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CHOMPUNUT JANTARASORN : NETWORK STRUCTURE DESIGN
FOR EFFICIENT ENERGY CONSUMPTION IN WIRELESS SENSOR
NETWORKS USING MULTI-OBJECTIVE OPTIMIZATION. THESIS

ADVISOR : ASST. PROF. CHUTIMA PROMMAK, Ph.D., 206 PP.

WIRELESS SENSOR NETWORKS/OPTIMAL NODE PLACEMENT/

RELAY STATION/ENERGY CONSUMPTION

Wireless Sensor Networks (WSNs) have played a potential role in many
applications such as health monitoring and environmental monitoring. A network
structure consists of sensor nodes (SNs) and a base station (BS) which located further
away to collect and analyze the sensing data. Typically, SNs could send data to BS
directly or indirectly via other intermediate SN(s). From the fact that 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) serve an essential role to receive and forward data from SNs to BS such that the
energy-limited SNs can operate for a desired period of the network lifetime. Since
RSs could be equipped with more sophisticated energy sources such as solar cells and
the energy storage, the network deployment cost and lifetime could mainly depend on
the number of sophisticated RSs used in the network and how the sensing data is
forwarded to BS. In order to address the energy efficiency issues of WSNs, we need
an effective RS placement technique, considering practical issues such as limitation of
network cost, energy efficiency and the effects of noise and bit error rate

characteristics of the wireless transceivers.



This research proposes a novel network structure design for efficient energy
consumption in WSNs, considering quality of signal in term of signal to noise ratio to
achieve an acceptance bit error rate. Specifically, we examine the problem of
minimizing energy consumption of SNs in the network using minimum number of
relay stations that could allow the network to operate for a required network lifetime.
Moreover, we study tradeoff between energy consumption of sensor nodes and
number of relay station that installed in the network. The proposed WSN structure
design problem is formulated as Binary Integer Linear Programming (BILP) models

and solved by the IBM ILOG CPLEX Optimization Studio.
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B -bits |« Receiving circuit
E.xB

A o 9 o 2 V.9 Y
gﬂVl 2.8 LL‘U‘U%WaENm'iclﬁlf‘wmﬁmaluﬂTi'i“ULmzmmmJ“aﬂuaﬂuﬂmaﬂg

2.6.1 waanuilFlumads (Energy consumption for transmitting)
~ ' VoA Yo < 9 ° a )
1l 2.8 Tuaauveriesmaduiie lasuniamadoyatiuau B e
Y ' Y Y o ad a J .. . . [ Y A
VWA WITMAAIEADATFTNAINUTUI95B1ENNTDUNT (transmitting circuit) (AY E_AD
o I oa Ag W ° ' oA v o o = ° [
NaInuaeUaN 19 11unN151MUYD 99T NATY (FUIASINUADINITAIATY) BIVEAIHUA TN
1 (Y] . @ I [ . . . a 4
AINAY 50 nd /bit oA Yunau U995 01AVeNY (amplifier circuit) 191510005 & amo
[ H [ o =0 1T W . [~ 1 ]
Ao Amnan luaiuveamavens mvualiiauniny 0.1 nd/bit/mazmiu ldnludivves1ees
Y Y Y
MAveredl M3 1FNANIUILTUDINUTZIZNINTLHINMATI HAZNIATY AIUUBITZEZNS
1 1 @ 1 < 9 9 [ T 9 dy 9
sEnamadazn1nsued lnanin 2sasnazdesldwasaulumsasdoyaniniuaiulidqe

@ [ 4 =

dy o o AaA = 9 a0 g‘; U = 2 A
HAZRYTNANINNITFULAYIINTSISNNUNUAIYAYANHU n FIVTUAIAUA 2 D36 HIUA



41

]
A

IS ) A Y] ~Aq 9 ' ° DR
lﬂu]’lﬂ@nJaﬂHﬂ!gﬁﬂll?ﬂaﬂuﬂjcﬁiillﬂqﬁ@ﬂﬂuﬂﬂ LHU ﬂ’]fﬂu@’]ﬂ’]ﬁﬂuﬂ“lW\ﬁJTﬂ ﬁ]ﬂ%m

1A A 3 Y o

[ A Y Aa 1 o YA [ Id zgx}a A Y
Ny 4 Wiﬁ]ﬂ1Wi]ﬁmTﬂll§JilﬁﬂﬂﬂsU]N nezmrualvuauniny 2 Wudu asduaumsnly

Tumsdmnandsnunlslumsdadoya naaslddeaunsi 2.4)

E. (B,d)=(E,xB)+ (g, xBxd") (2.4)

amp

2,62  woanuilFlumasu (Energy consumption for receiving)

A ' o A o Y Ao Y ! a v & = A a
Lu@\‘]%']ﬂﬁluﬁju"llﬂQﬂ1ﬂ5ﬂu1’|’]ﬁu1ﬂ3‘Uell'ﬂlla'ﬂﬂ']\uﬂﬂj ANUUIIUNTTIANA

o = 1A o A o ~Aq Y ad a d A I o I A Aq Y
NWANNTULIWYIANUAYD u‘L!ﬂE]Wa\N1uﬂ1%1u3ﬂﬂﬁ@!ﬁﬂﬂiﬂuﬂﬁ 9 ECLUHWQQQWHQQU@ﬂi%iu

v H
MIMNUVOINITNATUIUY TAUNINY 50 nd / bit L!ﬁﬂﬂulﬁjﬂﬁﬁMﬂﬁﬁ (2.5)

Exx(B)=E xB (2.5)

9
=\ 9 a 1 (% o

NUITBUILDDIANAINU tazTIuIuTadoya 1INUIVOUY Azad, AP,

=

[ < 1 <3 g)/ o a
and Chockalingam, A. (2006) Falimsasveyailuson Tasluuaazuianaiuszlisuiuia

[ Y a 1 a 4 [ ad a 4 .
élgfayjammu 200 ua L!,a8Glclsflﬂ'1W"IiTiJmf]ﬁ"lJfJ\?WﬁQ\ﬂuclu'J\‘]fﬂﬁ’E)Lﬁﬂ‘ﬂi'fJLlﬂﬁ E. =50nJ/b|t

