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SUJITRA MODHIRUN : OPTIMAL RELAY STATION PLACEMENT
FOR EFFICIENT ENERGY UTILIZATION IN WIRELESS SENSOR

NETWORKS. THESIS ADVISOR : ASST. PROF. CHUTIMA

PROMMAK, Ph.D., 110 PP.

WIRELESS SENSOR NETWORKS/SENSOR NODE/RELAY

STATION/ENERGY CONSUMPTION

Wireless Sensor Networks (WSNs) have become potential solutions for a
wide range of applications such as farm monitoring, building and factory
management, and military controls. Gathering environmental information is a
common function that makes use of WSNs, in which the Sensor Nodes (SNs) are
deployed in the sensing field and the Base Station (BS) is used to collect and analyze
the sensing data. SNs send data to BS directly or indirectly via other intermediate
SN(s). SNs usually operate by using limited energy sources such as batteries. It may
be undesirable to replace or recharge SNs due to high maintenance cost. In this case,
Relay Stations (RSs) are deployed to receive and forward data from SNs to BS so
that the energy-limited SNs can live for a desired period of the network lifetime. In
order to operate WSNs under efficient energy utilization of SNs, we need effective
network design approaches considering practical issues such as limitation of
network cost, energy, and radio communication range.

This research proposes a novel WSN design approach, accounting for the
flow conservation and the network cost consideration in the network design process.

Specifically, we solved the RS placement and assignment problem for WSNs with



the objective function to minimize the number of RSs and find optimal locations to
install them so that the radio communication between nodes in the network and the
required network operation period can be guaranteed. The proposed WSN design
problem is formulated as Integer Linear Programming (ILP) models and solved by the

ILOG OPL IDE.
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uwsviane dmsuuntlyriims Tlsunsugadusiuaumay TuTdsunsuunsy ILOG OPL IDE

)

[

iladduvesmmineuiangadledssumandoanss s (slmplexAlgonthms)muum

4
%

Hugeaieiiozth U 1FlumsmsumisdmsvAadaaaiiseneadmsunsevionsied
158918 Tasa1nA13AAYT IBM ILOG OPL IDE TUTORIAL, (2009) ld05 11835180 188av04
wheaTUs1nsy ILOG OPL IDE faguii 3.1

1. viu1gsav 1 (OPL Project) uaadlidlngans (Project)ﬁ;ﬂﬂ@é LRV ERRE
Sunannmasuudazaiiiududesiindnsui 3 Tid Usznonligre Tuaalild (*mod)

@ 1d (*.dat) waz wada 1Wd (*.ops)

b 1BM 1LOG CPLEX Oplimization Studio e —— v Ty
File Edit Navigate Search Run Window Help
Ttz Q- QAlp|® P e~ T
(5] ome,«uG)ﬁ} chug =8 @SOSN 110RS_min_RS.mo (] 505N_llORS_mm_Ri.d® SOSN_IlURS_mm_RS.ups@ =05k om:@ =g
. @ using CPLE .
. 5 30SN_L10RS_paper_pathloss 4 ¢9dvar int x[RS) in 0..1; ob Intemnal data (&
415 SOSN_110RS_min_RS Sidvar int+ s[sN][sN] ; o BS:range
4 () Run Configurations Sldvar int+ r[sN][RS] ; o Miint
4 B run (defouit S2dvar int+ b[sN] (B3] ; o Pthr BS: flost
(8 S0SN_110RS_min RSmod: CPLEX | % . ) o Pthe RS flos
[ S0SN_L10RS_min_RS.dat Stminimize  sum(j in RS) =[] ; o Pt
() SOSN_110RS_min_RS.med : CPLEX = . RS
4% S0SN_110RS_min_RS.ops f--sub:ect to | «» SN: rang
() SOSN_110RS_min_RS.dat o _ o i o Tifle
12 MulTi_OBJ_30SN_110RS._pathloss_3 forall(i in SN,m in BS) b[i] [m]¥(Pr_BS[i] [m]-Pthr_BsS) >=0 ; ob Extgmgld;[! 12)
2 MulTi OB, S0SN_L10RS_pthloss 3 forall(i in SN,j in RS) r[i] [31*(Pr_RS[i][ hr_RS) >=0 ; [ €SN flo
122 MulTi_OBJ 80SN_110RS_pathloss_3 forall (i,k in S\I il=k) s[i] [(k]¥(Pr_sN[k] [i]-Pthr_SN) >=0 ; O css
T - sun(i in SN) (T*g[i]) == sum(j in RS) sum(i in SN) r[i][3] + sum(n in BS)sum(i i [ CeRs:flo
forall(j in RS) sum(:L in 8N) r[i][§] <= M*x[] | [ CtsN:flo

forall(i in SN,j in RS,m in BS) (sum(k in SN:k!=i) (s[k][i]*Cr_SN([k][i])) + (s\.m?_
forall(i in SN) T*g[x] + sum(k in SN:k!=i)=[k][i] == sum(n in SN:i!=n)s[i]([n] + |~ U g:fi
forall(i in 8SN,j in RS) r[i](j] >= 0;

