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Abstract: Problem statement: This research presents a study of the optimal mitwesign for
efficient energy utilization in continuous datatgating Wireless Sensor Networks (WSNs). We first
examine the problem of minimizing the network ctigbugh the minimum number of relay-station
installation. Then we further investigate the pesblof minimizing the energy consumption of the
sensor nodesApproach: We model the network design problem as an inteigeat programming.
Our key contribution is that the proposed models ardy guarantee the network lifetime but also
ensure the radio communication between the enémgiel sensor nodes so that the network can
guarantee packet delivery from sensor nodes tbdke statiorResults: Numerical experiments were
conducted to evaluate and demonstrate the effextdseof the proposed methods in various network
scenariosConclusion: The results demonstrate the capabilities of thepgsed methods to design
WSNs with more efficient energy utilization compareith other methods in term of total energy
consumption and average energy consumption of ShKwinetworks.

Key words: Network design, wireless sensor networks, energficieficy, Integer Linear
Programming (ILP), assignment problem, network ropation, energy consumption,
energy minimization, network lifetime

INTRODUCTION Several study have devoted to the study of WSN
design problems in which the energy limitation of
Wireless Sensor Networks (WSNs) have becomé&ensor nodes is the main concern (&fal., 2009; Paul
potential solutions for a wide range of applicasisuch €t al., 2010; Azad and Chockalingam, 2006; Clean
as farm monitoring, building and factory managementgjd*O S)Z'Ol(\)li;ral;l;(r)]a%ngndHlébr?ausxléarz0%8(;)42?_26\1/%?%%3;&ky
Gatheting ‘envronmental informaton. 1 a. common 2+ 2008; Gt al, 2008).In (Shetal, 2009; Paué
. . i al., 2010; Azad and Chockalingam, 2006; Cleaal.,
function that makes use of WSNs, in w_hlch_the SensonOS), the authors present the study of the WSN
Nodes (SNs) are deployed in the sensing field &ed t design in term of the base station placement
Base Station (BS) is used to collect and analyze thproblems. Particularly, in (Shét al., 2009; Paulet
sensing data. SNs send data to BS directly oréotyr  al., 2010) the objective is to maximize the network
via other intermediate SN(s). SNs usually operate blifetime for a given number of base stations to be
using limited energy sources such as batteriesialy  installed in the network. Besides optimal baseistat
be undesirable to replace or recharge SNs duegto hi placement, in (Chockalingam, 2006; Chen al.,
maintenance cost. In this case, Relay Stations)(R®s 2008) the authors consider determining the optimal
deployed (as shown in Fig. 1) to receive and fodwar NUmber of base stations.
data from SN to BS so that the energy-limited S&fs Other approaches proposed to address the network

. . i e lifetime problems include optimal routing (Luo
live for a de§|red period O.f t.he network lifetim@Ss andHubaux, 2010; Zahariadis al., 2009) and optimal
may equip with more sophisticated energy sourceb su

i - rate allocation (Narayanan and Bhaskar, 2004,
as solar cells with larger batteries. In order perate Levendovszkyet al., 2008). Assuming the transmitting
WSNs under efficient energy utilization of SNs, we power level of sensor nodes can be adjusted bastiteo
need effective network design approaches consiglerindistance, (Luo and Hubaux, 2010) focuses on the
practical issues such as limitation of network costshortest path problems to find optimal route freamsor
energy and radio communication range. nodes to BS.
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Y Relay suticn  © Sensor node design scenarios. The last section, Conclusion,
i K summarizes our research study and describes our
# U et .
oA A 80 Pe®e ongoing research.
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ST wa/ a8 Problem formulation:
20_ 39 o-ii Buewmion c";;"-.o ] Problem definition:The proposed WSN design in this
9 ’“‘? e le K - study focuses on RS placement and assignment
& o ol f 4 © problems which involve selecting locations to ifista