9
Aaov A

1 a 4 b < 1 v 4
HaEANNTNDTUBINITANVY £, = 0.1 n/bit/m? azmuhnuideilldamvenuy

'
v A A A <

o = = T W A I Aa v A [ ddy ~
MaMIgaassnny 2 Heanmiluanuddeninsannisvisya@n Iaslnunuuie
v A Yo MYe = = A o A o 9
900 A3 19UAT (P19 30 AT 817 30 1WaT) Dnnaga lulddiiadaennamsunaziii 1y ldau
Yo Y, A 1 A o = A 1 = =
tazleiiuanTuansiag lunsedie 30 Tua Uavaoiigiulunioviennde 3 aoiigiu
Y v
HaEMUUAMNAIIUAIALYE TUAATIA3ININY 0.05 98 TasdTalimsiinuvesluania
9 1A ] 3’, v A a o g’; ya &1 A ] 1 zg ~ k)
Fogiszez 10 AT 1Y ualoannnuIdes v lannsannuivia lvgna (Wuiini
[ Zl = Y o A 1 a 4 U 9 v dyo v ad
500 1A 817 500 1WA T) AU Iamalasuansiime sy 1dun AnavFiiadnns
= 1 o d 9 YN ¥ Y 1 A 2 X ' 2
gqade nazmmasnuaIduvedTuansg meliianmmzauungsn Tasavouaud
o w Aax = g’/ Yo YA 1 ,3 A Yy 1 o = g’/
maomygadenu ldmmualdinuiniu ies1n Tuaas 19 isez MK NAULIN BN
Yya A v A o Y ) as =) A d%l 9 A I
lanasaenndnsunzii o vaznuudiaeddmsgudomuaudie werdunis
[ (% [ 1 9 1 1 a A 1 d‘ 9Y Aa 9
Sulseiumsiunas aateyassnina luauaazwilaluniaiie e limanugnAo LAy

aam X
mnzaylumalfiaunnau



42

2.63 MsAnNAUMNEINUAIRUVelUansI33ae
A v ¥ & A v o v Y
119991 WA 10UV THANT I UNTANUAWITUT lagnsanuo1gns 1Fuveq
A ] = Y2 ~ [ <3 o A Y A A 2
1950918 A TUAATIVFBILNAINUINAIAWNTOAUTUMS 181U 2oz NI1IUIUBIAY
9 9

dAMSUMIBONDUNAINUAIA LY TUANTIIF THITET 92 HDITUWUAITINGINUIN
' o a 4 4 Ao S 4 7 o Y Ao
a1udan laswes lawes AA AlinNa1ANg 1.5 Taad $1u9u 4 Ao Nlin1ugves

ﬂ?mmﬂizﬂ (capacity) Tua1mInY 2850 mAh (http:/data.energizer.com/PDFs/E91.pdf) 11ag

Yt A o o s . A o ) 1
ulﬂl]fﬂi‘ﬂﬂﬁ@\‘]LWEJ'Jﬂﬂﬁ$!Lﬁﬂ13ﬂ1ﬁ1uﬂlﬂ\1@‘ﬂﬂim Zigbee Glu‘llﬂwﬂilﬂWﬁiULLa%ﬁ\‘iell@iJuﬁﬂEJN
1] Y v
@]@Lﬁ@\‘] W‘]J’J']’Jﬂﬂi&!ﬁ'hlﬁ}m']ﬂﬂ 100 mA mumsﬁwmmmwawmi%i%’ﬁumﬁﬁ (2.6) LAz

(2.7) 91

E=vxixt (2.6)

lifetime

Tegh E A0 WA (joules)

1 1 o J 1 [
Vv Ao AANVANANIVDILHNAIDY (volt)

A

i Ao nszua Iihn 19111995 (makh)

A

t o 91gM3 1FIUVDIHAINAINU (sec)

Lifetime

Capacity of battery (mAh)

lifetime — w7 2.7
Current of circuit (A)

A
et

9
Z

Y Y
AU MIAUIUATNAINUAIA UV THAATIVF TTUADU A

=le

1) MUY IFIUUD LA NANIY HENTIUAINIINYVDILHAII Y

7 2850 mAh taznszuan 191129959100 100 mA MNANMTN (2.7) 9218

_ 2850mAR _ 0 o1 ours = 102,600 sec 2.8)

lifetime 100mA

[ g’/ 9 9 4' 1 1 = 1 Y4 o
2) W"IWE‘NQWU@N@]‘L!"U@QI‘L!@G]'E’J%E LUDLUONDIYUANUANANY 1.5 Thaa

o Y Y 1w a =t A Y
NUIU 4 NOU LLﬁZ@WQﬂﬁGlGNWLILTnﬂ‘]J 102,600 IUIN NFUNITN (2.6) fﬂzblﬂ



43

E = (L.5voltsx4) x (L00mA) x102600sec
E =(0.6Watt9 x102,600sec
E =61560 Joules (2.9)
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X gem = Xggw +30 (2.13)
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Maximize X, +2x, +2x,
subject to  2x +Xx,<8
X; <10

X, Xy, X3 =0 (2.18)
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MNA00 19 HIEAvY0I9AILT OIS DR ANMBIFudUuUDa WA TaeliuSnaiilullld
a 14 a A g’/ a
(feasible region) 32 JA91AN1TBUMBS LA (intersection) Vosu3 Ny 11/ lavanua 5 15w
[ v H Y
Favnlaninaums Taun 2x +x, <8, x, <10, x =0, x,>0, uaz x,>0 Fausnwhlatih
1 Y ]
TfinagUnsaratemasuiu (polyhedron) Aduaadnagla 2.10
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M13799 2.3 basic feasible solution NAWWUTAUYATDALY

Basic variables Basic Feasible Solution (bfs) AN uﬁuﬁf‘i’ugﬂaa@

(BV)

X;s Xy X, =4,X=10,X, =5, =5,=0 D
$1,S, $,=8,5,=10,x, =X, =%;=0 F
Sy, Xq s, =8,X,=10,x,=X,=5,=0 E
Xy, X3 X, =8,X,=10,x, =5, =5,=0 C
X5, S, X, =8,8,=10,x, =%, =5,=0 B
X, S, X =4,5,=10,X, =X;=5,=0 A
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X, %5, %8, S, 20 (2.19)

VInaunsh (2.19) azviinmsulasaunisiied lugdunuves row 0 e ldidon luneglu
Y & Yo ~ < . & 1 2
sUnvunasgundiaaly Faanalagenisain 2.4 11 canonical form 0 FauAazauMIHY
(J ! 1w a £a ] 4
wildushtmdulseansiu 1 uazlaniv o Tuueddu o

