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Abstract
In this paper we propose an analytical model for IEEE 802.irba clustered sensor
network environment. We investigate the timing delay, whkmodes transmit syn-
chronously and derive the distribution of the transmissiimie for the cluster members
to the cluster head. Further, we study the effects of cloekvsless from each sensor
node on the total delay and show how time margins can be dasihd to avoid col-
lisions from different rounds. Finally, we discuss the ploitity of scheduling logical
subclusters in order to improve the performance regardargnission time and suc-
cess rate.

1 Introduction tion defines the communication on the network layer

and above, while the IEEE 802.15.4 standard [6] is
With the recent developments in Micro Electro Me- adopted for the physical amdedium access control
chanical System (MEMS) technology, large-scale net- (MAC) layers. On MAC layer, access to the chan-
works of integrated wireless sensor nodes have be- nel is controlled with aarrier sense multiple access
come available [1]. By deploying networks of sen- yvith coIIi;ion avqidance(CSMA/CA) algorithm th.at
sors, information about behavior, conditions, and po- S especially designed for WPAN. It supports differ-
sitions of entities in an environment are gathered and €Nt network topologies, such as star-shaped and peer-
forwarded to a sink for further processing. The nodes ©0-Peer. Recently, there has been a growing num-
are equipped with a sensing device, radio transmitter, P€r of publications dealing with the performance of
and are usually battery operated. Since they are de- |EEE 802.15.4[7, 8, 9]. However, most analytical ap-
signed to operate autonomously, they must be able to Proaches of CSMA/CA consider the system to operate
set up a communication network in an ad-hoc manner under steady state conditions. Our focus in this paper
and be able to adapt to changes in the network topol- is on an application in which the transmission instants
ogy, when individual nodes may fail due to exhausted ©f €ach node are synchronized, i.e., all nodes simulta-
energy resources. Conservation of energy is, thus, a n_e'ously initiate the'lr.trar_13m|SS|on attgmpt. This spe-
key issue in the deployment of sensor networks. Most cific type of scenario is highly non-stationary and very
energy consumption is caused by the communication harmful for CSMA/CA as shown for IEEE 802.11
over the radio link [2]. WLANI[10].

o In this paper we present an analytical model of
Recently, several publications have shown the ben- S
, ; . . the transmission delay for a cluster of sensor nodes.
efits of using clustering methods in order to save en- ) . . .
g The model is based on a discrete-time, discrete-state
ergy and prolong the lifetime of the network([3, 4]. In

Markov chain model and derive the distribution of
clustered sensor networks, the sensor nodes do not . .
; : . the complete transmission time for a cluster of sensor
transmit their collected data to the sink, but to des-

. ) nodes to the cluster head in Section 2. Furthermore,
ignated cluster heads which aggregate the data pack- -

. : i we study the effects of skewness of the clock timings
ets and send them directly or via multi-hop commu-

o ; . . of each sensor on the total delay in 3. Numerical re-
nication to the sink. Thus, choosing the appropriate . : . X

. . : sults are given in Section 4 and the paper is concluded
sizes and number of clusters is essential for the per-

formance of the network lifetime. by an outlook on future work in Section 5.

In order to enforce standardization among sensor

devices, the Zigbee Alliance [5] was formed in 2002 2  Analysis of CSMA/CA
as an association of companies to create a low-cost

and low-power transmission standardwareless per- In this section, we briefly review the analytical model
sonal area networkWPAN). The Zigbee specifica-  given in [11]. Basically, the analysis consists of two
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delay for random 25E - 1
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o)

failure

success
Figure 1: Flow chart of the CSMA/CA mechanism

parts: () determination of the attempt probabilities of
each node, andij computation of the time delay for
transmitting and receiving. We focus on an applica-
tion in which all nodes transmit synchronized every
Tsync time periods.

We assume the sensor network to operate with the
beacon-less mode according to the algorithm given in
Fig. 1. The time axis is discretized inbackoff units
each with a duration of 20 symbol periods. We con-
sider the network to operate in the 2.4 GHz frequency
band with a symbol rate of 62.5 ksym/s, hence, a
backoff unit has a length of 80 bits. The variatité”
denotes thébackoff exponenthat is increased from
BE,,;» until BE,, ... The variableN B indicates the
number of backoffand is initialized withV B = 0 at
the beginning of each round. Default values in [6] are
BE,.;, = 3, BE,,.. = 5 and themaximum num-
ber of backoffas M = 4. If the transmission at-
tempt has not been successful until ffeth backoff,
it will be aborted. Note that the-th backoff is always
performed. Thelear channel assessmg@CA) is a
physical layer primitive to check if the channel is busy
or not. We incorporate the time required by CCA in
our model by assuming that the transmission can start
earliest at the next time slot after the attempt.