Toae 148 *ﬁs ?c; §Fo 7 RSs from a set of candidate sites and determiniset a
' of SNs and their routes to deliver sensing inforamat
to suitable RS for efficient energy utilization. tdethe
network configuration is formed in the way that SNs
Zahariadiset al. (2009) considered the remaining SNg andjor the- selected RS which connecis 1 BS.
energy of SNs in their routing protocol. In (Narage  gpecifically, the proposed model aims to deterntivee
and Bhaskar, 2004), the maximum data extractionninimum number of RSs and the optimal locations to
problem was investigated with special consideraton jnstall them in the sensing field. Moreover, the
the limitation of SN battery energy. Levendovszkyl.  proposed model aims to determine routes to deliver
(2008) proposed the packet forwarding protocol thakensing information from a set of SNs to the sigtab
aims to maximize the network lifetime. RS so that the resulting network configuration can
Guo et al. (2008), the authors proposed a Binaryguarantee the required network lifetime and enshee
Integer Programming (BIP) for the relay noderadio communication between SNs so that the network
placement and assignment problems. The objectitee is can guarantee packet delivery from SNs to BS.
maximize the number of packets received at the base Here the network lifetime is defined as the
station and achieve a specified network lifetimehi/  duration from starting the network until the firSN
their contribution is significant, the proposed hoet  depletes its battery power. This is a common dedimi
did not consider flow conservation constraints andof the WSN lifetime (Al-Turjmanet al., 2009). It is
could not provide packet delivery guarantee.assumed that the SNs are distributed across tisengen
Furthermore, the network cost was not taking intofield and the sensing data can be delivered contisly
account and the number of hops between SN and BS i&rough other SNs and/or RS in a multi-hop manner.
limited to two hops. For this reason, more flexibled
effective approaches for the WSN design with the usProblem formulation:The proposed WSN design
of relay stations are needed. problem is formulated as Integer Linear Programming
In our study we propose a novel WSN design(ILP) models. We propose two network design models,
approach, accounting for the flow conservation tred ~ including the RS placement and assignment problem
network cost consideration in the network design2nd the minimum energy-RS placement problem. Table
process. Specifically, we aim to solve the RSl defines notations used in the proposed models.

placement and assignment problem for WSNs that can

guarantee network lifetime and guarantee packeRS Placement and assignment problem:The RS
delivery from all SNs in the network by utilizing placement and assignment problem, denoted as RPAP,

multiple hop RSs at the minimum network cost andaims to minimize the number of RSs and find optimal
minimum energy consumption locations to install them so that the radio

: : . . communication between nodes in the network and the
The rest of the study is organized in four sedion . . .
. . required network operation period can be guaranteed
as followed. The next section, Materials and Method : h K desi . .
ides the broblem definition and describes th We incorporate the network design requirements into
provi pre i Ghe following mathematical model, consisting of the
problem formulation. Then, the Results-section repo

’ o ) objective function 1 and constraints 2-12.
our investigation about the effects of network siaad
the d|str|but|o.n of .SNs on .the performance of theObjectivefunction:
network configurations designed by the proposed
model.. After thqt the Discussign—sectiqn presentsMinimizez X (1)
numerical comparisons and analysis of various netwo om
150

Fig. 1: Relay station deployment in WSN



Table 1: Notations
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Sets

|
J

M
Decision variables
X

Sik

lij

bim

Constant parameters
CISN

A set of Sensor Nodes (SNs)

A set of candidate sites to install Relay
Stations (RSs)

A set of Base Stations (BSs)

A binary {0, 1} variable that equals 1 if
the RSis Iinstalled at site [;1jJ; O otherwise
Data sent from SN i to SN k; i andlk
Data sent from SN i to RS}l and [1J
Data sent from SN i to BSnili and nilM

Energy consumption coefficient for
transmitting data from sensor node
i to SN k; i and Kl

Cirs Energy consumption coefficient for
transmitting data from sensor node
ito RS j; OI, jOJ
Ciss Energy consumption coefficient for
transmitting data from sensor node
i to BS m; LI, mOM
C Energy consumption coefficient
for receiving data
Pesn The received signal strength
threshold for SNs
Prs The received signal strength
threshold for RSs
Pes The received signal strength
threshold for BS
P The signal strength that a SN k receives
from SN i; i and KlI
Pi The signal strength that a RS j receives
from SN i; Ol and [1J
Pim The signal strength that a BS m receives
from SN i; Ol and niIM
M Buffer size limitation of RSs
T The required network lifetime
Ei Initial energy of battery of SNs
o] Data generating rate of SNs
Constraints:
sc(R-Pg)20 Di K ILik (2)
(R -PRgs)200010j0J 3)
B (P = R 6s)2 000 10MI M 4)
nzi izk
(T*g)+ D s =2 5+ f+ > b OOl (5)
Onl koI g OmOM
Z(T*gi) = zzrij + z b, 0j0J (6)
[mijn} g oo OmOm 40O
>r=Mx, GOJ (1)
oici
n#i izk
2G8i*+ D Cas*) Crsft D Cashs EID ®)
O kO go OriM
x;0{034  0Oj0J 9)
s.20 Oi kOl ik (20)

rijzo

0io0Igod (11)

b.

