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Abstract—The important issue considered in the widespread Several works have paid attention on investigatiregWWSN

deployment of Wireless Sensor Networks (WSNSs) igffiniency of

the energy consumption. In this paper, we presestudy of the
optimal relay station planning problems using Bynbrteger Linear
Programming (BILP) model to minimize the energy siamption in

WSNs. Our key contribution is that the proposed ehatbt only

ensures the required network lifetime but also guotges the radio
connectivity at high level of communication qualitgpecially, we
take into account effects of noise, signal qudiiyitation and bit

error rate characteristics. Numerical experimengsewconducted in
various network scenarios. We analyzed the effeftdifferent

sensor node densities and distribution on the gnamgsumption.

Keywords— Binary Integer Linear Programming, BILP, Energy

consumption, Optimal node placement and Wireless@enetworks.

|. INTRODUCTION

IRELLES Sensor Networks (WSNs) have bee

deployed in several data-gathering application$ s
health monitoring and environmental monitoring attbries,
farms and residential areas. The WSN structure istsnsf
sensor nodes (SNs) and a sink node, usually callédse
station (BS). SNs are placed in the sensing field BS is
usually located further away to collect and analymesensing
data. Typically, SNs could send data to BS direaly
indirectly via other intermediate SN(s). Since Situally
operate by using limited energy sources such dsries, it is
undesirable to replace or recharge SNs due to hi
maintenance cost. In this case, Relay Stations)(B&se an
essential role to receive and forward data from ®N\8S such
that the energy-limited SNs can operate for a ddgderiod of
the network lifetime. Since RSs could be equippétt wore
sophisticated energy sources such as solar cellshanenergy
storage, the network deployment cost and lifetinoald
mainly depend on the number of sophisticated R8d ursthe
network and how the sensing data is forwarded tolBSrder
to address the energy efficiency issues of WSNsneead an
effective RS planning technique, considering pcattissues
such as limitation of network cost, energy effidgrand the
effects of noise and bit error rate characteristiche wireless
transceivers.
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design problems with special consideration on thergy
consumption issues [1-10]. In [1], the authors ergl factors
that affect the WSN design and the communicatiantogol
that used in each layer.

In [2], the authors classified node placement sgiass for
WSN design. Several studies have devoted on tlag redde
placement problems in which [3-6] considered norgne
limitation at SNs whereas [7-10] considered energy
constraints. In [3], the authors considered nodeneotivity
and coverage with buffer overflow constraint. In], [4he
multi-hop communication among SNs was consideretitha
mathematical formulation for RS placement problerasw
proposed. In [5] and [6], the authors consideredsiihgle hop
communication between SNs and RSs. [5] assumeditibat
rI$Ss could adjust the transmit power level where[&s
considered the connectivity constraints. In [7]e tbbjective
was to maximize the number of packets receivedsatiB [8],
the authors investigated definitions of networletiihe and
proposed one that is appropriate for WSNs in foyest
applications. In [9], the authors studied the B&cpment
problem that aimed to minimize energy consumptibiss.
In [10], the authors addressed the sensing covessge by
keeping the minimum number of active SNs to savdeno
energy. While the contributions of the previous keomare
srignificant, the existing studies did not consittex effects of
%oise and bit error rate characteristics of the eless
transceivers and did not provide radio connectigitarantee.
Furthermore, the network cost limitation and theergy
efficiency were not considered together. For te&son, more
practical and effective approaches for the WSN giesiith
the use of relay stations are needed.

In our paper we propose a novel Binary Integer &ine
Programming (BILP) model to optimally locate suifict RSs
to achieve minimum energy consumption in WSNSs. In
particular, we examine the problem of minimizingesgy
consumption of sensor nodes in the network undenétwork
cost limitation (specified by the limited number RSs) and
the required network lifetime. Specially, our mo@ekcounts
for the effects of noise and bit error rate chamastics of the
wireless transceivers on the SN connectivity ardghality of
communication links.

The remainder of this paper is organized as folthwe
Section |l provides the problem definition and diéses the
problem formulation. Section Ill presents experimeatup.
Section IV presents numerical result and analys$ighvfocus
on studying the network size on energy consumpframally,
section V concludes the paper.
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Il. PROBLEM DEFINITION AND FORMULATION

To achieve the energy efficiency in WSN deployménis
paper proposes optimal RS placement techniquesjdming
practical issues such as limitation of network castergy
efficiency and the effects of noise and bit errater
characteristics of the wireless transceivers. flgciwe forwarding sensing data packets. This can be wirigte the
consider the minimum energy — RS placement prol{ldie- objective function (1). We incorporate other networ
RPP). The proposed model aims to determine optimaquirements into the mathematical model througbet of
locations to install RSs in the target sensingdfi@nd constraints written in (2) — (12).
determine optimal route to forward sensing datekpaérom

The proposed optimal RS placement problem is foatedl
as a Binary Integer Linear Programming (BILP) model
denoted as a ME-RPP model. Table | shows notatiegd in
the model. ME-RPP model aims to minimize the SN&rgy
consumption, including energy used for receivingd an