¥ [
U I

VYHADUN 2 11 basic feasible solution (bfs) mﬂﬁumﬂugﬂgmummgm
' Y [l
LT UAUIINATH bfs AR (initial basic feasible solution) 310 canonical form 0 #9910
A 3’, < Y1 A v g’/ Qy 1 9 1 YA [ Y =
aums (2.19) uazmnlandddsnadu s a1 18un x,x,,x,s,s, IMHANNNY 7 nazl]
i) Y Y
%"mauﬁmmsﬁau"leu 2 dUNI 1ﬁjﬁﬂ1lﬂ1ﬂﬂ m muualumimm BV (basic variables) U
o @ [ 1 I @ . . o g}/ 1
Vl'lﬂﬁlﬁlﬁﬂﬂﬂjllﬂﬁlﬂﬁlﬂ‘ﬂ n-m AN Glﬁjlﬂlt!ﬁ?uﬂﬁllﬂﬂ NBYV (non basic variables) mumz'lﬁjaﬂu
% 1 dy = Ll = 1 é =
AIDYNUICU NBV = n-m = 5-2 =3 A1 Uas98 BV = n-(n-m) = 5-(5-2) =2 “])'leuﬂﬁmsllﬂﬂ
o [l g g’./ <3 1 o < 1
@29619% 910 canonical form 0 HUAZIHUNMTHUATH X, X,, X, =0 151NV WITONIAIVDA
] H Y
5,5, 14 Tagirualdiminuainainiawniie (right-hand side : rhs) Y107 i Aariuagyn
wld
BV ={s,,s,} ttag NBV={x,X,, %}
nazay 1@ a1 basic feasible solutions §1% § U 15 ¢ U © 4 basic variable A ® s, =8,s, =10,

Y
Y 1 ] 9 [ v Jo
X, =X, =X, =0 WAUNAIINIVD basic variable PUITUANUAUNUTOULDIVDI canonical form

PR
a adaA 1w

1 o 1 ?311 ) @ { 3’/ 3
ADA basic variable e dNYszANTNTAUMINY 1 Tuuaiu o uazdmsuuadn 0 Uuaziiu



55

v
A o a Qd'

v v ! 9
Naidsngluadi o Aldulszansidlu 1 fe 2 uaz z 12 hivsingTuuoddu q duiuez s
9

I YY) o [ [ y
2z 11U basic variable ﬁ)’m mumz"lﬁ' basic feasible solution 11151 canonical form 0 A9913199

£4
=

&K @ Y o
2.4 G]i\iﬂﬂ]@\i@]?]uﬂﬁ]gllﬁlﬂllﬂ ANY

BV ={z,s,,5,} ay NBV={x,x, %}

#1579 2.4 Canonical form 0

11 auNs Basic variable (BV)
umﬁo Z—-X —2X,—2X%,=0 z=0
1 1 2% +X,+5, =8 s, =8
LLﬂ’J‘ﬁ 2 X; +S, =10 s, =10

Y Y
@ [} [ " W v I [
1na08190 1A Fana1dauls slack Hueau1snld1ilunn basic variable laane 1u
dd‘ 1 d‘ =} d' I 1 d‘ 1a
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1NNITLADNAI entering variable T¥inanen1u basic variable 91071
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o s A X Y = Y 4% ~
JWQﬂigﬁQﬂNﬂTLWNﬂJH mﬂuumﬂau”lﬂmumum 3
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g}J d‘ = [ dy
VuaoUN 3 D9 5 Al
1 [ v 1w P 1 ]
M598I basic feasible solution Tuagiiuliaringlszasanangandivselu

'
A 1

TA8I3NINATIVADUA nonbasic variable 114015199 2.5 (canonical form 1) INBATIVADU

' v A o 1

A 1 [l @ { I '
awnsainun z 1donn3e lu Taeg3189iiaauals nonbasic variable A2 landia uiluaveg 910

Y
R
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ﬂmmﬂumuﬂi entering variable AE¥ 131 X, a’lﬂJ’lﬁﬂlWﬂJﬂ’lhlﬂiJ'lﬂ'ﬂq@Wn]li PILTIHINITD

A 1 9 A A 1 o Y . . A 1A o Y 1
A1 x, lauiniiga Tagd 11114 basic variable in1aaay Tagyiinsuddun1swiA1ves

Y

. . d' ! v A
basic variable TUImouvad x, (Iagia1 x,s, =0) A4l
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anlaeans 1aaqil

m#i ki
Minimixe > (T(E, Y sy +E D sy +E D +E D hy)) (3.13)
Viel vmel kel Vjeld beB

o P A A e s A 1 Y 9 A = Y
'Jﬁﬂ‘lligﬁﬂ‘ﬂ‘ﬂ 2 LWI’EWK‘WNﬁﬂ11!018‘1/|f]ﬂclumiﬂélﬂt’lclﬁuﬂ‘(’J‘Vl’s:fﬂ mm:‘mmﬂﬂw

[

aa“lusﬂammmmwmam”l Al

Minimixe >, (3.14)

Vjel

& o 7q ¥ 1 o @
Famsuasaumsaedinglszasaliedlugdunuvesaumsingilszasnmed

¥ A o 1 ‘o o s I D TN Y o qYu s &
Uy neuRszihmanguiagissaesdmnganuaininiminiy wzdes vingilszasans
I I ~ [ 1 A Y ) s A Z’, a1 [l 1 ~ o
aouduussiagu@eInuneu e lAmvesinglssasannnsaniuiinedlusiudednu

o Y ! o Vo 3 o A Y v 1 @ J Aas [ dy
mlvazaindemsmuuasasiminimnzaulvnuuaazingilszasn TaslIsnmsail
Minimixe z =w,F (x) +w,F,(x) (3.15)

f,(X) - flmm

fmax _ f min

Taeii F.(x)=

f X) — fmin
F,( ):% (3.16)
2 2
vt 0z
Z= Wl( ::lr(ni(x) — .:lmin J+ WZ[ .I;:ngzi) — fffnin J (317)
1 — -
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Teglusdaumsndiamans lanail

(Z(T(Er mz S +E, fsik +E Do+ Echib)J— £,

Viel vmel Vkel vjel beB

Minimize w, .
flmax _ flmln

Zﬂj _ fzmin

vjel

+W2 f max f min
2 T 2

(3.18)

3.62 aumstseuly
A Aq v A P o o
aumstonlvildlumsesnuuuaumsaaiamansuuudesinglseasniay

midpududeoulun (3.2) 81 (3.12) lusiadeon 3.5.2

(Y] (Y] A Vv d' \ Y ISl :’J d'
3.7 MSNMHI0aNe I BNaI 19N aNAD I HINaDIHaENoAI HTHADHT 2
a AN Y o 2 Y A 2 0 Ay Y
Mnaumsaalarmanin lanavuluduaoui 1 Huwavean1aeui 1aa1nnIs
2 ' A ’ L4
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3 ¥ . @ usng

5 St oty el
Singhe_obj J0M.ops
[ Sangle_cij 30SN_randem3 dse
T Single_obj 0% med - (¢

$E: Prokle 19 Vasiakle| %9 Breakp | = O
T
b == M -
Solution with objective 15.283.013573
Narre Value
oo Data
o 11
o ks 164560 G560 6140 61—
o b s 1000001 0.00001. 000,
7 egs 76491 24311 (23
. nz

OF Bsn [H0.00001 ...
" nkEs 1

] m

» nbSMH 0

P Prone B3 [1-106.09) [-106.7] [-...