« [ b

100

B Proble 57 = Variable | % Breakpo| ~ O

& : forall(k,i in SN:k!=i) s[k](i] >= 0; [ Properties &2 vea
Solution with objective 29 - : forall(i in SN,m in BS) bli](m] >= 0; Properties are not available.
Name Value - eEl -
o5 Data (20 4 U M
< Rs 1110 ||/ 2. problems | B scripting log | BT Solutions @Conﬂids 2 Relaxations | 1,1 Engine log | B Statistics| %% Profiler w6~ 0O
o PtheBS 90
W nbBS 1 x = [0 :
P cesn ({169 0.070457 0.0036... 010110101001101001100000001010010
I crsn [[le91e91e91e9.. 101000000000000001010100000100000
o PthiSN 90 010000100000000100000000101100110
M 10000000 0100001000];
[Pregs  (F (1-12215] (11908 [1..  |b = [[0]
w nbSN 50 [0
<¥ps 11 0] -
0T 800 -« '
00:00:01:76

[ 1 items selected

517 3.1 n@1eTsunsu IBM ILOG OPL IDE
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2. Wu0IaY 2 (Model file editing area) taaantia g msulasrdai 198 1 an
Mmiadiga Tavfdamanil Idinsmlannanaumsadiamaniveenis Tilsunsumdudy
Suwdy FadsznenluUde daudsdadula Haddusaglssasduazaumsidon'ly

3. WUEIaY 3 (Data file editing area) tanantimed s lddoyaidudunls Wi
agluztuesdnilsandsnaz luzlveswnaing (Matrix) %’agamdwf:ﬂzgﬂﬁﬂﬂi%mluﬂﬁ
s Tasfdelu Tuaa g nansdagudi 3.2

4. YWU8LAY 4 (Setting file editing area) waaantd e d s udaA s iines
Lﬁ'aﬁm’amﬁmauﬁﬁﬁqﬂimmqmi U NITIINANATUYDIIA AT HUIIAIIND

Aq Y o o 3' . . a 3 Jd o asf o
(Memory) Alglumsaivrm UIUMTIUG (iteration) YDIHFMIWANHDANDITULALIANTT

v
=

! v <3 ! o [
MenUToyanen (Log data) N G0 Inmsfiuin naasaagili 3.3

1
I3 1

] 4
5. ¥iN1eLav 5 (Outline view) uﬁﬂﬂﬂﬂa%’nmmsffmgamag"luwﬁ’wmwmhma"lﬂa
4 Qy J o 4 1 1
i lduazisadna g i]m?iEN"ISJ)’E]3J“aglﬁuﬁﬂﬂugﬂlmﬂﬁﬁlﬂﬁlﬁﬁlﬂﬂﬁﬂﬂﬁ@i’ﬁ]ﬁ@mlaz
Y
AU
6. ¥iN1818% 6 (Solutions log area) LAAIR1ABUN 1UsUNTURINITAIUIBNND LA
a J ] IS o Aaa 9y . . £ g ' dy = vy A
HnsanIneziudnounanga 18 (Feasible solution) Fsdoyamiaiiiazgniiuiin13iios o

wnsgn sunsuimMsmuIunufIneuNANga (Final Solution)

() S5 11085 RS.0ed - S0 L1085 _man FS.dat s BOSN_110R5_man_Rivcps

bbdabbdabbdabdindddabidabdbsbbdabddaiddindi .