2.1 Attempt Probabilities

Let us consider a cluster witthv nodes, each hav-
ing a data packet of sizé to transmit. At time
t = kTsyne, k € N, all nodes attempt to transmit
data packets to their cluster heads. Each backpff
fori = 1,..., M is a uniform random variable less
thant;.

Wi — 2min(BEmin +7;)BE77L(L(L')

The backoff exponent size increases fréw,,,;,,
to BE,,.. and the maximum number of backoffs is

o
=

o
o
=

0.001

attempt probability

0.0001
1

time slot ¢

Figure 2: Attempt probability

denoted as\/. Hence, we have each delay occurring
with probabilityd; (¢) fori = 0,..., M.

di(t) =P[Bo+---+B;] =bo(t) ® - ®b;(t)

The attempt probabilitya(t) of each node is then
simply the sum over all possible cases occurring at
timet < ¢y, With ¢, = S35 W

M
a(t) =Y di(t) (1)
=0
The attempt probability fotv = 10, L = 2 and
different values of\/ is shown in Fig. 2. The curves
all show the distinct sawtooth shape reported in [10].
However, due to the limited number 8, all curves
decrease to zero fdr— t,;. Obviously, the attempt
probability increases for largé/ .

2.2 Total Transmission Delay

We model the total transmission delay, i.e., the time
from the synchronization instant until the final sta-
tion has finished its transmission attempt, by using a
discrete-time, discrete-state Markov chain state space
as shown in Fig. 3.

The states are denoted by the number of unpro-
cessed nodes and the time slots spent during transmit-
ting. All transition probabilities are derived from the
attempt probability:(¢) and are given as:

e the success probability,(¢) that one of the re-
mainingi nodes is successful in its transmission
attempt,

si(t) =is(t) (1 —a(t))™"

¢ the waiting probability w;(¢) that none of the
nodes attempts a transmission,

wi(t) = (1 - a(t))’
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()

w,(t)
70

Figure 3: Markov chain state space

¢ thecollision probabilityc;(t) as the complemen-
tary probability,

Ci(t) =1- (Si(t) + wz(t))

e and theailure probabilityfi(k) thatk nodes abort
simultaneously,

19 Z i) (’:) i (1= )

wheren = min {1, Lg[vvg}l) is an approxima-

tion for the abort probability of each node.

As the attempt probabilities are time-dependent, we
perform an iterative non-stationary analysis. Starting
with initial vector

x(0) = [0,...,0,1]

we multiply the state vector
X(t):[(ﬂld(t)] ’LZO,,N ]:1,7L

with the time-dependent transition mati¢) until
t=1pn.

x(t+ 1) = x(t) P(t)

The resulting component values ((t) of vector
X(t) constitute the cumulative probabilities of the to-
tal transmission dela¥y;q,. Examples of the distri-
bution are illustrated in Fig. 4. The pale colored lines

0.08

0.07 N=2,L=10 N=50,L=1

/ e\
/

0.06
0.05
0.04
0.03

delay probability

0.02
0.01

0
20 40 60 80
time slot ¢

100 120

Figure 4: Total delay distribution

show the distributions obtained from simulations. It
can be seen that the boldly colored analytical results
match well with the simulation values.

2.3 Probability of Success

We are interested in the probability of a transmission
attempt being successful until = ¢,,. Since our
Markov model does not distinguish between success-
ful and aborted attempts, we obtain the number of suc-
cessful nodes$'y after the round from a modified state
space of Fig. 3 where we only distinguish between
transitions for successful and unsuccessful attempts.
From the state probabilities; ;(tm..) we then de-
rive the success probabilityy = SWN The average
number of successful transmissions and success prob-
ability are given in Eqn. (2).

N L
SN = Z (N - Z) in,j (tmax) (2)
i=0 Jj=0

The number of successful nodes is shown in Fig. 5
over the total number of nodes. We varied the num-
ber maximum backoff/ in this experiment. It can be
clearly seen that increasing the number of nodes leads
to a point after which the performance decreases due
to collisions. Further, the figure gives a justification
for using clustering methods and shows that the best

success probability

0
0 10 20 30 40 50 60 70 80 90 100
nodes N

Figure 5: Success probabiligyy
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Figure 6: Model of clock skewness

operating range for IEEE 802.15.4 is up to approxi-
mately 20 nodes. A larg&/ increases the capacity of
the cluster, however, the valug = 10 used here is
only a hypothetical value, as the standard in [6] spec-
ifies a limitation of M < 5. The success probability
can be influenced similarly by increasifit¥,,;,, and

3 Model of Clock Skewness

So far we modeled the total CSMA/CA delay while
considering perfect synchronization among all nodes.
However, in reality this can never be fully achieved,
since there will always be a skewness of the internal
clocks. In this section, we extend the model to in-
clude the effects of skewness in the clock timings on
the performance of the transmission delay. The basic
mechanism that we follow is sketched in Fig. 6.