im

>0 Oi0IOmOM (12)
The objective function 1 aims to minimize the
number of RSs that will be installed in the network
Constraints 2-4 ensure the radio connectivity betwe
nodes in the network by assessing the signal dtieng
received at each node. These constraints enfoate th
the received signal strength must be greater than t
specified threshold. Constraint 5 is a flow balagdtq.
1-13 of each SN in the network. It states that isgns
information g generated by SN i plus all incoming bits
from other SNs is equal to total outgoing bits Semin
SN i to other SNs or RSs or BS. Constraint 6 sttitats
all sensing information generated by SNs can beteen
RSs or BS. It guarantees packet delivery from SNs t
RSs or BS. Constraint 7 enforces that RS must be
installed at the site j if a communication link Wween
SN i and RS at site j is established. Moreover it
specifies the buffer size limitation of the RS |.
Constraint 8specifies the energy limitation of e&h
It states that the total energy consumption (foeréng
and transmitting the sensing information) at eath S
during the required network lifetime cannot excées
initial node energy. Constraint 9states thaane binary
0-1 variables. Finally, constraint 10-12 state thatr;
and k, are non-negative variables.

Minimum energy-RS placement problem: The
minimum energy-RS placement problem, denoted as
MERP, aims to minimize energy consumption of SNs
in the network with the use of mathematical model
written in 13. Furthermore, we enforce that theuitisy
network can guarantee the required network lifetime
and the packet delivery from all SNs to BS. We
incorporate these network design requirements girou

a set of constraints 2-12 described earlier:

ki i#n
i#zk#n zski Ci’ + z %1 Q_SI’I +
Minimize " | 0kt OnCl (13)
cion ZruCLRS-'- z b.mCLBs
) OnoM
RESULTS

We present numerical study and analysis
demonstrating the WSN design using the RPAP model.
Particularly, we investigate the effects of netweikes
and the distribution of SNs on the performancehef t
network configurations designed by the RPAP model.

We first describe the energy consumption model
and the radio propagation model used in the
experiments. Next the experiment setup and the
numerical results are presented.
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Where:
P, =The received signal strength (dBm)
@ o Transmitiing o Amplifier | | P, =The transmit power (dBm)
cireutt cireut n =The index path loss exponent
E.<B Sanp B R I d =A distance between the transmitting node ard th
d Receiving node (m)

do =A reference distance for the antenna far fiell (m
A =The signal wavelength (m)

Receiving
circuit

E.~B

Experiment setup: In numerical experiments, we
consider the sensing field of size 500x500 m in
Fig. 2: Transmitting and receiving node model which one base station is located in the middle. To
_ ) observe the effects of the network sizes (the numbe
Energy consumption model:In our experiments, the ot gNs) on the energy consumption of the networks,
energy model Fig. 2 is used to compute the energye consider three different network sizes which
consumption for transmitting and receiving 5|gnalreloresent the real network in practice, includig t
which are rewritten here in Eq. 14 and 15 (D&0@l.,  hepworks of size 30, 50 and 80 SNs. Figure 3-5 siew
2007; Heinzelmaet al., 2000): considered network scenarios, in which 110 canelidat
sites to install RSs are denoted with the symboIThe

Tx=(EcxB)+(eamp<Bxd) (14) network lifetime of 800 sec is considered here tfo
Rx = ExB (15) preliminary network design experiments.
We consider the WSN standards IEEE 802.15.4 in

Where: the numerical experiments. Table 2 shows the
E. = Energy consumption in transmitting and parameters used in the numerical experiments

receiving circuit (nJ/bit) (Levendovszkyet al., 2008; Guoet al., 2008) for
€amp= ENergy consumption in amplifier (pJ/bithm more details. The received signal strength thrashol
B = Number of bits (bits) to ensure the radio connectivity between nodesén t
d = Distance between transmitter and receiver (m) petwork is set t0-90 dBm.
n = Index path-loss exponent In the experiment, we input the set of SNs, their

