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Abstract—Energy consumption is one of the most important — o
problems to be solved in wireless sensor networks, since sensor E‘xplra.tlon of
nodes are operated with battery power. Therefore, it is necessary Active Timer, Ta

to put the wireless interface of sensor nodes into low power o
Transmission

sleep state as much as possible when communication with of Data

neighbor sensor nodes is not required, in order to save battery \»
power. In this paper, we analytically derive the steady state Expiration of Expiration of

probability of sensor node statessleep listen, andactive states, Sleep Timer, Ts Listen Timer, T

in Adaptive Fidelity Energy-Conserving Algorithm (AFECA),

which belongs to duty cycling scheme for energy conservation

in wireless sensor networks. Then, we analyze the energy

consumption of AFECA in detail for varying the number of Transmission
neighboring nodes, sleep timey listen timer and active timer @ or Reception
values. The performance of AFECA is compared with that

of Basic Energy Conservation Algorithm (BECA) in detail via
mathematical analysis. The analysis results show that AFECA
achieves significant improvement of energy conservation over
BECA, even for a small number of neighboring nodes, when
the values of sleep timerand active timerare not very large.
The result of this paper can provide sensor network operators
guideline for selecting appropriate timer values for AFECA.

Fig. 1. State transition model of BECA.

Conserving Algorithm (AFECA) belong to duty cycling
Index Terms—BECA, AFECA, energy consumption, power scheme. As shown in Fig. 1, opera’qng states in BECA consist
consumption, sensor network. pf active listen, andsleepstqtes._ In|_t|ally, sensor nodes stay
in sleepstate when communication is not required, by putting
) the communication interface in the low powsleep state.
. Introduction In sleepstate, sensor node periodically wakes up for every

E tion i fth ti tant bl sleep timer,T;. At the expiration ofsleeptimer, it moves
nergy consgmp}on IS one ot the mos |mpor ant probienys jisten state and listens to air interface in order to check
to be solved in wireless sensor networks, since sensor no A incoming data to the sensor node ufisten timer 7}

are operated with battery power and battery in sensor no § xpired. Inlisten state, if there is no incoming data until

cannot be replaced easily [1], [2], [3], [4]. Although ®MNihe expiration of thdisten timer, it moves back tsleepstate

ergy s ponsu_me@_ to Sense information Or Process Sensefhin. otherwise, sensor node changes its stadetioestate
mformatpn,t &gqf}ma&;}t portion of e;jnergi ISA::onsqmed _t nd communicates with another sensor node via air interface.
communicate with other Sensor nodes [, ]_' SO, smc'e'JUﬁ{ active state, data are transmitted or received, and if there
listening to air interface, without transmitting or receiVings o further data to be transmitted or received until the

data_V\_nth other sensor nodes, consumes cqmparaple Energy Bration ofactive timer,T,, after completing transmitting
receiving data, it is necessary to put the wireless interface receiving any data, it moves eepstate

sensor nodes into low powsteepstate as much as possible
when communication between neighbor sensor nodes is pgt shown in Fig. 2, AFECA [7] improves energy conserva-
required, in order to save battery power [5], [6]. tion of BECA by increasing residence durationsieepstate

when neighbor nodes are available. In AFECA, sleep timer
Although there have been numerous schemes to save eng/dVe is defined a&(1, N) « T,, wherel denotes uniform

in wireless sensor networks [4], duty cycling scheme Wistribution and N is the estimated number of neighbor

olrtle of tth% TOSt rep:_resenéatlwe Sihfme;’ V\{heEre senscC)r n?ﬁo%ses. A subset of sensor nodes awake to forward data to
alternate betweeacliveanasieepsiates. basic Energy on'neighboring sensor nodes on behalf of neighboring sensor

servation Algorithm (BECA) and Adaptive Fidelity Energy-nodes’ which stay irsleep state and save battery power,
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Fig. 2. State transition model of AFECA.
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Fig. 3. A modified state transition model of AFECA.