I P moise FS 110679 10679 -106... ~ | ¢

Y 1

3109 3.3 w19 115un31 IBM ILOG CPLEX Optimization Studio

4 " . A 1 o @ o

1. e 1 (opl project) uaaelilalnsans (project) mﬂmg FIHTUNTATUIUNN
o 1 ¥ . g ~ @ ? @ s
fnovuaazasasuiludeosi Idasuna 3 1Wd dszneulidre Tuaa'lna (*.mod) a1én

7 2 7
W@ (*.dat) uag 1aaa 18 (*.ops)

2. 11188 2 (model file editing area) taaanaadmiulamaenlamuiamain
aa o & v Ay v a 4 a g9
anga Tagmdunarillaimsudasunnaumsadiasaasyesns TdsunsumFudu

x o o a Jou o ' 4

luuis Falszneulidre dudlsaadule Wenduiaglseassd wazaumsiton'la
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3. WNeIaY 3 (data file editing arca) taasnihand w5y ladoyandludinls naneg

o 1A a J . 9 ' dal =) P o
Tuztvesdlsanfenaz lugiveuuning (matrix) Joyamaitiszgnizenlslumsaiuia
o & 4 [ {
TagfedaluTuma v uaasdagili 3.4

1 o [ g}J 1 a 14

4. MU1ULQY 4 (setting file editing area) LAAIH T 1A 19T IHTUAIAINITINIAOS
edulrumiaounangald InTan13 19U N15TINANAIUVDAUIA AL HUIBAIUT]

Aq ¥ o o ¥ . . 2 axn a < 4
(memory) Al lunsaivia 1UIUMTIUNG (iteration) YOIUVUABDUITUUUFUINANLUAS

[ a v 9 < Ay v o [ A
IANIINYINVUDYAADN (log data) T]vlﬂil’lﬂﬂ'ljﬂ’lu']m Llaﬂ\iﬂ\igﬂﬂ 3.5
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[1E Single_obj_305N.mod {5 Single_obj_305N.ops [Z] Single_obj_30SN_random3.dat 53 =0
7 e e ol ol ke ke ke e ke ke ke ke v e ke sl e sl e e e e e e e e o e e e e b e de e bl ke kel

* OPL 12.2 Data

* Ruthor: Admin

* Creation Date: 11 A.m. 2011 at 10:41:33

wwwwwwwwwwwv.wv.wv.wv.ww.w.\t\t\t\t\t\twwwwwwwwwwwwww*w*w;

LTS
[am] »

)

/{ random position of 30 SN from MATLAB
// data for Multi_OBJ_30SN_110RS

// Number of SN
// Number of RS

// Number of BS

14//Initial energy of each sensor node
15Ei SN=[61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61560, 61561

™

/P{ik) receive power between SN and SN from calculate (dBm)

- 8N=[[-200,-115.5596262,-102.520145,-108.1503073,-102.2315123,-112.9469775,-110.0861453, -112.-
-115.559%6262,-200,-121.6512246,-117.7703414,-123.81320%1,-120.065747,-113.0500555, -106.2075651,
21[-102.520149,-121.631224¢,-200,-98.62246102,-91.03025722,-102.7380805,-117.5157968,-112.7969465,

22[-108.15%03073,-117.7703414,-98.62246102,-200,-107.2510895,-90.71711815,-116.7960182,-105.23%417! -
4| n 3

517 3.4 Data file editing area

U

1 ] 1 4
5. 1WA 5 (outline view) taadInssad wuosdoyanodluniiarsveTuea lld

v A 9

o 2 o 4 ] 1
a1 Ilduazivana IWd sa5esdoyaliuaasluziuuusiensedieasnisasivdevuas

Y
AU
. o d' T]J o o
6. MUYLAY 6 (solutions log area) UFTFAIATIADUN LUTUNTUNINITAIUIUNULUAL
a v <3| o A A ll Y . P =2 9 1 v =K ltl ¥4
wmimnmngﬂummumﬂqﬂ f (feasible solution) FIVDYAUATUISYNUUNN LILTDY )
o I o o o d‘d d’ .
AIUNTISIN ‘]JSLLﬂi?J‘VHﬂ"Iiﬂ”IH’JiI!WTJﬂW]i’)‘]JTIﬂTI’Gjﬂ (final solution)
Single_obj_305N.mod A Single_obj_305N.ops 2 . [T Single_obj_30SM_random3.dat =0
Type paramster description filter Mathematical programming / General
4 [= Mathematical programming
(o} General Advanced start switch [Standard advanced start ']
{2} Conflicts o . :
(&) Emphasis Computation time reporting [Wall clock time v]
(&) Feasopt X Algorithm for continuous problems [Automati( v]
{2} Preprocessing =
(&) Read Algorithm for continuous quadratic eptimization [Automati( v]
{2} Tune
4 (= Simplex Global default thread count 0
& General | Global time limit 1.0E75
12 Limits
{2 Tolerances X Directory for working files
4 (= Mixed Integer Programming
&) General Memory available for working sterage 1280
{2} Strategy
12} Limits Parallel mede switch Autematic L4
19} Tolerances
{2} Cuts
12} Selution pool
12} Selution polishing e
< | n L

g‘lJ‘ﬁ 3.5 Setting file editing area
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AT NN 3.2 ﬂ"lﬁllﬂfl\iﬁﬂﬂ”liﬂﬂ!@]f"ﬂﬁ@i"ﬂf’]x‘lﬂﬁI‘]Jiuﬂ’illlclﬁl,ﬁu"lﬂu”li?ﬁf}ﬂi%ﬁﬂﬂlﬂﬂ’llﬂu