Data =ate af sask semsar nades

[2500,2500, 2500, 2500, 2300, 2500, 2500, 2500, 2300, 2500, 2500, 2500, 2500, 2500, 2500, 2500, 2500, 2500, 2500, 2500, 2300,

bl Enacs f ahch SSRASE foded

=[61560, 61560, §1560, 61560, 61560, 61560, 61560, 61360, 61560, 61360, 61560, 61560, 61360, 61560, 61560, 61560, 61560, 611

4
I

Fr_Bd= [ [-122.1454%27 ]
[-119.0831152 |
[=116.4314856 ]
[-116.203447 |

3 U 3.2 Data file editing area
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53 S05H_110RS_pmin_Riumod [ SOSM_110RS e Ridet | G SOSN_T10RS min Ri.cps |

T tien
Ype parametr decipten Ser Mnthematical programming | General

= Mythirgtoal progimmeng =

& Geneiil Advanced start switch Randwd sdvanced st -
& Conlheny . —
5 Errghass Crampiatabos 1ime regarting Wall chock time b
= F
o Fenset & Abgorithe {or contiruous problems Aubomab *
L& Pregrocessing
i Read Byt Tor contirmous qesdnate oplmizabon Aubomab b
& Tune
s Smplex Glcbal defaclt thoead count 0

& Genenl Global b vt 1467

i Limits

o Tosances Deectony for working filed Briwide.
= Mioed labogpir Programerang

& Genenl Wemery wvalable for woring stocsge 130

i Rty

& bty Faralel mode swokich Aubomatn L]

& Toleances

& Cutn

& Solution pood -

3 10 3.3 Setting file editing area
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AUMINNITD 3.3

v
o o

adaluTilsunsy ILOG OPL IDE

dunlsaadula | //Decision Variable
X; dvar int x[RS]in 0..1;
Sik dvar int+ s[SN][SN] ;
G dvar int+ r[SN][RS] ;
b, dvar int+ b[SN][BS] ;
Wﬁ%’uﬁ’ﬁqﬂszmﬁ //Objective Function
aun1s(3.1) Minimize sum(j in RS) x[j]
ou'ly subject to {
auni1s(3.2) ctl : forall(i,k in SN:i!=k) s[i][k]*(Pr_SN[k][i]-Pthr SN) >=0 ;
aun15(3.3) ct2 : forall(i in SN,j in RS) r[i][jI*(Pr_RS[i][j]-Pthr RS) >=0
aunNs(3.4) ct3 : forall(i in SN,m in BS) b[i][m]*(Pr_BS[i][m]-Pthr BS) >=0 ;
ct4 : forall(i in SN) T*g[i] + sum(k in SN:k!=i)s[k][i] == sum(n in
auMmI3.5)
SN:i!=n)s[i][n] + sum(j in RS) r[i][j]+sum(m in BS) b[i][m];
aun13(3.6) ct5 : forall(j in RS) sum(i in SN) r[i][j] <= V*x[jI;
ct6 : sum(i in SN) (T*g[i]) == sum(j in RS) sum(i in SN) r[i][j] +
aun1s(3.7)
sum(m in BS)sum(i in SN) b[i][m]
aun1s(3.8) ct7 : forall(k.i in SN:k!=1) s[k][i] >= 0;
aun1s(3.9) ct8 : forall(i in SN,j in RS) r[i][j] >=0;

aun13(3.10)

ct9 : forall(i in SN,m in BS) b[i][m] >= 0;

auns(3.11)

ct 10 : forall(i in SN,j in RS,m in BS) (sum(k in SN:k!=i)
(s[k][i]*Cr_SNI[k][i])) + (sum(n in SN:n!=i) (s[i][n]*Ct_SN[i][n])) +

(sum(j in RS) (r[i][j]*Ct_RS[i][j])) + (sum(m in BS)
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Y
dmsuanududou (Awen) veilyniniseenuuuinTou1ens193 13 A 10U09R 106191
a 9 o @ v A d‘ﬁl o d! [ Y] d v
Ansanldnindnudulsdaadulaidesmsmidiney (y) Feduiusnuvuavesilam

[ : o a J
Tasmuso@on laaeauns (3.12) Faiimsigal Blumanuan n. Tasvuiavesilyni

d? (K% o 9 ) =\ o ) 1 d' A a ule
YupdA TN TUAATIE () TUIUAIHFIY (b) LAz 1IUAHUINE TR NAAAY
aniioeneald (c)

y=a(a+b+c-1)+c (3.12)

