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Abstract

Project Code : TRG5380022
Project Title : Localization in wireless sensor networks based on ZigBee technology
Investigator : Panarat Cherntanomwong,
King Mongkut’s Institute of Technology Ladkrabang
E-mail Address : krpanara@kmitl.ac.th
Project Period : 31 May 2553 — 31 May 2555

Radio localization has been extensively researched because of its importance to
many wireless applications. The accuracy of the location estimation and the reliable
localization system are the main factors required. Nevertheless, the relatively simple and low
cost system is also preferable. To deal with these requirements, many localization techniques
related with the recent technologies have been proposed in the literature.

Wireless sensor networks (WSNs) are networks composed of numerous small,
independent, self-contained, often battery-powered nodes including a wireless transceiver,
sensors, and micro-controller which are capable to self-organize in a communication network.
Localization in WSN often uses the Received Signal Strength Indicator (RSSI)-based
localization system. ZigBee is a well-known WSN module in IEEE 802.15.4 standard which
provides RSSI and has a good number of advantages such as originally lower cost than other
wireless technologies, low data transfer, and easily covers wide range. Therefore, in this
research, localization in wireless sensor networks based on ZigBee technology is studied and
developed and indoor environment is considered because of simplicity. Although there are a
variety of localization techniques, the fingerprint-based technique is focused on this research
since it can deal with the multipath effect. This gives higher localization accuracy than other
techniques. However, the main limitation of the fingerprint-based technique is time consuming
and complicated. This research proposes a solution to these problems using clustering data
technique. Fuzzy C-Means (FCM) is known as one of the clustering algorithm that can handle
the uncertainty data and its robust application for the complicated data. In this research, the
implementation of the FCM in the fingerprint database helps the faster calculation.

The accuracy of the localization system is shown as the estimated target location
error. From the indoor experiment results, the FCM can cluster the target node in an
appropriate cluster successfully. Therefore, it can be concluded that the FCM can be
implemented as supporting algorithm in the fingerprint-based indoor localization system. For
the future research, the investigation of the effect of the battery component for wireless
sensor nodes and the improvement of the fingerprint database quality can be considered.
Keywords : localization, fingerprint technique, wireless sensor network, fuzzy C-means
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mmﬁfmﬁﬂumﬂﬁaﬁl‘*ﬁizuuLﬂ%aﬂhwnul,sﬁaﬂ%”mm

21.5 m‘sﬂ‘szqnmﬂ%’mu‘[ﬂsaﬁwmumaﬂ%’mﬂ

wndavaslasitomwse’ imoiuaguuiugiuaunisiie g de

mi%'uj’ (Sensing) + WielIzUIaNANa1S (CPU) + ﬂﬁuﬁ‘ﬂq (Radio wave) = a1 NWAENNT LT
ITULDNNRLAT

Qs d. ] v =1 d! = ] v
SNBULINUN M laTsansLmwras 13818 IRaINRANLRIUN mmamamaamsﬂizqmﬂ%
NuwpalaTatnuLwras I3 aney LLamvl,ﬁé'dgilﬁ 2.4



3UN 2.4 dradwmsdszgndlinuveslassinsimuseslae 1]

2.2 .nalwlad ZigBee
a A o a . & A A - )
waluladnszesnsrzezlnainalulad ZigBee HunsaassoanuuuIud LT
Famsluaiatnomwseiuuulisy lasSunmimnuainagunsiu-sidayauuy IEEE
802.15.4 MU HNNTFONTUUVUIEHIANRIING m’m’%’m’ﬁ%'umﬁaga@ima:ﬁﬁmgﬂ s
ﬁamsé’nwmxﬁﬁlﬁgﬂﬁﬁml"ﬁé’m%’un’ﬁﬁamﬁ:%dﬂaLﬂ%aamaﬁ@ﬁ%aL%%L%@%ﬁﬁaanﬁiﬁaaﬁ
v { [} o U o o a g: 1 a A L2 v
wuv'l¥ane iWaaaANNEIINFuSauiniundaas i USnmlssanunits g anazdasls
Fwmauaa TN wNIN g wazaTasTuMNINan wazdszndanasn