Although the performance of BECA and AFECA was an-

alyzed in detail in [7], it was carried out via simulationjgle states, for ease of mathematical derivation, as was
approach, and thus, it is not feasible to reuse the analygi®posed in [8]. Iractive-transmitactive-receiveandactive-
results and extend the results to analyze other duty cycliple states, a sensor node transmits locally generated sensing
schemes and gain insight on general duty cycling schemesglita to a sink node, relays sensing data from other sensor
our previous work on BECA [8], we derived the steady staigodes to neighbor sensor nodes, and receives sensing data
probability of sensor node states in BECA via mathematicgpm neighbor sensor nodes, respectively [9].alctive-idle
analysis and analyzed the energy consumption in BECA dfate, the sensor node does not receive or transmit any
detail. Also, since state transitions are controlled by tim@&gnsing data. For notational convenierieep listen, active-
values and traffic CharaCteriStiCS, the effect of timer Valu%nsmit active_receiveactive_forward, andctive-idlestates

and traffic characteristics on the steady state probability aggb denoted as states2, 3,4, 5, and6, respectively.

energy consumption was analyzed thoroughly.

As an extension to our previous work in [8], we derive thgbr?sirgg':;gg of Steady State Probability and Energy

steady state probability of sensor node states in AFECA via

mathematical analysis and analyze the energy consumptjey} analysis, we adopt the same assumptions from [8], re-

in AFECA in detail for varying timer values. Then, weyarding the density functions of random variables as follows:
compare the performance of AFECA with BECA and show

the performance improvement of AFECA over BECA. The , Transmitting, receiving, and forwarding data packets at
effect of the number of neighbor nodes and timer values on 5 sensor node occur according to a Poisson process with
energy consumption is analyzed, too. parameters\;, A, and A, respectively;
The time duration that a sensor node remainadtive-
transmit, active-receive and active-forward states fol-
lows an exponential distribution with a mean value of
1/pe, 1/pry @nd1/pg;
The values ofleep timerlisten timer, andactive timer
are assumed as constant and they are denotdd, 5},
andT,, respectively;

. . e A\f = Wi, A = A, and 1/ = 1/p, = 1
ll. Modeling and Analysis of AFECA State a{e assted, where{f is théuweighti/#g facto/rugor
Transition Model forwarding data traffic to local transmitting data traf-

_ _ _ fic, and The activity of a sensor node is defined as
In this section, we develop an analytical methodology for p= AetAed Ay (A42wp)de

deriving steady state probability of sensor node states in He pe
AFECA, based on that developed for BECA in our previoushe steady state probability of each sensor node state can be

The remainder of this paper is organized as follows: Section®
2 develops analytical model of sensor nodes in AFECA

for deriving steady state probability of sensor node states
and obtains energy consumption. Numerical examples are
presented in Section 3. Finally, Section 4 summarizes this’
work and presents further works.

work [8]. obtained as [10]:
A. Modeling of Sensor Node State Transition P, = Z;Tktk: _, k=1,2,3,4,5 and 6, 1)
i=1Tili

Figure 3 shows a modified state transition model of AFECA,
where active state in Fig. 2 is divided into four sub-stateswherer; denotes the stationary probability of statand,
active-transmit active-receive active-forward and active- is the mean residence time of the sensor node in étatde

ISBN: 978-988-19251-4-5 WCE 2011
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)



Proceedings of the World Congress on Engineering 2011 Vol 11
WCE 2011, July 6 - 8, 2011, London, U.K.

stationaryprobability is obtained by solving the following P;3 as follows:
balancing equations [10]: _

ﬁl = E[t ] = E[min{T127T13}]
6 = / Pr(min{Ts,T13} > t)dt
7 = > mPij,j=1234,54and6, 2) o
kzl = / PI‘(T12 > t)PI‘(T13 > t)dt
0
1 = T, 3) T NI NT, —t
k=1 = e Mtdt +/ T8 Mgy
’ 0 r, (N=1T;
1_ =T NT& A\ NTs _ /—Ath
where P,; represents the state transition probability from = f\ — (e N 17T : ) (6)
statek to statej. Since the stationary probabilities of AFECA N 7A<NT_ ) NP
are the same with those of BECA, we reuse the derivation —_  Ls¢ "*"° = NTsem7tV7e  emhere —em e
results from [8] and detailed derivation results are omitted A A

here due to the limitation of space.