[ E4 4
1NA106194N1500NUUUIATEVIINNIITHUIH a=5,b=1 1A% c=6 AU y =61
a 4 [ 9J A ] 9 Y a
NI IR IEHANUFDGe uYeilyINseoNIUIATEN ATV 13 a8 Tasi1smIn
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A13197 3.3 uudalsdagulalumsesnuuunioviouazsiuiudulsdagulanivua
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Tuansiag(a) AUTIU(D) AUTDADNAAA o~ s 2
. ) aadaulananua ()
amiiaienenld ()
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A2 401
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minimize
o s
aumsIngUizesn
sum(j in RS) x[j] ;
_ 4
subject to  { >  aumileuly

ctl:

ct2:

ct3:

ct4:

ct5:

ct6:

ct7:

ct8:

ct9:

ctl0:

forall(i in SN,m in BS) b[i][m]*(Pr BS[i][m]-Pthr BS) >=0 ;

forall(i in SN,j in RS) r[i][jT*(Pr RS[i][j]-Pthr RS) >=0 ;

forall(i,k in SN:i!=k) s[i][k]*(Pr SN[k][i]-Pthr SN)>=0;

sum(i in SN) (T*g[i]) == sum(j in RS) sum(i in SN) r[i][j] + sum(m in BS)sum(i in SN) b[i][m];

forall(j in RS) sum(i in SN) r[i][j] <= V*x[j];

forall(i in SN,j in RS,m in BS) (sum(k in SN:k!=1) (s[k][i]*Cr SN[k][i])) +

(sum(n in SN:n!=1) (s[i][n]*Ct_SN[i][n]}) + (sum(j in RS) (r[i][jI*Ct RS[]IGD) +

(sum(m in BS) (b[i][m]*Ct_BS[i][m])<= e[il;

forall(i in SN) T*g[i] + sum(k in SN:k!=1)s[k][i] == sum(n in SN:i!=n)s[i][n] +
sum(j in RS) r[i][j]+sum(m in BS) b[i][m];

forall(i in SN,j in RS) r[i][j] >=0;

forall(k,i in SN:k!=1) s[k][i] >=0;

forall(i in SN,m in BS) b[i][m] >=0; }

51 3.5 aumsadiamans luT1sunsy ILOG OPL IDE
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nbBS=1;

fmuadwaugiigi,
nbRS=30;

amiloenea, Tuansaag
nbSN=30;

¢=[2500,2500,2500,2500,25001; — Sunadeyaiiluanieg adreludeiud (bit/sec)

e=[61,560,61,560,61,560,61,560,61,560; ~——> wawuasduvesluansivg (joules)

AT AA $1uu 2 fow, nszua v 100 mA)

Pr BS=[[-87.1554501 ] - 5
[-92.15299957]
[-76.02940009]
[-90.51491748]
[-90.34946696] 1:

anussdganafianiigiusuldnnTuansiel (dBm)

i legldupniaeidnmsgydoedisdn mnaumsii 2.1)

aus adygai luaasa3suldnnTuansaeg (dBm)

@ Taelduouiaesidnsgadoedisdhs naunsi (2.1))

Pr_SN=[[-200,-96.02940009,-91.29795996,-100.7903221,-100.1117997]
[-96.02940009,-200,-97.7565967,-94.6177786,-101.1348502 |
[-91.29795996,-97.7565967,-200,-91.73599679,-84.32886705 |
[-100.7903221,-94.6177786,-91.73599679,-200,-87.39343457 |
[-100.1117997,-101.1348502,-84.32886705,-87.39343457,-200 ] |;

@ Taelduouiaesidnsgadoedisdhs naunsi (2.1))

[— Asedyaai Tuans933u 1800 Tuaasaey (ABM)

Pr RS=[[-62.05,-82.05,-93.41403448,-90.00880017,-92.67957834,-97.7565967]
[-96.53551739,-88.07059991,-76.02940009,-100.6383785,-96.37006687,-93.41403448]
[-88.07059991,-86.65897843,-92.15299957,-74.09119983,-62.05,-86.13239965]
[-99.7232287,-94.19910046,-89.09365036,-97.09096896,-88.28507722,-70.00880017]
[-98.30826713,-96.02940009,-96.53551739,-90.00880017,-82.05,-84.32886705] |;

~

3.6 dunavesvoyan1¥lulsunsy ILOG OPL IDE
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Ct_BS=[[0.00001212 ]

[0.00003312 | v v Y
[0.00000315 ] @ laelsyduuudrassmsldndinuvesluansiadainanns2.3)

—  wdwwhldlumsdsdeyannTuansieg ludsanriigiu (joules/bit)

[2.34675E-05]
[0.00002268 ]1;

wasaunldlumsdedoyasinTuaasied ldaTuansaed  (joules/bit)

FnmlaeldgduuuiaesmsldndinuvesTuaasninnaumsi 2.3)