SN directly to BS or indirectly via RS(s) so thiag energy ~ OPiective:
consumption used for data transmission of SNs can b . i ki
minimized and the resulting network configuratiomnc Min T(Z(Er Z%‘ +E ZSk +E zrij + Echb)) @)
guarantee that the network lifetime and the radio e oKl oin b8
communication quality at the required bit errorera&nd a  Constraints:
given budget for RS installation. i
Here the network lifetime is defined as the duratfmm Sse Y +>h, =1 0i 01 @)
starting the network until the first SN depletes Hattery k0l O B
power. This is a common definition of the WSN lifie¢ [11]. ki )
It is assumed that the SNs are distributed actvsssénsing %Sk = jZ]Jrii +%hb biol 3)
field and the sensing data packets that contairplahdata leg <N
from SNs are transmitted back to BS directly oririectly via 1= s 4
other neighbor SNs or RSs based on a synchronizestisle r<B oo, 00 d ®)
specified by a predefined period of time. We assume e '
collision in fthe pacszléezt transmission of SNs dughie MAC k(R =R 20 anaklizk (6)
operation of IEEE .15.4.
P r (P —R,) =0 Oion,0iod @)
TABLE |
NOTATIONS hy(R, —Rs) 20 bitl,bOB (8)
Sets: . .
| A set of sensor nodes Sk(Pe —w -9)20 tandkdl,i#k )
J A set of relay stations o . .
B A set of base stations T (RJ w, 9)20 oionood (10)
Decision variables: — i
B A binary {0, 1} variable that equals 1 if the RSinstalled at site hy(Ry — &, —0)20 LitibOB (11)
j, 123; 0 otherwise L] ki
S, A binary {0, 1} variable that equals 1 if the SIé assigned to T(E, ZSm +E ZSk +E zl’ij + EZhb) <E (22)

SNk, i andk 1, i #k ; 0 otherwise
r A binary {0, 1} variable that equals 1 if the S assigned to RS
' j,id,j[0; 0 otherwise

A binary {0, 1} variable that equals 1 if the S assigned to BS

Ol OkO 0jod bOB

ai ol

b, i1, blB ; 0 otherwise

The objective function (1) intends to minimize amer
consumption of SNs for receiving and forwardingsseg data

Constant parameters: ] | 10T )

E,  Energy consumption for transmit data per ro(ule/round) packets during the required network IlfetlnTe,Constralr]t (2

E,  Energy consumption for receive data per rogutile/round) states th_at each SN forms a path to send data Ipma’

E Initial energy of a sensor nodiogle) neighboring IS'N' an:/or RS to BS. In order to _pre_es@Ns

R« The signal strength that S\receives from SN (dBm),i andk/1 energy, we .Imlt the sensor-tp—sensor t.ransmlssnmns)ne
) i . o hop. Constraint (3) states that if SN receives gatzket from

Pij The signal strength that R8eceives from SN (dBm),i /4, j /0

other SNs, it will send the packet to RS or BS. Sidering the

Po  The signal strength that Breceives from SN(dBm), i£1.b/B network budget limitation, constraint (4) speciftas number
Ri  The received signal strength threshold between(8Bis) of RSs to be used in the sensing field. Constr@nensures
R. (Tdhe r’)sce“’e‘j signal strength threshold betweensBRSs that SNs send data packet to RSs that are installed
Bm . L
P,  The received signal strength threshold betweenaBisBS guarant_ee radio connectivity betwe_en SN, RS_S asd B
(dBm) constraint (6)-(8) ensures that the signal stremgteived at
&, Noise at SN§dBm), Zk[1 SNs, RSs e_md BS must be greater than_the sp_etﬁriieslhold.
&, Noise at RS§dB), 70 Her_e the S|mp_l|f_y path loss model [12] is applleda_valuate
' radio connectivity around the sensor nodes. It dsumed
@ Noise at BYdBm), Lb LB symmetric connectivity in different directions anoli the
6 $ﬁ'se thVEShO'de:g Sﬂ’:‘st (dB)b 4 due to the bligat transmitter. To guarantee the quality of radio camization
RS e number O S that can pe use ue 1o the on . f .
T The required network lifetime at the required bit error rate, constraints (9)y(@dforce that

the signal to noise ratio (SNR) level at the reicg\8Ns, RSs,
and BS must be greater than the specified threshold
Constraint (12) specifies the initial energy ofle&d. It states
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that the total energy consumption of each SN foregating,
receiving, and transmitting all data packets duthgnetwork
lifetime cannot exceed the initial energy.

Ill.  EXPERIMENTAL SETUP

Our experiment consists of two phases of WSN nédtwor
design. In the first phase we use ME-RPP modebtaio the
optimal sites to install RSs and the optimal packet
transmission path from SNs to the selected RSsSorliB the
second phase we use the results obtained fromirtiephase
to derive the optimal path between RSs and BS arsklect
suitable antenna for RSs by using the algorithmetbasn
minimum spanning tree. We use the Yagi antenna for
transmission and the Omni-directional antenna é&meiving
data. Table Il contains the antenna parameters [16]

We use the simplify path loss model [12] to caltailthe
received signal strength to guarantee sufficiegnali strength
that can ensure the radio communication betweeresaal
WSNs. Here the radio connectivity around the sensdes is
assumed symmetric in different directions arounck th
transmitters. The energy model presented in [15)sed to
compute the energy consumption for transmitting and
receiving signal of SNs.