Let us consider the timing offset as a random vari-
able). We modek? as discretized normal distributed
r.v. with meanE[Q)] = 0 and variancev = Var[].
Examples of the cumulative distribution function are
shown for different variance values in Fig. 7.

If we add the offset to the initial backoff window
By we obtain new attempt probabilities as shown in
Fig. 8. Note that the plot denoted with = 0 cor-

1.0e0

Ly
=3
P
KN

1.0e-2

1.0e-3

attempt probability

1.0e-4

1.0e-5
-50 0 50

time slot ¢

100 150

Figure 8: Attempt probabilities with skewness

the shape is dominated by the normal distribution.

We use these new attempt probabilities with the
Markov model in the same way as described in Sec-
tion 2.2 to obtain the transmission del&d§s.,. The
cumulative distributions of the corresponding curves
in Fig. 4 are depicted for different values af in
Fig. 9.

It can be seen that increasing the variance has a ben-
eficial effect on the total delay as it spreads the timing
of the first attempt over a longer period, so that colli-
sions especially in the 0-th backoff phase do not occur
so frequently with higher. However, this effect is re-
versed for largéV. In the next section we investigate
the effects of variation of the skewness in greater de-
tail.

4 Numerical Results

The first question we wish to investigate in this section
can be formulated ass less time required if we sched-
ule the transmissions for all nodes or sequentially for
groups of nodes?his would mean that we can split

a physical cluster into several logical subclusters and
perform their transmissions at different offsets. An-
other important question that we wish to examine is
how does the clock skewness influence the transmis-

responds to the case with perfect synchronization as Sion time. Is it even more beneficial to have a high

described in Section 2. It can be seen that when in-
creasingv, the sawtooth shape gets smoothed out and
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Figure 7: Cumulative skewness probabilities

timing skewness in order to avoid collisions especially
during the first backoff?
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A
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Figure 9: Delay CDF with skewness
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Figure 10: Average delay far = 1

4.1 Benefiting from Time Skewness

When we consider clock skewness, the nodes may
transmit prior to the actual synchronization instants.
Therefore, we must take care that the synchronization
time interval is large enough that no overlapping oc-
curs as this would introduce additional unnecessary
collisions. This is avoided by introducing a time mar-
0in Thuargin @nd in this section we investigate the best
choice forl},q,4in When the variance of the skewness
w is known. The idea is that if we intentionally add
a certain clock skewness, we can in fact improve the
system performance.

Let us consider the average delay fbr= 1 in
Fig. 10. We can see that increasing the variance of the

clock skewness does indeed reduce the average trans-

mission time up to a certain number of nodes (in this
case about 41). Beyond this number of nodes, the ef-

fectis reversed in that the increased skewness yields a

larger average time.
We variedw in Fig. 11 and see that fav = 10

Pe=10"

Pear=10"

optimal T,,,.;,

Pear=107

0 20 40 60 80

skewness variance w

100 120

Figure 12: Optimal time margin for differept,;

a given(2 with variancew we considefl;,,,4i, to be
sufficiently large if the probability of collisions from
different rounds is below, ;. In Fig. 12 the optimal
values forl,,,,gin are shown fop..; = 1072, 1074,
and10-6.

The optimal time margin certainly increases with
stricter collision probability..;. Furthermore, if the
skewness has a higher variance, the time margin must
also increase. From curves like in Fig. 12, we are
able to extract the optimdl,,,q,4in, Whenp.,; andw
are given. Note that these values are minimum val-
ues. Choosing a larger margin than those obtained in
this section does not harm the performance except for
adding extra delay when we consider the scheduling
of subclusters as shown in the following section.

4.3 Scheduling of Sensor Subclusters

Let us now investigate the question if it is better to
split the cluster into two logical subclusters that are

increasing the skewness variance has the same effectscheduled sequentially, see Fig. 13. In this example

for different L except that the curves a shifted.

4.2 Optimal Time Margin

Let us now consider the appropriate choice of the time
marginTy,qr4in. Recall from Fig. 8 that for large
there is a high probability of attempting prior to the
actual synchronization time instant. This is caused
by the normal distributed skewness variable For

90
85
80
75
70
65
60
55
50
45

average delay

0 20 40 60
skewness variance w

80 100

Figure 11: Influence of the skewness variance

the transmission time is sketched in the top part for
Tsyne When allN nodes in the cluster start their trans-
mission at the same instant. Our goal is to determine
the time gain, if we split the cluster into two subclus-
ters with/N/2 nodes. A positive gain would justify the
scheduling of subgroups in the cluster.