Ct_SN=[[0.0000024,0.0000774,0.00002763,0.000226868,0.0001944]
[0.0000774,0.0000024,0.00011403,5.65875E-05,0.0002454]
[0.00002763,0.00011403,0.0000024,3.03075E-05,0.00000747]
[0.000226868,5.65875E-05,3.03075E-05,0.0000024,1.26675E-05]
[0.0001944,0.0002454,0.00000747,1.26675E-05,0.0000024] |;

wisaunlFlunsdedeyasinTuaniied ldeanriiorenea (joules/bit)

@ laeldgduundmesmsldndinuvasTuansninnaums2.3)

Ct_RS=[[0.00000243,0.0000054,0.00004347,0.00002115,0.00003708,0.00011403]
[0.00008667,0.0000144,0.00000315,0.00021915,0.00008352,0.00004347]
[0.0000144,0.00001107,0.00003312,0.00000288,0.00000243,0.00001008]
[0.000177968,5.16075E-05,1.75875E-05,9.81675E-05,1.50075E-05,2.5875E-06]
[0.00012915,0.0000774,0.00008667,0.00002115,0.0000054,0.00000747] 1;

waseuh Tuansed 1 lumssudeyannTuansieidrdpu 9 joules/bit)
‘ @G laoldyduuudiasams ldwdsnuvesTuansainnaunis2.4)

Cr_SN=[[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024]
[0.0000024,0.0000024,0.0000024,0.0000024,0.0000024] 1;

=
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1 v
Final solution with objective = I: —————  §1u2UaANNN1NDANYNAAA

' F4
x=[001000]; > AuranaadIan1inenon

b =[ [2000000] > SmateyaiiTuansnddaliamiig
[0]
[6000000]
(0]

[011;

r=[[000000] > Sinadeyaiiluansanddeliaaiidienen
[0 0 2000000 0 0 0]
[000000]
[000000]
[000000]1;

s=[[00000] > dSinadeyaiiTuansnddaliTuansnd
[00000]

[00000]

[00 0 02000000]

[0 0 4000000 0 0] 1;

= s
319 3.7 101anaa1n 1151051 ILOG OPL IDE
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Abstract- This paper presents a study of the optimal network
design for efficient energy utilization in continuous data-gathering
Wireless Sensor Networks (WSNs). We examine the problem of
minimizing the network cost through the minimum number of
relay-station installation. We model the network design problem
as a mixed integer linear programming. Our key contribution is
that the proposed model not only guarantee the network lifetime
but also ensure the radio communication between the energy-
limited sensor nodes so that the network can guarantee packet
delivery from sensor nodes to the base station. Numerical
experiments were conducted to e te and d ate the
effectiveness of the proposed method.

Key-Words: Wireless Sensor Network, Network Design,
Energy Consumption

. INTRODUCTION

Wireless Sensor Networks (WSNs) has become potential
solutions for a wide range of applications such as farm
monitoring, building and factory management, and military
controls. Gathering environmental information is a common
function that makes use of WSNs, in which the Sensor Nodes
(SNs) are deployed in the sensing field and the Base Station
(BS) is used to collect and analyze the sensing data. SNs send
data to BS directly or indirectly via other intermediate SN(s).
SNs usually operate by using limited energy sources such as
batteries. It may be undesirable to replace or recharge SNs due
to high maintenance cost. In this case, Relay Stations (RSs) are
deploved to receive and forward data from SNs to BS so that
the energy-limited SNs can live for a desired period of network
lifetime. RSs may equip with more sophisticated energy
sources such as solar cells with larger batteries. In order to
operate WSNs under efficient energy utilization of SNs, it is
required effective network design approaches considering
practical issues such as limitation of network cost, energy. and
radio communication range.

Several works have devoted to the study of WSN design
problems in which the energy limitation of sensor nodes is the
main concern [1-5]. In [1-2], the authors present the study of
the WSN design in term of the base station placement
problems. In [1], the objective is to maximize the network
lifetime for a given number of base stations to be installed in
the network. Besides optimal base station placement, in [2], the
authors consider determining the optimal number of base
stations. Other approaches proposed to address the network

978-0-7695-4338-3/11 526.00 © 2011 IEEE
DOL IO TT09WAINA2011.89

lifetime problems include optimal routing [3] and optimal rate
allocation, Assuming the transmitting power level of sensor
nodes can be adjusted based on the distance, [3] focuses on the
shortest path problems to find optimal route from sensor nodes
to BS. In [4], the focus is on the problems of the maximum
data extraction, considering limitation of SN battery energy.

