the CCA Delay
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Figure 6 indicate that the delay of the CSMA-
TBEBA protocol is nogreatlyaffected by the higr

can be mentionedhich results from the lower util

zation due to the increased packeslos
In contrast to the CSMABEBA the delay of the
BP-MAC protocol increasealmostlinearly with the

crease of the duration of the backoff slots. Furthe The number of sources is increased from 10 to 100

more, the results of Figure 6 show that Bi@ MAC
protocol performs better than the CSMBEBA of

t he

CCA i f the

del

ay

r-i

shorter CCA delays. Thus, tHe@P-MAC protocol

further than
0.1 :
b4
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Figure 6. Delay depending on the CCA Delay
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Figure 7. Reliability depending on the Number eSBurces
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3.2 Impact of theNumber of Sourcesnd the
Traffic Load

Furthermore, a traffic pattern with burst charaderi
tics is used to simulattypical eventdriven traffic.

er CCA delay.A very small decrease of the delay In the first scenario, the nodes send traffic according
to the Burst(Sources) traffic pattern shown in Table
1. Thus, the nodes try to send three packets appro
imately every 10 seconds which results in peaks of
thetraffic load. This kind of traffic represents typical
CCA delayas long as the utilization remains on aeventdriven traffic from, e.g. Structural Health
medium level.The linear increase reflects the-i

EJSE Special Issu&ensor Network on Building Monitoring:
from theory to real applicatio(2009)

Monitoring appications, in WSNSs.

nodes in steps of 10 nodes in order to simulate the

impact of the correlatk traffic load on the perfe
smahce.sTee $BNVaamd the2 BBWe of the THMA
ence between the two protocols becomes larger fGrBEBA protocol are set again to Bhe first coni
guration of the BRMAC protocol uses a SB and
represents good choice for future WSNs since newan EBW of 16 while theecond configuration uses a
technologies will be able to shorten the CCA delaysBW and an EBW of 32Figure 7 shows thahe re-
1 2 Sceigess. f o r liabilbyvof bptbh pr@&acolstdeceeases almost linearly
if the number oftraffic sources is increased.

Delayins
o
(-]

——CSMA
-6-BPMAC 16-16
a2 BPMAC 32-32

)

Figure 8. Delay depending on the Number eb8urces

Figure 9. Reliabiliy depending on the Traffic Load

Nevertheless, the reliability of tH&P-MAC pro-
tocol remains on a very high level while the reliabil
Many MAC protocols use random access meeha ty of the CSMATBEBA protocol sigificantly de-
is not able to detect the start of

isms due to their simplicity in contrast to time ech creases.

duled access mechanisms. However, the price agimultaneous transissions due to the CCA delay of

simplicity is oftenpaid byhigher delayor unfairness 1 2 8.
which results fromthe required contention resel

late the performance of the protogathile incres-

The delay depending on the number ofrses is
tion. The following two scenarios are used to 8im shown in Figure 8. The linear increase results from
! _ the protocol overhead antthe utilization of the ne-

ing the traffic load and the number of sourcesgia. The increase isigher for both configurations of
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