Radio propagation model:It is necessary to compute locations, the required network lifetime and other
the received signal strength at SNs, RSs and BS arRframeters to the RPAP model. We then solve the
input the obtained values in the RPAP model to fmel ~ WSN design by implementing the RPAP model with
optimal locations to install RSs. This computatiam ~ the ILOG-OPL development studio and solving with
be done by using the propagation model. In thigystu CPLEX 5.2 optimization sqlver. Computations are
we use the Simplified path-loss model to evalubte t performed on an Intel Centrino Core2 Duo Processor
path loss in WSN (Goldsmith, 2005). 2.0 GHz and 2GB of RAM.

The received signal strength at SNs, RSs and BS
(Pk, Pj andRy,) are pre-computed by using the simplify Numerical results and analysis: Figure 6 shows the
path loss model presented in (Goldsmith, 2005)iaisd  cumulative distribution function comparing the
written here in Eq 16. The pre-computed values argverage energy Consumption in the networks of
input into the RPAP model to find the optimal ldoas  different sizes. It can be observed that as thevat

to install RSs: sizes enlarge (in term of the number of SNs used in
the sensing field), the energy consumption of the

P =P+ K-10n Iog{d} (16) sensor node increases.In the case of the netwpek si
d, of 30 SNs, 80% of SNs consume energy less than 32

joules whereas the energy consumption of 80% of
K (dB) = 20log,, A (17) SN; in the networ_k size of 50 and 80 SNs are 39 and
4md, 66 joules, respectively.
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Fig. 6: Comparison of energy consumption in diffieee consumption in networks of 30 SNs (using RPAP)

network sizes (when using RPAP model)

1l e s

Table 2: Parameters used in numerical experiments Eos P
Parameters Value 2 AT Habas
Receiver sensitivity threshold -90 dBm E° i - -
Communication data rate 2.5 kbps g5 e Nebworke i
Operating frequency 2.4 GHz zos ’”fGJj/IZESJ — Network 50B
Initial energy of sensor nodes 35,160 joules g o4 g .
Buffer size at relay stations 10,000,000 bits £ o Rt
Transmit power 32mw E o2y
Reference distance Im. Z o1
Path loss exponent 4 e = e e o

0 15 30 45 60 75 20 105 120 135 150

Energy consumption (joules)

Figure 7-9 Illustrate the cumulative distribution
functions of energy consumption in different netesor
sizes consisting of 30, 50 and 80 SNs, respecti#gh
figure shows the CDF graph of the energy consumtfo
SNs in the networks of the same size (denoted tagrie
A, B and C, in which locations of SNs are varied).

Fig. 8: Cumulative distribution function of the ege
consumption in networks of 50 SNs (using RPAP)

We can see that for each network size, as locatib88ls
change, the energy consumption of SNs in the n&twor
remains almost the same.
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e e Here the WSN standards |IEEE 802.15.4 are

— a0 considered in the numerical experiments as wellda
yad 2 shows the parameters used in the numerical
s experiments ((Levendovszkst al., 2008; Guoet al.,
2008) for more details).

First of all, MNL model is used to derive the
maximum network lifetime with constraints on SNs’
battery energy for the case that no RS is deployésl.

e apply the SN's initial energy of 61,560 joules whis
© 30 60 90 120 150 180 210 240 270 300 computed by considering the use of four AA batterie
Energy consumption (joules) .
and the current consumption of 0.1 amps for the
Fig. 9: Cumulative distribution function of the ege duration of 16 sec. We obtained the network lifetime

consumption in networks of 80 SNs (using RPAP) Of 13,825 sec and set this value as the requiredonke
lifetimes for the WSN design by using other models.