2.21 Qmauﬁa ZigBee

. A v A g
Amau@ ZigBee uuumsFamyizuzlng Aasih
¢ imaTaudaadietutawifasesiumafiondadniuaiatnsuwalng
o nisltauuuudsznganasnmiamslsnwlaonuuaInwa kLU aLae3
o miFamsrzezlnaluizes 10 — 100 a3

® uNz@mWILMAENIZIS (Monitor) WaEA1IAIUAY (Control) ’l:fmuqmmﬁﬂssu %
FINARN NUADFTILATINUNIINTUANE

e ulunsressteyafianuiiilszanm 125 - 250 Aladadaiufl (kops)



2.2.2 anbz209 ZigBee
ZigBee ajautunislinunsldiaiating IEEE 802.15.4 vwivgmuauiifvasnsls
Wi uen Asudngnsuldonulu 2 Tnuanan (Tx / Rx w3aSleep) AMURIUUUVDILAUAFY
ﬁﬁunu@iw WAL MY
ZigBee ﬁqmé’num:é'wiavlﬂf:
® 2.4 GHz and 868/915 MHz dual PHY modes
® {3 uanud : 2.4-2.4835 GHz, 868-870 MHz uaz 902 -928 MHz lagudaztinu
ATaIFUWIH 16 Tad 10 Tad uaz 1 Tad ANSIAL
® 9aNIUMITONA a:a;liﬁ' 250 Kbps 40 Kbps Laz 20 Kbps AMUS1AULTAY
o nssasImaldand 16 Ga e 64 da
o misasysluEesmssulsiugan (GTSs)

® ﬁﬂﬂiLﬁ”]ﬁd‘ﬁadﬁmuty’]mLmu Carrier sense multiple access (CSMA - CA) N8

= dl s
RANLRYINIITUNY

o ' a oA A 2 A o

® ﬂ’]ilf’ﬁal]@]a‘[lhi(ﬂﬂﬂauﬂqquuqlfﬁﬂﬂa Wuneaysy

o linaaudn

% > %

® JA103I99UNRIY (ED)

2
Qs a/

e fidziagunnuaimuganlys (LQI)

2.2.3 nﬁ%’udaﬁ’agmﬁaaﬁ%

W1A331% IEEE  802.15.4 ﬁmm%uﬁm%’ums%’uﬁ%oﬂ]’agmﬁaw‘fﬂmamméad%’um
Ang (Physical Layer) LLazmimuqumﬁmﬁ (Link Layer) cosialuil msﬁlaa’]ﬂ%ﬂéu%q
anud 2.4 Anz:dad (GHz) wivaanidn 16 TaIRWIHY 82 5 LUNLFIad (MHz) &9
aMuf 900 WwnzidTad (MHz) utseanidu 10 Tesfyunmg az 2 Wwnudsad(MHz) 1Ensuan
ﬁ'muty,’]m (modulation) LUy Offset Quadrature Phase Shift Keying (Offset-QPSK) wa ks
LLﬁﬂtymﬁtytyﬂmiumuLLuu Direct Sequence Spread Spectrum (DSSS) fifdannsmdsada
(spreading) 2 & chip/sec AruguMITUEITayalanltlislanaauuy Carrier Sense Multiple
Access / Collision Avoidance (CSMA/CA) uazifialdnisiessiedatroimmaadliaoin
WIATFIWALINY %aﬁmu@mmgﬁmﬁ'wém%’umn%amiaLﬂum‘%mhm (Network Layer) L&
myth 1w (Application Layer) s2unuana3gin IEEE 802.15.4 Lﬂuuﬂmgmlmjﬁﬁ’mu@
1aa96nT ZigBee Alliance

Ganuisenananlain Zighee nua tnuanudldnumannasguly 3 druanwd
fia 8% 2.4 GHz , 1% 915 MHz uazsnw 868 MHz lagusdazeuazditassynim 16 109, 10
To9 Wae 1 Tod aWAeU §% 0aNTUFITDYA (N9a1nea) ﬁl:agjﬁ 250 Kbps , 40 Kbps , 20
Kbps @MNEAULTINY
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368 MHz/ Chanmels o C'hamels 1-10