In [5], the authors proposed a Binary Integer Programming
(BIP) for the relay node placement and assignment problems.
The objective is to maximize the number of packets received at
the base station and achieve a specified network lifetime.
While their contribution is significant, the proposed method
did not consider flow conservation constraints and could not
provide packet delivery guarantee. Furthermore, the network
cost was not taking into account and the number of hops
between SN and BS is limited to two hops. For this reason,
more flexible and effective approaches for the WSN design
with the use of relay stations are needed.

In our paper we propose a novel WSN design approach,
accounting for the flow conservation and the network cost
consideration in the network design process. Specifically, we
aim to solve the RS placement and assignment problem (RPAP)
for WSN that can guarantee network lifetime and guarantee
packet delivery from all SNs in the network by utilizing
multiple hop RSs at the minimum network cost.

The rest of the paper is organized as followed. Section II
provides the problem definition and describes the problem
formulation. Section Il presents numerical results and
discussion which focus on studying the effects of using RSs on
the energy consumption of the networks. Finally, section 1V
concludes the paper.

II.  PROBLEM DEFINITION AND FORMULATION

A, Problem Definition

The proposed WSN design in this paper focuses on RS
placement and assignment problems which involve selecting
locations to install RSs from a set of candidate sites and
determining a set of SNs and their routes to deliver sensing
information to suitable RS for efficient energy utilization. Here
the network configuration is formed in the way that SNs can
communicate directly to BS or indirectly via other SNs and/or
the selected RS which connect to BS. Specifically, the
proposed model aims to determine the minimum number of
RSs and the optimal locations to install them in the sensing
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field. Moreover, the proposed model aims to determine routes
to deliver sensing information from a set of SNs to the suitable
RS so that the resulting network configuration can guarantee
the required network lifetime and ensure the radio
communication between SNs so that the network can guarantee
packet delivery from SNs to BS.

Here the network lifetime is defined as the duration from

starting the network until the first SN depletes its battery power.

This is a common definition of the WSN lifetime [6]. It is
assumed that the SNs are distributed across the sensing field
and the sensing data can be delivered continuously through
other SNs and/or RS in a multi-hop manner.

B. Problem Fornulation

The proposed WSN design problem is formulated as a
Mixed Integer Linear Programming (MILP) model, denoted as
a RPAP model. Table I shows the notation used in the model.
The RPAP model aims to minimize the number of RSs and
find optimal locations to install them so that the radio
communication between nodes in the network and the required
network operation period can be guaranteed. We incorporate
the network design requirements into the following
mathematical model, consisting of the objective function (1)
and constraints (2) —(12).

Minimizez X, W
WieJ
Constraints:
Slk(Pnk*PLSN)E(L Vikel, itk @)
’;j(Rjij:;igg)ZO,viEI,Vje‘] (3)
bzm(sz*RJS)ZO,ViEJ,VmeM 4
R i#k

g"'ZSm:ZSﬂc"'Z’?J"' Zblm Viel (s)

Vnel el el Yineld

Y&=2 0Nt Y Nh,vie (6)

Viel WieJViel Wmeld Viel
2, =M el ©
Viel
1 iz
08T+ 26 s+ 30 i+ 3G b, T<E,
= el e nehf

Vici (8)
X € {0,1}, VielJ (%)
s, 20, Viel, vkel, itk (10)
120, vielvjeJ 0y
b, >0, Vil YmeM (12)

Table I Notations
Sets:
I A set of Sensor Nodes (SNs)
J A set of candidate sites to install Relay Station (RSs)
M A set of Base Stations (BSs)

Decision variables:

A binary {0, 1} variable that equals 1 if the RS is installed

J at site ; je/. 0 otherwise

Slk Data sent from SN i to SN &; i and kel

i’;j Data sent from SN i to RS j; il and jeJ

ata sent from SN i to BS m; i el and me,

b, D from SN i to BS m; il and meM

Constent parameters:

C Energy consumption coefficient for transmitting data
t_SN from sensor node i to SN &;  and & €/

C Energy consumption coefficient for transmitting data
t_RS from sensor node i to RS Jj; iek j&s

C Energy consumption coefficient for transmitting data
t_BS from sensor node f to BS m; iel, meM