The reason is that each SN has to send its sensingq We input the set of RS candidate sites, the

) . . . . réquired network lifetime and other parametershi® t
data to BS either directly or indirectly via neighip SNs RPAP. MERP1 and MERP2 model and solve the

or RS. Thus the average energy consumption of SN\WSN desi . :
. . . gn by implementing the proposed models
depends mainly on the number of SNs in the serfigillg it the ILOG-OPL development studio and solving

DISCUSSION with CPLEX 5.2 optimization solver. Computations
are performed on an Intel Centrino Core2 Duo

We present discussion and analysis demonstratingrocessor 2.0 GHz and 2GB of RAM.
the WSN design using the proposed RPAP and MERP _ ) _
model. We compare our model with those presented iflumerical comparisons and analysis:Table 3 shows
(Shi et al., 2009) of which the objective function is to numerical results comparing the number of relay
maximize the network lifetime with constraints oNs3 ~ Stations used in the network and total energy
battery energy and RSs are not used. We call iNe M consumption of the network designed by MNL, RPAP,
(Maximize Network Lifetime) model. RPAP model, on MERP1 and MERP2 model for the network size of 30,
the other hands, aims to minimize the RS instaltati 50 and 80 SNs. We can see that MNL results in lsighe
cost while maintaining the required period of theenergy consumption whereas in case of RPAP, MERP1
network lifetime. We incorporate the path loss fime ~ and MERP2, SNs use much less energy. The reason is
in the constraints where we calculate the recesigdal  that MNL does not deploy RS and the intermediate SN
strength to guarantee the sufficient signal stierigat ~ use lot of energy to receive and forward sensirtg tta
can ensure the radio communication between nodes 8S. We can observe that the minimum energy
WSNs. Moreover, we enforce the flow conservationconsumption is in the case of using MERP1 in which
rule to guarantee packet delivery from SNs to BS. the number of installed RSs is highest. In case of

Here we consider two version of MERP. MERP1MERP2, the energy consumption is higher than that o
aims to minimize the energy consumption of SNshim t MERP1. Comparing the energy consumption of RPAP
network and guarantee the required period of theate ~ and MERP2, we can see that MERP2 could improve the

lifetime as described in the problem formulation. energy efficiency in the network that uses the same
Another version, MERP2, also aims to minimize theNumber of RSs as that used in RPAP model. The measo

energy consumption and guarantee the requiredcpefio IS that the objective of MERP2 is to minimize netivo
the network lifetime. In MERP2, We apply an additib energy consumption whergas the objective of RPAt ai

. : ! . to minimize network cost (i.e., the number of RSs).
constraint on the number of RSs that can be usdaein

network to take into account the network budget Table_ 4 shows maximum and minimum energy
L . : . consumption of SNs in the networks of differentesiz
limitation. The following describe the experimental

. ; . We can see that MNL results in highest energy
setup and present numerical comparisons and asalysi . . 2
consumption for both maximum and minimum values

Experiment setup:ln numerical experiments, we compared With_ those of other methods W_hereas
consider the sensing field of size 500x500m andMERP1 results in the lowest energy consumption for
consider three different network sizes consistihg@  Poth the maximum and minimum values. Comparing
50 and 80 SNs as shown in Fig. 3-5, respectivehgrd  the values of RPAP and MERP2, we can see that the
are 110 candidate locations to install RSs whigh armaximum energy consumption of MERP2 is less
represented by the symbol ‘+'. than that of the RPAP.
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Table 3: Number of relay stations installed in g@msing field and

total energy consumption

Total energy

Network Number of relay consumption of all
design models stations installed sensor nodes§pul
Network 30

MNL - 1,514,307

RPAP 16 12,621
MERP1 27 3,628
MERP2 16 7,254
Network 50

MNL - 2,748,142

RPAP 17 27,014
MERP1 37 5,865
MERP2 17 15,405
Network 80

MNL - 3,295,265

RPAP 17 75,661
MERP1 59 9,099
MERP2 20 26,575

Table 4: Maximum and minimum energy consumptionaasensor
node in the networks

Network design
models

Maximum energy

Minimum energy
consumption (joules) consumption (joules)

Network 30
MNL
RPAP
MERP1
MERP2
Network 50
MNL
RPAP
MERP1
MERP2
Network 80
MNL
RPAP
MERP 1
MERP 2

61,560 329
1,185 82
180 84
697 84
61,560 68
2611 83
379 83
1,185 83
61,560 186
8,341 82
413 82
1400 83

Table 5: Average energy consumption of sensor noiesthe
networks and standard deviation

Network design
models

Average energy
consumption (joules)

SD (joules)

Network 30
MNL
RPAP
MERP1
MERP2
Network 50
MNL
RPAP
MERP1
MERP2
Network 80
MNL
RPAP
MERP1
MERP2

50,476
420
120
241

54,962
540
117
308

41,190
945
113
332

20,902
259

26

159

16,722
539

60

267

212,105
1,359
50

288
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deviation whereas MERP1 results in lowest average
energy consumption and lowest standard deviation.