) Tsyuc >
Tmnrxm
total cluster
l N nodes l
time
N/2
nodes Lmargin T pargin
" -~
—— time
synchronization instant time gain

Figure 13: Timings with scheduling subclusters
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Examining the shape of the curves with the average References

delay easily gives us an answer to the question if we
can improve the average delay by forming subclusters.
As the shape of the curve is concave, for any value
N, smaller values tha®V always have a delay that is
greater than half of the delay @f. For very large

N, however, the slope levels out. We do not consider
these values, as they show a high rate of failures due
to collisions, see Fig. 5. In fact the only benefit we can
gain from forming subclusters is that a higher percent-
age of nodes can be received successfully. From the
viewpoint of the transmission delay we can not obtain
any significant benefit.

5 Conclusion

In this paper we presented a model for clock skewness
in a synchronized IEEE 802.15.4 sensor node clus-
ter. The model uses a discrete-time, discrete-space
Markov chain to evaluate the transmission delay of
the whole cluster. The computation of the delay con-
sisted of two parts: first the attempt probability was
assumed independently for each user, and secondly,
the total CSMA/CA access process was modeled.

Furthermore, we modified the model of perfect syn-
chronization by adding a skewness offset modeled
with a normal distributed random variable. It could
be seen that introducing a certain skewness improves
the average delay time for the transmission of a round.
On the other hand, we found that when we exceed a
limit on the number of nodes, this effect is reversed
and turns into a disadvantage leading to increased de-
lays. We also showed how time margins can be easily
found that ensure that collisions from different rounds
occur only at a very low probability.

Finally, we examined the questions, whether the
splitting of a cluster into logical subclusters shows any
benefit on the transmission time. We have discussed
that while the average delay is not reduced, the parti-
tion into logical subclusters may lead to a lower fail-
ure rate. In this paper we only examined the possibil-
ity of splitting the cluster into two logical subclusters.

In the future we wish to investigate a general fraction.
This and the influence of collisions from other clusters
are subject to further study.

Acknowledgment

This research was supported by “The 21st Century [11]

COE Program: New Information Technologies for
Building a Networked Symbiosis Environniegd a
Grant-in-Aid for Scientific Research (A)(2) 16200003
of the Ministry of Education, Culture, Sports, Science
and Technology in Japan.

0 3760

(1]

(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9]

[10]

I. Akyildiz, W. Su, Y. Sankarasubramaniam, and
E. Cayirci, “A survey on sensor network$EEE
Communications Magazineol. 40, no. 4, 2002.

W. Ye, J. Heidemann, and D. Estrin, “An energy-
efficient MAC protocol for wireless sensor net-
works,” in Proc. of IEEE INFOCOM (New
York, NY), June 2002.

W. Heinzelman, A. Chandrakasan, and H. Bal-
akrishnan, “An application-specific protocol ar-
chitecture for wireless microsensor networks,”
IEEE Transactions on Wireless Communica-
tions vol. 1, no. 4, 2002.

J. Kamimura, N. Wakamiya, and M. Murata,
“Energy-efficient clustering method for data
gathering in sensor networks,” iRirst Work-
shop on Broadband Advanced Sensor Networks
(BaseNets)(San Jose, CA), Oct. 2004.

Zigbee Alliance. http://www.zigbee.org/.

IEEE 802.15.4, “Wireless Medium Access Con-
trol and Physical Layer Specifications for Low-
Rate Wireless Personal Area Networks,” 2003.

M. Achir and L. Ouvry, “Power consumption
prediction in wireless sensor networks,” liiC
Specialist Seminar on Performance Evaluation
of Wireless and Mobile Systengéntwerp, Bel-
gium), Aug. 2004.

G. Lu, B. Krishnamachari, and C. Raghavendra,
“Performance evaluation of the IEEE 802.15.4
MAC for low-rate low-power wireless net-
works,” in Workshop on Energy-Efficient Wire-
less Communications and Networks (EWCN
'04), (Phoenix, AZ), 2004.

J. Misic, S. Shafi, and V. Misic, “Performance

of 802.15.4 beacon enabled PAN in saturation
mode,” in Symposium on Performance Evalua-
tion of Computer and Telecommunication Sys-
tems (SPECTSSan Diego, CA), July 2004.

C. Foh and M. Zukerman, “Performance evalua-
tion of IEEE 802.11," inlEEE Vehicular Tech-
nology Conference (VTC) Fal(Atlantic City,
NJ), Oct. 2001.

K. Leibnitz, N. Wakamiya, and M. Murata,
“Modeling of IEEE 802.15.4 in a cluster of syn-
chronized sensor nodes,”$nbmitted to 19th In-
ternational Teletraffic Congress (ITC-19Bei-
jing, China), 2005.


研究会temp
テキストボックス
－376－