C . Energy consumption coefficient for receiving data

Pt w The received signal strength threshold for SNs

B s The received signal strength threshold for RSs

B By The received signal strength threshold for BS

P The signal strength that a SN & receives from SN 7; i and
e kel

P The signal strength that aRS j receives from SN £; iel
¥ and jef

P The signal strength that a BS m receives from SN £, i el
i and meM

M Buffer size limitation of RSs

T The required network lifetime

EI Initial energy of battery of SNs

£, Data generating rate of SNg

The objective function (1) aims to minimize the number of
RSs that will be installed in the network. Constraints (2) — (4)
ensure the radio communication between nodes in the network
by assessing the signal strength received at each node. These
constraints enforce that the received signal strength must be
greater than the specified threshold. Constraint (5) is a flow
balancing equation of each SN in the network. It states that
sensing information g; generated by SN 7 plus all incoming bits
from other SN is equal to total outgoing bits sent from SN i to
other SNs or RSs or BS. Constraint (6) states that all sensing
information generated by SNs can be sent to RSs or BS. It
guarantees packet delivery from SNs to RSs or BS. Constraint
(7) enforces that RS must be installed at the site j if a
communication link between SN i and RS at site j is
established. Moreover it specifies the buffer size limitation of
the RS /. Constraint (8) specifies the energy limitation of each
SN. It states that the total energy consumption (for receiving
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and transmitting the sensing information) at each SN during
the required network lifetime cannot exceed the initial node
energy. Constraint (9) states that x; are binary 0-1 vanables,
Finally, constraint (10)<(12) state that sy, », and b,, are non-
negative vanables.

I11. NUMERICAL RESULTS AND DISCUSSION

In this section we present numerical study and analysis
demonstrating the WSN design using the proposed RPAP
model. We compare our model with those presented in [1] of
which the objective function 1s to maximize the network
lifetime with constraints on SNs' battery energy and RSs are
not used. We call it a MNL (Maximize Network Lifetime)
model. Cur model, on the other hands, aims to minimize the
RS installation cost while maintaining the required period of
the network lifetime. We incorporate the path loss function in
the constraints where we calculate the received signal strength
to guarantee sufficient signal strength that can ensure the radio
communication between nodes in WSNs. Moreover, we
enforce the flow conservation rule to guarantee packet delivery
from SNs to BS.

In numerical experiments, we consider the sensing field of
size 500mx=500m as shown in Figure 1, in which there are 30
SNs [1]. To observe effects of deploying RSs in WSN and
effects of using different number of candidate sites to install
RSs, we conduct four network design scenarios. The first
scenario applies the MNL model as presented in [1] and RS is
not deployed. Scenario 2 - 4 deploy RSs in the network where
the number of candidate sites to install RSs are 30, 50 and 100,
respectively. Figure 2 — 4 show distnibution of the candidate
sites to install RSs.

In our experiments, the energy model (Figure 5) is used to
compute the energy consumption for firansmitting and
receiving signal which are rewritten here in Eq. (13) and (14)
[7.8]).

Tx=(E_xB)+[£wa><d"J (13)
Rx=E, «B (14)
where E‘, = Energy consumption in transmitting and
receiving circut (nJfbir)
&,,, = Encrgy consumption in amplifier (p/bit/ni")
B = Number of hits (bits)
¢ = Distance between transmitter and receiver (m.)
1= Index path-loss exponent

The received signal strength at SNs, R8s and BS (Py, P,
and P} are pre-computed by using the simplify path loss
model presented in [9] and it is written here in Eq. (15). The
pre-computed values are input into the RPAP model to find the
optimal locations to install RSs.

P, R+K—10nlmg,m{f“ (15)

Gy

816

. A
K(dB)=20lo 16
dB) ey (16)

where P, is the received signal strength (dBm), P, 1s the
transmit power (dBm), # is the index path loss exponent, d is a
distance between the transmitting node and the receiving node
(m.), dy 15 a reference distance for the antenna far field (m. Jand
Ails signal wavelength (m.).

We consider the WSN standards IEEE 802.15.4 in the
numerical experiments. Table II shows the parameters used in
the numenical experiments (see [9, 10] for more details). The
received signal strength threshold to ensure the radio
communication between nodes in the network 1s set to 90
dBm [10].

For scenario 1 in which the RSs are not deployed, we solve
the problem of maximizing the network lifetime using the
MNL model [1] to find optimal flow assignment with
constraints on SNs' battery enerzy. We obtained the network
lifetime of 801,82 seconds. Then we set this value as a required
network lifetime for the WSN design in scenario 2 - 4.

In the expenment scenario 2 — 4, we mnput the set of RS
candidate sites, the required network lifetime, and other
parameters to the RPAP model. We then solve the WSN design
by implementing the RPAP model with the [LOG-OPL
development studio and solving with CPLEX 5.2 optimization
solver, Computations are performed on an Intel Centrino Core2
Duo Processor 2.0 GHz and 2GB of RAM.