siuvueaaluTisunsy IBM ILOG CPLEX Optimization Studio

88

AUNMINNHITO 3.5

v
o

faalulasunsy ILOG OPL IDE

amlsanaule //Decision Variable
,Hj dvar int x[RS] in 0..1;
Sic dvar int s[SN][SN]in 0..1;
i dvar int rf[SN][RS] in 0..1;
h,, dvar int b[SN][BS] in 0..1;
ﬁﬂﬁ%ﬂiﬂgﬂﬁ%ﬁﬁﬁ //Objective function
Minimize sum(i in RS) (sum(m in SN:m!=i)s[m][i]*Er SN[m][i]*T)
+ (sum(k in SN:k!=1)s[i][k]*Et SN[i][k]*T) +
aun1s(3.1)
(sum( in RS)r[i][j1*Et RS[i][j1*T) +
(sum(b in BS)h[i][b]*Et BS[i][b]*T)
qou'lv subject to {
ctl : forall(i in SN) sum(k in SN:k!=i)s[i][k] + sum(j in RS)r[i][j] +
quN3(3.2)
sum(b in BS)h[i][b] == 1;
ct2 : forall(i in SN) sum(m in SN:m!=i)s[m][i] <= sum(j in RS)r[i][j] +
quN13(3.3)
sum(b in BS)h[i][b];
qUN13(3.4) ct3 : rfil[j] <= x[j]
ct4 : forall(i in SN)forall(k in SN:k!=i) s[i][k]*(Pr_SN[i][k] - Pt SN)
aun1s3.s)
>=();
aun1s(3.6) ct5 : forall(i in SN)forall(j in RS) r[i][j1*(Pr_RS[i][j] - Pt RS) >=0;
aun1s(3.7) ct6 : forall(i in SN)forall(b in BS) h[i][b]*(Pr_BS[i][b] - Pt BS) >=0;
ct7 : forall(i in SN)forall(k in SN:k!=i) s[i][k]*(Pr_SNI[i][k] -
qUN3(3.8)
P_noise SNI[i][k] - SNR) >= 0;
ct8 : forall(i in SN)forall(j in RS) r[i][jI*(Pr_RS[il[j] -
quN13(3.9)

P_noise RS[i][j] - SNR) >=0;

auN13(3.10)

ct9 : forall(i in SN)forall(b in BS) h[i][b]*(Pr_BS[i][b] —

P_noise BS[i][b] - SNR) >= 0;
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A a 4 a Y A o = I
AT NN 3.2 ﬂ"lﬁllﬂfl\iﬁﬂﬂ”liﬂﬂ!ﬁﬁ?ﬁ@i"ﬂf’]x‘lﬂﬁI‘]Jiuﬂ’illlclf\i!,ﬁu]l‘ﬂu”li’Jﬁff]ﬂi%ﬁ\iﬂm&l’llﬂu

stupvumdaluTsunsu IBM ILOG CPLEX Optimization Studio (19)

'
o v

AUNINNITD 3.5 faaluT1sinsy ILOG OPL IDE

alsanaule //Decision Variable

duNs(3.11) ct10 : sum(j in RS) x[j] <= N

RS ?

ctl1 : forall(i in SN) (sum(m in SN:m!=i)s[m][i]*Er_SN[m][i]*T) +

(sum(k in SN:k!=i)s[i][k]*Et SN[i][k]*T) +
aun1s(3.12)
(sum(j in RS)r[i][jI*Et RS[i][jI*T) + (sum(b in

BS)h[i][b]*Et _BS[i][b]*T) <= Ei_SNI[il;

A a s a g a o PR
AT NN 3.3 ﬂ15llfﬂﬁ\1f;’mﬂ1§'ﬂﬂ!@]ﬁ1ﬁﬁ'H"’ll@\?ﬂﬁiﬂi!tﬂﬁul%’ﬂlﬁu‘lﬂlﬂiﬁﬂﬂ?ﬁi}ﬂﬁ%ﬁ\‘lﬂlﬂu

sUnvvadaluTisunsy IBM ILOG CPLEX Optimization Studio

v
o v

AUNINNHIVO 3.6 faaluT1l51nsy ILOG OPL IDE

alsaaaula //Decision Variable

ﬂj dvar int x[RS] in 0..1;

Sik dvar int s[SN]J[SN] in 0..1;
i dvar int rf[SN][RS] in 0..1;
h,, dvar int b[SN][BS] in 0..1 ;

Jo o 4
Wanduiagilszasn | /Objective Function

W1*(((sum(i in SN)sum(m in SN:m!=i)s[m][i]*Er_SN[m][i]*T) +
sum(k in SN:k!=i)s[i][k]*Et_SN[i][k]*T + sum(j in

AuN3(3.18) RS)r[i][j]*Et_RS[il[j]*T + sum(b in BS)h[i][b]*Et BS[il[b]*T) —
fI_min)/(f]_max — fI_min))*10000 + W2*(((sum(j in RS)x[j]) -

f2_min)/(f2_max — f2_min))*10000;

Qou'ly IFaums@ernuaunsn (3.2) 84 (3.12) Tuasan 3.2

2
Av A

o @ a o
dsums TsunsuFaduluuid luanuitei 1814 Tdsunsudu3agd IBM - 1LOG
C . . Ayg v < A A A
CPLEX Optimization Studio #11ana11131uiade 3.8 iunsesiierrelumsmmamasia