The WSN standards IEEE 802.15.4 are considereduin o
experiments. Table Il shows the parameters usedhen
mathematical experiments. The received signal gthen
threshold to ensure the radio communication betwegles in
the network is set to -90 dBm [13]. The SNR level t
guarantee the quality of radio communication istget dB in
order to achieve bit error rate (BER) H2° [14]. The period
of time to transmit a sensing data packet is 5 tesfvound.
Here we consider the required network lifetime @f days
(13,631 rounds).

In numerical experiments, we consider the sensiglg bf

size 500m500m and BS is located at the center of the area.

Fig. 1-3 has shown the example of sensor nodetsidition
in the network of size 30, 50, and 80 nodes, raspsiy.

We input the set of RS candidate sites, the reduire
network lifetime, and other parameters to the motleén, we
solve the problem by implementing the ME-RPP modiéh
the ILOG-OPL development studio and solving withLER
12.2 optimization solver. Computations are perfano@ an
Intel Coré™ i5-2410M 2.3 GHz 64 bit and 4 GB of RAM.

IV. NUMERICAL RESULTS ANDANALYSIS

In this section we present numerical study and yaisal
demonstrating the optimal RS placement using tlogpgeed
ME-RPP model in the first phase and the resultalgérithm
to find connection of RS in the second phase.

TABLE II
GAIN AND COMMUNICATION RANG OF ANTENNA

Antenna ID Gain (dBi) Communication
range(m)
Transmit 1 7 188
2 8 199
3 15 298
4 16 315
Receive 1 8 199
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TABLE 11l

PARAMETERS USED INNUMERICAL EXPERIMENTS
Parameters Value
Receiver sensitivity threshold -90 dBm
Operating frequency 2.4 GHz
Initial energy of sensor nodes 61,560 joules
Transmit power 32 mw
Reference distance 2m
Path loss exponent 4
SNR 2dB
Packet size 200 bits

Network lifetime 13,631 rounds (47 days)
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TABLE IV
NUMBER OFRSINSTALLED IN THE NETWORK

Number of relay station (node)

Network
Testl Test2 Test3 Test4 Test5 Average
30 SNs 7 9 8 8 8 8
50 SNs 10 10 10 10 9 9.8
80 SNs 10 11 9 8 8 9.2
TABLE V

ENERGY CONSUMPTION OFSENSORNODES(AVERAGE AND S.D.)

Energy consumption of SN in network (Joules)

Network
Test1 Test2 Test3 Test4 Test5 Average
(S.D.)
48713.61
30 SNs  73637.42  48077.26  31986.56  40580.75  49286.75 (15555.37)
63980.44
50 SNS  56849.37  82258.65  72660.69  50103.76  58029.74 (13117.4)
80 SNs 11061556 157300.98 11974320 16647857 153219.76 k47163

(24688.82)

Fig. 4-6 shows the optimal locations of RSs andaytmal

packet transmission paths from SNs to RSs and the

transmission path between RSs to BS. Table IV shibws
number of relay stations that are selected to linstaeach
network. We can see that the number of RSs reqdived not
depend on the network size. The network of 50 S$¢s uore
RSs than that used in the network of 80 SNs. Theam is
that to install RSs, the sufficient number and thatable
locations are selected based on the distributioBNd in the
sensing field. In some area where SNs are outoktnission
range from other nodes, RS(s) is needed to recai
forward the packet to BS.

Table V reports the energy consumption of SNs dutire
required network lifetime. We can see that althotlghsame
network size in test 1 to 5, the energy consumpsomot the
same. The reason is that in each test, SNs argetbda
different positions. However, the networks contagnimore
number of SNs tend to consume more energy thamtAs
we can see that the energy consumption in the mketefo80
SNs is highest.

Fig. 7-9 show cumulative distribution function ofet
energy consumption in the network of 30, 50 andS3s,
respectively. Fig. 10 compares the energy conswmpii
those networks. We can observe that SNs in the arktef

size 50 consume least energy compared with ther othe

networks. This means that the energy consumptioisié
does not solely depend on the number of SNs iméterork
but it also depends on how the SNs are distribinethe
sensing field.

V.CONCLUSION

In this paper, the optimal relay station planninghpems
for minimum energy consumption in wireless senssimworks
are investigated. We propose new mathematical ftation
as a Binary Integer Linear Programming (BILP) moteit
can determine the optimal locations to installddyrestations
and the packet transmission path from sensor nodée base
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station under a set of constraints on the radiorcanication
range, the signajuality requirement in term of bit error rate
limitation and the required network lifetime. Vau® network
scenarios considered in the numerical experimdhtstrate
that the energy consumption of sensor nodes im#teork
depends on not only the density of the sensor niodiee area
but also how the sensor nodes are distributed énstimsing
field. Our ongoing works investigate performanced an
effectiveness of the proposed model.
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