N N ) Basedon the values ofr;, andt,, we can obtain the steady
State transition probability;; can be derived based on thesiate probability of each sensor node state using Eq. (1) [10].
distribution of time from state$ to j, Ti;. Since the state ¢ energy consumption of a sensor node per unit time is

transition fromsleepto listen state of AFECA is different gpiained by using the steady state probability as follows:
from that of BECA, we newly derive the values df,

and P;3. Exit from the sleepstate is caused by any of the Eo iw P
following events: = k Lk

()

k=1

« Sleeptimer expiration (T): wherey, is the power consumption in stake
« A transmitting data packet arrival {7). ]
[ll. Numerical Examples

Then, the state transition probabilitie®; and P;3 are .
P 12 13 For numerical examples, we use the same default parameter

obtained as: values assumed in [8], i.eT, = %h T, = ﬁh T, =
- e 0.1, wy = 10, i,:, 300 o = 5600/ =
Py = / fr, () Pr(Tiz > t)dt 20-h, A = B0/, N, = 3800/, Ny = 300 /p, 4y =
Y o 0.025W, 1o = 1.155W, o3 = 1.6W, ¢y = 1.2W, 5 =
= / fru (t)/ Aee~ MUdudt 1.6W, andvyg = 1.5W.
0 t
NT. 1 vt Figure 4 shows the effect aV for steady state probability
= /T m‘f dt of BECA and AFECA. We note that instead of showing
NT. . ANT. the probabilities of four sub-stateactive-transmit active-
= ¢ —© (4) receive active-forward, andactive-idle states, respectively,
A(N = 1T we show the probability odictivestate collectively, in order to
Pz = 1- P, ®) simplify and strengthen the result. Since BECA is irrelevant

to N, steady state probabilities of BECA does not change.
where the probability density function @f,, is defined as: On the other hand, the probability efeepstate of AFECA
increases as the value df increases, and the probabilities of
1 other states decreases as the valu®/ afecreases. As shown
fr,(t) = { (N-1)T; i in Fig. 5, the energy consumption of AFECA is significantly
0 otherwise less than that of BECA and the energy consumption of
AFECA decreases as the valuedfincreases. However, the
Since other state transitions are the same in both schemesyate of decrease of energy consumption of AFECA decreases
reuse the results obtained in [8] for the other state transitias NV increases, since the probability gleepstate of AFECA
probabilities. saturates as the value &f increases. From Fig. 5, it can
be shown that AFECA achieves significant improvement of

Based on the derived state transition probabilities, the megRergy conservation over BECA, even for a small values of
residence time of the sensor node in each state is calculatgd.

Similar to the above derivation, we only derive the values of '

the mean residence time gleepstate and reuse the resultd=igure 6 shows the effect aleep timeron the steady state
obtained in [8] for the other mean residence time values. Theobability for N = 5. From the results, it is shown that the
mean residence time in tleeepstate in AFECA is derived shape of steady state probabilities of AFECA is very similar
using the newly derived state transition probabilitids and to that of BECA presented in [8]. However, the probability

if T, <t< NT,
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Fig. 4. Steady state probability for varyingy . Fig. 6. Steady state probability for varying sleep timer.
1 ; ; 1.4
BECA —o— BECA —o—
AFECA—+ 1 AFECA (N=2) ——
09¢ 1 100 AFECA (N=5) —&— |
AFECA (N=10) —%—
08 AFECA (N=20) ——
3 S Ty
g 07¢ 5
s S o8t
£ £
2 2
S S L
o O 0.6
5 5
o [7)
5 4 04|
0.2
0.1 ‘ : ‘ ‘ ‘ ‘ ‘ : 0 ‘ ‘
2 4 6 8 10 12 14 16 18 20 0.0001 0.001 0.01 0.1
N Sleep timer (h)
Fig. 5. Energy consumption for varyingy. Fig. 7. Energy consumption for varying sleep timer.