iga uazldnouiinmesu Samsung IntelR) Core(TM) i5-2410M 2.30 GHz #128A21031
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Cumulative distribution function
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0 1 0 10 119432.6 1 0
0.02 | 0.98 114.6 10 72660.69 0.573018 0
0.04 | 0.96 229.21 10 72660.69 0.573018 0
0.06 | 0.94 343.81 10 72660.69 0.573018 0
0.08 | 0.92 458.41 10 72660.69 0.573018 0
0.1 0.9 573.02 10 72660.69 0.573018 0
0.12 | 0.88 687.62 10 72660.69 0.573018 0
0.14 | 0.86 802.22 10 72660.69 0.573018 0
0.16 | 0.84 916.83 10 72660.69 0.573018 0
0.18 | 0.82 1031.43 10 72660.69 0.573018 0
0.2 0.8 1146.04 10 72660.69 0.573018 0
0.22 | 0.78 1260.64 10 72660.69 0.573018 0
0.24 | 0.76 1375.24 10 72660.69 0.573018 0
0.26 | 0.74 1489.85 10 72660.69 0.573018 0
0.28 | 0.72 1604.45 10 72660.69 0.573018 0
0.3 0.7 1719.05 10 72660.69 0.573018 0
0.32 | 0.68 2109.28 11 58780.21 0.446302 0.0667
0.34 | 0.66 1948.26 11 58780.21 0.446302 0.0667
0.36 | 0.64 2033.35 11 58780.21 0.446302 0.0667
0.38 | 0.62 2109.28 11 58780.21 0.446302 0.0667
0.4 0.6 2185.2 11 58780.21 0.446302 0.0667
0.42 | 0.58 2261.13 11 58780.21 0.446302 0.0667
0.44 | 0.56 2337.06 11 58780.21 0.446302 0.0667
0.46 | 0.54 2395.26 12 49785.43 0.364189 0.1333
0.48 | 0.52 2431.03 13 41636.64 0.289798 0.2
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0.52 | 048 2466.95 13 41636.64 0.289798 0.2
0.54 | 046 2482.7 14 35371.01 0.232599 0.2667
0.56 | 044 2475.89 14 35371.01 0.232599 0.2667
0.58 | 0.42 2469.08 14 35371.01 0.232599 0.2667
0.6 0.4 2462.26 14 35371.01 0.232599 0.2667
0.62 | 0.38 2441.27 16 26168.71 0.148591 0.4
0.64 | 0.36 2390.98 16 26168.71 0.148591 0.4
0.66 | 0.34 2340.7 16 26168.71 0.148591 0.4
0.68 | 0.32 2290.42 16 26168.71 0.148591 0.4
0.7 0.3 2240.06 17 23037.81 0.120009 0.4667
0.72 | 0.28 2170.73 17 23037.81 0.120009 0.4667
0.74 | 0.26 2101.4 17 23037.81 0.120009 0.4667
0.76 | 0.24 2023.71 18 20611.27 0.097857 0.5333
0.78 | 0.22 1933.27 19 18504.56 0.078624 0.6
0.8 0.2 1802.47 21 14490.01 0.041975 0.7333
0.82 | 0.18 1664.2 21 14490.01 0.041975 0.7333
0.84 | 0.16 1525.93 21 14490.01 0.041975 0.7333
0.86 | 0.14 1372.15 22 13103.70 0.02932 0.8
0.88 | 0.12 1191.16 24 10777.79 0.008086 0.9333
0.9 0.1 1000.05 25 9892.63 0 1
0.92 | 0.08 800.05 25 9892.63 0 1
0.94 | 0.06 600.05 25 9892.63 0 1
0.96 | 0.04 400.05 25 9892.63 0 1
0.98 | 0.02 200.06 25 9892.63 0 1

1 0 0.0573 25 9892.63 0 1
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Abstract— Energy efficiency is an important issue in the
widespread deployment of Wireless Sensor Networks (WSNs). In
this paper, we present a study of the optimal relay node
placement problems in WSNs for efficient energy consumption of
wireless sensor nodes. In particular, we examine the problem of
minimizing energy consumption of sensor nodes in the network
using minimum number of relay stations that could allow the
network to operate for a required network lifetime. A novel
mathematical formulation has been developed as a Binary
Integer Linear Programming (BILP) model. Our key
contribution is that the proposed model not only ensures the
required network lifetime but alse guarantees the radio
connectivity at high level of communication quality. Specially, we
take into account effects of noise, signal quality limitation and bit
error rate characteristics. Numerical experiments show that the
proposed model yields efficient network configuration that could
prolong the network lifetime and reduce the average energy
consumption compared with other techniques.

Keywords- Wireless sensor networks, Optimal node placement,
Energy consumption

1. INTRODUCTION

Wireless Sensor Networks (WSNs) have played a potential
role in many emerging data-gathering applications such as
health monitoring, forestry monitoring, and environmental
monitoring in factory, farm and residential area. A simple
network structure consists of sensor nodes (SNs) and a sink
node, usually called a base station (BS). SNs are placed in the
sensing field and BS is usually located further away to collect
and analyze the sensing data. Typically, SNs could send data
to BS directly or indirectly via other intermediate SN(s). From
the fact that 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) serve an essential role to receive and forward
data from SNs to BS such that the energy-limited SNs can
operate for a desired period of the network lifetime. Since RSs
could be equipped with more sophisticated energy sources
such as solar cells and the energy storage, the network
deployment cost and lifetime could mainly depend on the
number of sophisticated RSs used in the network and how the
sensing data is forwarded to BS. In order to address the energy
efficiency issues of WSNs, we need an effective RS placement
technique, considering practical issues such as limitation of

This work was supported in part by research fund from the Suranaree
University of Technology, Thailand.

network cost, energy efficiency and the effects of noise and bit
error rate characteristics of the wireless transceivers.

Several works have paid attention on investigating the
WSN design problems with special consideration on the
energy consumption issues [1-10]. In [1]. the authors explored
factors that affect the WSN design and the communication
protocol that used in each layer. In [2], the authors classified
node placement strategies for WSN design. Several studies
have devoted on the relay node placement problems in which
[3-6] considered no energy limitation at SNs whereas [7-10]
considered energy constraints. In [3], the authors considered
node connectivity and coverage with buffer overflow
constraint. In [4], the multi-hop communication among SNs
was considered and the mathematical formulation for RS
placement problem was proposed. In [5] and [6], the authors
considered the single hop communication between SNs and
RSs. [5] assumed that the RSs could adjust the transmit power
level where as [6] considered the connectivity constraints. In
[7], the objective was to maximize the number of packets
received at BS. In [8], the authors investigated definitions of
network lifetime and proposed one that is appropriate for
WSNs in forestry applications. In [9], the authors studied the
BS placement problem that aimed to minimize energy
consumption of SNs. In [10], the authors addressed the
sensing coverage issue by keeping the mimmum number of
active SNs to save node energy. While the contributions of the
previous works are sigmficant, the existing studies did not
consider the effects of noise and bit error rate characteristics
of the wireless transceivers and did not provide radio
connectivity guarantee. Furthermore, the network cost
limitation and the energy efficiency were not considered
together. For this reason, more practical and effective
approaches for the WSN design with the use of relay stations
are needed.

In our paper we propose a novel RS placement model for
efficient energy consumption in WSNs. In particular, we
examine the problem of mimimizing energy consumption of
sensor nodes in the network using minimum number of relay
stations that could allow the network to operate for a required
network lifetime. Specially, our model accounts for the effects
of noise and bit error rate characteristics of the wireless
transceivers on the SN connectivity and the quality of
communication links.
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The remainder of this paper is orgamzed as followed.
Section 1T provides the problem definition and describes the
problem formulation. Section III presents numerical
experiments and discussion which focus on studying the effect
of the number of RSs and the RS placement techniques on
energy consumption and lifetime of the networks. Finally,
section TV concludes the paper.

II.  PROBLEM DEFINITION AND FORMULATION

To achieve the energy efficiency in WSN deployment, this
paper proposes optimal RS placement techniques, considering
practical issues such as limitation of network cost, energy
efficiency and the effects of noise and bit error rate
characteristics of the wireless transceivers. Specially, we
consider the mimimum energy — RS placement problem (ME-
RPP). The proposed model aims to determine optimal
locations to install RSs in the target sensing field and
determine optimal route to forward sensing data packet from
SNs to BS so that the energy consumption used for data
transmission of SNs can be minimized and the resulting
network configuration can guarantee that the network lifetime
and the radio communication quality at the required bit error
rate and a given budget for RS installation.