Table IT Parameters Used in Numerical Experiments

Paramelers Value
Receiver sensitivity threshold 90 dBm
Communication data rate 2.5 kbps
Operating frequency 24 GHz
Initial energy of sensor nodes 2,000 joules
Buffer size at relay stations 1,000,000 bits
Transmit power I2mW
Reference distance Im.
Path loss exponent 4

Transmilting Amplifier
circuit circull *
ExB gﬂpxﬂx‘f’ |
d
— _ ] v

| B - bits Receiving

circuil
ExR

Figure 5. Transmitting and receiving node model
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Table III shows the number of R3s selected in the sensing
field of the expenmental scenarios. In scenano 1, no relay
station is deployed; sensing data is sent from SN via other
intermediate SN(s) to BS or sent direcily to BS. In scenano 2 -
4, the number of selected RSs is 17, 16, and 13, respectively. It
can be observed that as the number of candidale siles increases,
the number of selected RSs decreases. The reason is that the
RPAP model can numimize the number of selected RSs better
when there are more choices of locations that can satisfy all the
network design  constramts. However, high number of
candidate sites could lead to longer computational time,
especially in a big network (containing a lot of 8Ns}.
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Figure 6 illustrates the selected location to mslall R8s and
the flow assignment from SNs to BS. We can sce that the
sensing data can be sent from SN via other intermediate SN(s)
to RS or sent directly to RS and then RS send the received data
to BS. The selection of RS locations and the flow assignment
are based on the consideration of the communication range of
the SNs.

Table IV summarzes the energy consumption of SNs. We
can see that scenario | results in highest energy consumption
whereas in scenario 2 - 4 SNs use much less energy. The
reason is that scenaro 1 does not deploy RS and the
mlermediate SNs use lot of energy lo receive and forward
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sensing data to BS. In this case, MNL model [1] assumes that
SNs can communicate with other SNs without a
communication range restriction. This may not be true in the
practical environments. Comparing the energy consumption of
scenario 2, 3. and 4. we can obscrve that the energy
consumption is highest in scenario 4 because it deploys the
least number of RSs. Thus. SNs have to receive and forward
more sensing data to BS. Nevertheless, the number of installed
RSs in scenario 4 is sufficient to guarantee the required
network lifetime and communication ranges among SNs. RSs
and BS.

Table V shows the residual energy of SNs at the end of the
network lifetime. We can see that the residual energy of SNs in
scenario 2 — 4 is much higher that in scenario 1. From the
standard deviation value, we can say that most of SNs in
scenario 2 — 4 remain high energy whereas more than 50% of
SNs in scenario 1 almost deplete their power energy (i.c.. have
residual energy less than | joule).

These results show that the proposed RPAP model yields the
network configuration that can guarantee the required network
lifetime and ensure the radio communication between SNs,
which in turn guarantee the packet delivery from SNs to BS at
the minimum network cost.

Table III Number of relay stations selected in the sensing field

Seenario Numbers of selected RSs
1 0
2 17
3 16
4 13

Table IV Energy consumption of sensor nodes

Total energy Average energy SD. of energy
Scenario | consumption of consumption of consumption of
all SNs (joules) | each SN (joules) | each SN (joules)
1 47763.446 1592.115 682.139
2 553.27 18.44 15.82
3 566.60 18.89 17.92
4 837.25 2791 2536

Table V Residual energy at sensor nodes

Average residual | SD. of residual Percentage of
Scenario | energyateach | energyatcach | encrgy-depleting
SN (joules) SN (joules) SNs
1 407.885 682.139 56.67%
2 1981.56 15.82 0
3 1981.11 17.92 0
4 1972.09 25.36 0

* Energy-depleting SNs are defined as nodes that have residual energy
less than 1 joule
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Figure 6, Selected relay stations and flow assignment in
scenario 4

IV. CONCLUSION

In this paper, the optimal network design for efficient energy
utilization in continuous data-gathering wireless sensor
networks (WSNs) is investigated. Given location of base
station (BS) and sensor nodes (SNs) with specified sensing rate,
the proposed network design method determines the optimal
locations of relay stations (RSs) and the sensing flow
assignment from SNs to BS with constraints on the SNs’ radio
communication range and the required network lifetime.
Numerical experiments show that the proposed method yield
WSNs with more efficient energy utilization compared with
other methods in term of the residual energy and the
percentage of energy-depleting sensor nodes.
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