of sleepstate of AFECA is larger than that of BECA dueState in AFECA are larger than those in BECA. Therefore,
to increasedsleep timewalue, and the probabilities disten e energy consumption of AFECA is smaller than that of

and active states of AFECA are less than those of BECABECA, @s shown in Figs. 9 and 11. We note that the steady
Also, we note that the probabilities of the same state gtate probability of all the states of both schemes saturates

both AFECA and BECA converge to the same value whdRr large values ofleep timersince there is few transition
the value ofsleep timeris very large, since the effect of from listen to sleepstate, and thus, energy consumption of
N is negligible for very large value o§leep timer The both schemes also saturate. In Fig. 11, on the other hand, the

energy consumption of AFECA is smaller than that of"ergy consumptions of both schemes converge to the same

BECA because of the increased probabilitystefepstate and Value for very large values aictive timer, where the effect
decreased probability dfsten and active states, as shown of IV is negligible since states remain @ctive state almost

in Fig. 7. Also, the energy consumptions of both schem&Ways. Similar to Figs. 5 and 7, it is shown that AFECA
converge to the same value for very large valuesslebp achieves significantimprovement of energy conservation over
timer, where the effect ofV is negligible. Similar to Fig. 5, BECA. even for a small values oW, when the values of

it is shown that AFECA achieves significant improvement Ctive timerare not very large.

energy conservation over BECA, even for a small values of _
N, when the value ofleep timelis not very large. IV. Conclusions and Further Works

Figures 8 and 10 show the effect ligten timerand active In this paper, we developed an analytical methodology of
timer, on the steady state probability, respectively, foe= 5.  state transition model of AFECA based on analytical method-
Figures 9 and 11 show the effect ligten timerand active ology developed for BECA in our previous work and derived
timer, on the energy consumption, respectively, for varyinigoth steady state probability of sensor node states and energy
the values ofN. Similar to Fig. 6, the shape of steady stateonsumption. Then, the effects bf, sleep timerlisten timer
probabilities of AFECA is very similar to that of BECA in and active timeron the steady state probability and energy
[8], as shown in Figs. 8 and 10, and the probabilitiesleEp consumption have been analyzed and compared with those
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of BECA in detail. The results show that AFECA achieved3] N.A.Pantazis and D. D. Vergados, “A Survey on Power Control Issues
significant improvement of energy conservation over BECA,

even for a small values ad¥, when the values dafleep timer

in Wireless Sensor NetworkdEEE Comm. Surveys and Tutorial®l.
9, pp. 86-107, 2007.

[4] G. Anastasi, M. Conti, M. D. Francesco, and A. Passarella, “Energy

and active timerare not very large. The result of this paper

can provide sensor network operators guideline for selectiqg]

appropriate timer values for AFECA.

We note, however, that the reduction of energy consumption

in AFECA is possible, at the expense of increased pack

delivery delay due to increased probability sieep state.

conservation in wireless sensor networks: a survélgévier Ad Hoc

Networks vol. 7, pp. 537-568, 2009.

A. Sawvides, C. C. Han, and M. Srivastava, “Dynamic fine-grained

localization in ad-hoc networks of sensors,Rroceedings of the ACM

SIGMOBILE Annual International Conference on Mobile Computing

and Networking Rome, Italy, pp. 166-179, July 2001.

] C. E. Jones, K. M. Sivalingam, and P. Agrawal, J. C. Chen, “A survey
of energy efficient network protocols for wireless networkéfrel.
Netw, vol. 7, pp. 343-358, 2001.

In our further works, the increased packet de”very de|a§/7] Y. Xu, J. Heidemann, and D. Estrin, “Adaptive energy-conservation
in AFECA will be investigated analytically in detail, based
on the estimation of the number of neighboring nodes an@] v. w. Chung and H. Y. Hwang, “Modeling and analysis of energy

traffic characteristics. Also, an adaptive algorithm for select-
ing either BECA or AFECA, depending on the quality of
service (QoS) requirement of requested packet delivery, wi

be proposed and analyzed as our further works, too.
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