Here the network lifetime 1s 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 [11].

TABLE I. Notations

Sets:

I | Aset of sensor node

J | Asctof relay station

B | Aset of base station
Decision variables:

B | Abinary {0, 1} variable that equals 1 if the RS is installed at site
J jeJ; 0 otherwise

Abinary {0, 1} variable that equals 1 if the SN is assigned to SN
kiamdk <l i+ Kand#eT, 0 otherwise
» | Abinary {0, 1} variable that equals 1 if the SN 7 is assigned to RS
Jiel jeJand teT; 0 otherwise

Abinary {0, 1} variable that equals 1 if the SN i is assigned to BS
b,icl beB andieT; 0 otherwise
Constant parameters:

E, | Energy consumption for transmit data per round (Joule/round)

E, | Energy consumption for receive data per round (Joule/round)

E, | Initial energy of each sensor node (Joule)

B | The signal strength that SN kreceives from SN i (dBmy), i and kel

B, | The signal strength that RS j receives from SN i (dBm), iel, jeJ
% | The signal strength that BS & receives from SN i (dBm),iefbeB

B, | The received signal strength threshold between SNs (dBm)

By | The received signal strength threshold between SNs and RSs(dBm)

B | The received signal strength threshold between SNs and BS (dBm)

®, | Noise at SNs(dBm), vkel

@ | Noise at RSs(dBm), ¥je/

®, | Noise at BS (dBm), ¥b B

& | Noise threshold for SNs (dB)
The number of RSs that can be used due to the budget limitation
T The required network lifetime

It is assumed that the SNs are distributed across the sensing
field and the sensing data packets that contain sampled data
from SN are transmitted back to BS directly or indirectly via
other neighbor SNs or RSs based on a synchronized schedule
specified by a predefined period of time. We assume no
collision in the packet transmission of SNs due to the MAC
operation of TEEE 802.15.4.

The proposed optimal RS placement problem is formulated
as a Bmary Integer Linear Programming (BILP) model,
denoted as a ME-RPP model. Table I shows notations used in
the model. The ME-RPP model aims to minimize the SNs’
energy consumption, including energy used for receiving and
forwarding sensing data packets. This can be written as the
objective function (1). We incorporate other network
requirements into the mathematical model through a set of
constraints written in (2) — (12).

Objective:
el It
Min T(Y(E, s, +EY s, +EYr+EYR) D
Yiel Ymel kel YeJ beB
Constraints:
ki
Disptyn by =1 Viel )
Vel YieJ beB
ki
Zszkzzrzﬁzhzb Viecl (3)
Vel VieJ beB
B <N

L <N “
nsp, viel,YjeJ (3)
5,8, -F) 20 iandfelizk (6)
KB, ~B,)>0 vielYje )
hy(B,—F;)=0 viel,beB (®)
54 (0 — @, =6) 20 jandkelizk 9
1B -, -8)>0 Viel,YjeJ (10)
h,(B,-w,-8)20 Viel,beB (11)

m# k#i
T(E, 205 +E Y s B ) i+ B ) hy)<E, (12)

Vmel kel YieJ beB

viel

The objective function (1) intends to mimimize energy
consumption of SNs for receiving and forwarding sensing data
packets during the required network hfetime, 7. Constraint (2)
states that each SN forms a path to send data packet via a
neighboring SN and/or RS to BS. In order to preserve SNs’
energy, we limit the sensor-to-sensor transmissions to one hop.
Constraint (3) states that 1f SN receives data packet from other
SNs, it will send the packet to RS or BS. Considering the
network budget limitation, constramt (4) specifies the number
of RSs to be used in the sensing field. Constraint (5) ensures
that SNs send data packet to RSs that are installed. To
guarantee radio connectivity between SNs, RSs and BS,
constraint (6)-(8) ensures that the signal strength received at
SNs, RSs and BS must be greater than the specified threshold.
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Here the simplify path loss model [12] is applied to evaluate
radio connectivity around the sensor nodes. Tt is assumed
symmetric connectivity in different directions around the
transmitter. To guarantee the quality of radio communication at
the required bit error rate, constraints (9)-(11) enforce that the
signal to noise ratio (SNR) level at the receiving SNs, RSs, and
BS must be greater than the specified threshold. Constraint (12)
specifies the initial energy of each SN. It states that the total
energy consumption of each SN for generating, receiving, and
transmitting all data packets during the network lifetime cannot
exceed the initial energy.

1L

In this section we present numerical study and analysis
demonstrating the optimal RS placement using the proposed
ME-RPP model We¢ compare our model with the other
approaches including the minimum spanning tree (MST)
without RS, the uniform placement and the center of mass

(CM) approach.

In numerical experiments, we consider the sensing field of
size 500mx500m in which there are 30 SNs and BS is located
at the center of the area as shown in Fig. 2 [11]. To observe
the effects of deploying RSs in WSN and the effects of using
different RS placement approaches, we conduct six
experiments. The first experiment applies the MST to
determine the route to send sensing data packets from SN to
BS. In this case, no RS is deployed in the sensing field. In
experiment 2™ — 6% the RSs are deployed in the network. We
consider the network budget lLimitation and specify a fixed
number of relay nodes to be used in the sensing field. The
uniform placement method is applied in the second and fourth
experiment in which two and four RSs are used, respectively.
The center of mass method is applied in the third and fifth
experiment in which two and four RSs are used, respectively.
Table IT shows the coordinates to locate RSs of each method.
In experiment 2 — 5% the MST is applied to find the route to
send sensing data packets from SNs to BS. In the last
experiment (sixth), the ME-RPP model is applied to find the
optimal locations of which the number of RSs is limited to
four for a comparison purpose. In addition, the ME-RPP
model finds the optimal route to send sensing data packets
from SNs to BS. In this last experiment, the candidate sites 1o
install RSs are uniformly distributed at the grid spacing of
S0m:<50m across the sensing field.

NUMERICAL RESULTS AND DISCUSSION
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Figure 2. Sensing field and SNs distribution

We use the simplify path loss model [12] to calculate the
received signal strength to guarantee sufficient signal strength
that can ensure the radio communication between nodes in
WSNs. Here the radio connectivity around the sensor nodes is
assumed symmetric in different directions around the
transmitters. The energy model presented in [15] 1s used to
compute the energy consumption for transmitting and
receiving signal of SNs. Such energy model is rewritten here
in equations (13)-(14).