Figure 10-12 show effects of different network
design models on the energy consumption in netwbrk
size 30, 50 and 80 SNs, respectively. The cumativ
distribution function in Fig. 10 shows that RPARuUks
in highest energy consumption of SNs. We can sae th
in the network consisting of 30 SNs, 80% of SNs
consume up to 639.4 joules per node whereas those o
MERP1 and MERP2 model consume up to 143.9 and
375.8 joules per node, respectively. The reasahas
RPAP used the objective function that minimized the
number of RSs to achieve the required networkififet
for a given amount of initial energy of SNs. On the
other hand MERP1 aims to minimize energy
consumption and find sufficient number of RSs to
achieve the required network lifetime. So, MERP1
results in lowest energy consumption. As for MERIP2,
aims at minimize energy consumption by using the
same number of RSs as used in RPAP model. We can
see that although using the same number of RSs,
MERP2 consume less energy than that of RPAP. The
reason is that MERP2 uses the objective functiab th
minimized the energy consumption for a given number
of RSs to achieve the required network lifetimey. Ail
and 12 show similar trend of energy consumption of
different models in network size of 50 and 80 SNs.

Figure 13-15 show effects of network sizes on the
energy consumption when using MERP1, MERP2 and
RPAP model, respectively. The cumulative distribati
functions show that in case of MERP1, network sizes
have little effects on the energy consumption wagre
in case of RPAP, network sizes affect the energy
consumption of each node in higher degree. From Fig
13, we can see that energy consumption of SNs in
network sizes of 30, 50 and 80 SNs are not thathmuc
different. The reason is that MERP1 aims to minéniz
energy consumption and find sufficient number oERS
to be used in the network. In this case there i§imi
on the number of RSs. Thus, the energy consumpfion
SNs could be compromised by the utilization of RSs.

Figure 14 and 15 show higher degree of the effects
of network sizes. These two figures show that the
bigger the network size (i.e., the network consgstdf
more number of SNs) the higher level of energy
consumption of each node in the network. The re@son

Table 5 shows average energy consumption ofhat RPAP and MERP?2 put restriction on the numlber o
sensor nodes and standard derivation of energipstalled RSs. Thus, as the number of SNs in the
consumption. We can see that MNL results in higheshetwork increases, intermediate SNs have to receive
average energy consumption and highest standarahd forward more sensing data to RSs and/or BS.
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Cumulative distribution function

Fig. 10:

Cumulative distribution function

Fig. 11

Cumulative distribution function

Fig. 12
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Fig.14: Effects of network sizes on the energy
consumption when using MERP2
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Fig. 15: Effects of network sizes on the energy
consumption when using RPAP

CONCLUSION

In this study, the optimal network design for
efficient energy utilization in continuous datatgating
Wireless Sensor Networks (WSNSs) is investigated.
Given location of Base Station (BS) and Sensor Node
(SNs) with specified sensing rate, we propose @&iteg
linear programming models for two important probéem
of the WSN design, including the relay station
placement and assignment problem and the minimum
energy-RS placement problem.

The proposed network design models determine
the optimal number and locations of Relay Stations
(RSs) and the flow assignment from SNs to BS with
constraints on radio communication range of SNs and
the required network lifetime. Various numerical
experiments were conducted to investigate the tffec
of network sizes and the distribution of SNs on the
performance of the designed network configuratidms.
addition, we studied the effects of different netiwvo
design models on the energy consumption of SNisan t
network.Numerical experiments show that the progose
models yield WSNs with more efficient energy
utilization compared with other methods in terntasal

Fig. 13. Effects of network sizes on the energyenergy consumption and average energy consumption

consumption when using MERP1

of SNs in the network.
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Our ongoing study investigate the diversity of theNarayanan, S. and K. Bhaskar, 2004. Maximizing data

data transmission paths to enhance the quality of
delivery in noisy environments, considering thel rea
sensor networks deployment scenarios.
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