Tv=(E xB)+(e

- (13)
Rx=F.xB

(14)

where Tx denotes the transmitting energy (1J), Bx denotes the
receiving energy (n/), E, denotes energy consumption in
transmitting and receiving circuit (n//bit), &, denotes energy
consumption in amplifier (n/bitm"), B denotes the number of
bits i the packet (bits), d denotes the distance between
transmitter and receiver (m.) and # denotes an index path-loss
exponent.

Furthermore, the WSN standards IEEE 802.15.4 are
considered in our experiments. Table I1T shows the parameters
used in the mathematical experiments. The received signal
strength threshold to ensure the radio communication between
nodes in the network 1s set to -90 dBm [13]. The SNR level to
guarantee the quality of radio communication is set to 1 dB in
order to achieve bit error rate (BER) at 10 [14]. The period
of time to transmit a sensing data packet is 5 minutes/round.
Here we consider the required network lifetime of 47 days
(13,631 rounds).

xBxdq

Tn experiment 6" where the ME-RPP model is applied to
find the optimal locations to install RSs, we input the set of RS
candidate sites, the required network lfetime, and other
parameters to the model. Then, we solve the problem by
implementing the ME-RPP model with the ILOG-OPL
development studio and solving with CPLEX 5.2 optimization
solver. Computations are performed on an Intel Centrio Core2
Duo Processor 2.0 GHz and 2 GB of RAM.

TABLE II. Coordinate to install RSs

Approaches Coordinate to install R8s
nse 2 R8s use 4 R8s
1. Uniform placement (378, 114, (128, 110), (382, 114},
{113, 346) {128, 335), (382, 335)
2. Center of mass (32, 246), {78, 100}, (417, 82),
{123, 107) (57, 400, (400, 357}

TABLE 11l Parameters used in numerical experiments

Parameters Value

Receiver sensitivity threshold -90 dBm

Operating frequency 24 GHz

Initial energy of sensor nodes 61,5610 joules

Transmit power 2 mW

Reference distance 10m.

Path loss exponent 4

SNR 1dB

Packel size 200 bils

Netwark lifetime 13,631 rounds {47 days)
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The resulting network structures and the packet
transmission paths are shown in Fig.5{(a)-3(f). Fig5(a)
shows the network structure and the packet transmission
paths obtained from the MST method used in the first
experiment. In this case, no RS 15 deployed and 15 used as a
reference for the comparison purpose of the energy
consumption. In the preliminary experiments, we consider
the network budget limitation and specify the limited
number of RSs that can be used m the sensing field. In the
case of using two RSs as shown in fig. 5(b) and 5(c), the
network structures are obtained by the uniform placement
and the center of mass method, respectively. In fig. 5(b), the
two RSs are manually placed in the upper left corner and the
lower right corner whereas in fig.5(c), the two RSs are
placed at the center of a group of SNs in left and right side
of the sensing field. The case of using four RSs are shown in
fig. 5(d)-5(f). The network structures in fig.5(d) and 5(¢) are
obtained by the uniform placement and the center of mass
method, respectively. Fig.5(f) shows the optimal network
structure and the optimal packet transmission path derived
by the ME-RPP model. Such optimal configuration results
n the mimmum energy consumption compared with those
of other methods as shown in table I'V and V.

Table I'V and V summarize the energy consumption of
SNs and the resulting network lifetime of each experiment.
Table IV reports the first SN in the network that depleted its
energy and shows the amount of energy that such node
consumed in each round of the packet transmission. We can
see that in the case of MST with no RS, the first node that
depleted its energy consumed the highest amount of energy
in each round whereas in the case of ME-RPP with 4 RSs,

the energy consumption in cach round of the first node that
depleted its enerpy is lowest. As a result, the proposed ME-
RPP model yielded WSN structure that could operate for the
required network lifetime whereas the other methods
resulted in shorler operating time.

From Table V., although the center of mass (CM) vsing 4
RSs could yield the network lifetime almost equal to that of
the ME-RPP madel, the average energy consumption of SNs
in the network is almost 10% higher than that of the ME-

RPP model.

Table 1V. Numerical result comparison

Experiments First SN Energy Network lifetime
depleting | consumptionof SN | Rewunds | Days
energy in each round
(Joules)
1.MST, noRS SN15 57.84 1,064 3
2.Uniform 2 RSs SN 6 35.36 1,740 6
3.CM2RS8s SN24 25.82 2,384 b
4.Uniform 4 RSs SN22 13.11 4,695 16
5.CM 4 RSs SN14 477 12,900 44
6.ME-RPP4RS3s | SNI18 4.52 13,631 47

Table V. Average energy consumption of sensor nodes

Experiment Network Average energy SD.

lifetime (days) [ ption (Joules) (Joules)
L MST, noRS 3 11,557.73 15,233.59
2.Uniform 2RS35 6 7,052.72 11,958.22
3.CM 2RSs 8 11,887.16 17,399.20
4.Uniform 4 RSs 16 10,377.22 16,878.24
5.CM 4 R8s 44 13,196.49 17,263.87
6. ME-RPP 4 RSs 47 12,106.65 15,266.74
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Fig. 3 compares the energy consumption of each SN in
the network. We can observe that the optimal 4RS-
deployment (derived by the ME-RPP model) results in the
lowest energy consumption compared with other techniques.
Fig. 4 compares the operating time (in rounds) versus the
residual energy of SN that is the bottle neck of the network
(i.€., the first SN that depleted its energy of which the node
ID shawn in Table TV). We can see that the optimal 4RS-
deployment (derived by the ME-RPP model) also yields the
longest network lifetime compared with those of the other
techniques.

IV. CONCLUSION

In this paper, the optimal relay node placement problems
for the energy efficiency and the green communication in
wireless sensor networks are investigated. We propose a
novel mathematical formulation as a Binary Integer Linear
Programming (BILP) model that can determine the optimal
locations to installed relay stations (RSs) and the packet
transinission-path assignment from SNs to BS with a set of
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Figure3. Energy consumption comparison
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Figure 4. Residual energy versus network lifetime

constraints on the radio communication range, the signal
quality requirement in term of bit error rate limitation and
the required network lifetime. Numerical experiments
illustrate that the proposed method vield WSN structures
that can operate with more efficient energy utilization
compared with other methods in term of the network
lifetime, the average energy consumption and the residual
energy of SNs. Our ongoing works investigate performance
and effectiveness of the proposed approach. Furthermore,
we investigate the diversity of the packet transmission paths
to enhance the quality of delivery in noisy and chaos
environments, considering the real semsor nefworks
deployment scenarios.
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This paper presents network performance study on the
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