415 MHz —| |+ 2 MHZ
FHY |

§65.3 MHZ %0 MHE 935 MHZ
2.4 GHz
PHY Channels 11-26 |+ :nMHZ
3.—[ GHZ 148315 GHZ

Eﬂﬁ 2.5 Operating Frequency Bands [3]

2.2.4 NETWORK TOPOLOGIES
NETWORK TOPOLOGIES %38 midandaiiulaseinsvasaiotnaimusaslsans
ﬁmuﬂimmmgm ZigBee ﬁagjaaagmmu l@uAnuua (Star Topology) BAZMULTZALLAEN

(Peer-to-Peer Topology)

2.2.4.1 Star Topology
A \ A A | | Py . [

mIfexdauuy Star indlaunndansdauuulaisineda (Piconet) dauaadlugy
A A I A s [ ] 6 '
71 2.6 lu Topology uuy Star n1sfesdufivaniuiusznitsgunIniuaznisniugue &aunand
1@e (Single Central Controller) f3uni1 PAN Coordinator Atdualtuiafaunan nsld
Uszlamiannia3atnaNi Topology WUUH 1% WUUHome Automation, Personal Computer(PC)
Peripherals, Toys Waz Games %8431 FFD Active §1%ILTI9LIALINUKBED 92FT19LAT8U1 8

Y & . ] = L%

2893 1La9kazna8N I PAN Coordinator luisias Star Network 3stdan PAN Id ‘iﬁdﬁﬁ]ﬁguu
lildgnltlanialatnuaugniuluy Radio Sphere #azuawliudaz Star Network ¥hatuating

a8
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u Feduced Funetion Device (Sensor
Controller, Actuator. ete)

. PAN Coordinator

311 2.6 MILTaNdauwLLAN (Star) lunsatneimwras l3ze [4]

2.2.4.2 Peer-to-Peer Topology

o ) A ' e A & A oA 1 v o

fnSumspandauwuuszauidndumagaudainavenslassineliniisesn Tu
% { { 7 o . ~ { ' | @
aauaaaluzun 2.7 laslumsiTendanuazdasil PAN Coordinator Saiaudaatinu  gunynk
\rwiaasNNANEIIIGEY (Full-Function Device) luniwiduns (Routing) uazaunynd
iwuiraSuuuNdanuaunInanad  (Reduced-Function Device) aziTandanuguninind

& a a & A eda = A \ o @ &
AnumEIANEnfini  Ssgdnsalindenumauniaduiisuni lanuguniniugnsuuy

{ v d { 1 a s { { v a ] d |J
Master NAntMITandany Master d10u e ihalifain3asnanlngiu

)

-,

Reduced Function Device (Sensor
Controller, Actuator. ete)

. PAN Coordinator

Full Funetion Device (Performs

Network routing functions)

3171 2.7 Mm3Fausdauuy Peer-to-Peer buiaSatnoimwaasifany [4]

2.2.4.3 Cluster tree Topology
lun138319320U Cluster tree PAN Coordinator 3¢l f@ataa1du Cluster usni3en
71 Cluster Head(CLH)uazCluster Identifier(CID) Lﬂugmrj WaINIWM3Aen PAN Identifier
uazv1N13 Broadcasting Beacon Frame lliisgunynitnaifss LLazLﬁaqﬂmniﬁaﬁu"[ﬁ%’uﬁ%m
Request Ul CLH 9104 CLH yhmspau$uuasiiudeaunaoilu Neighbor List uuuidugn
218)(child) 1w11m:ﬁqﬂmtﬁﬁﬁ’mﬂ%ﬁ%uﬁu%a CLH ¢asiulu Neighbor List 3ufluusiaing

(parent) %893NUUATINNNTE Beacon lufagunsaldnguy daludiusasluzli 2.8
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Reduced Function Device (Sensor
Controller, Actuator. ete)

O

PAN Coordinator

o Full Function Device (Performs

Network routing functions)

317 2.8 M3Fausdauwuy Cluster tree luinIatniaweaadliany [4]

2.2.5 ZigBee Architecture

sodaunITnses ZigBee uaadlaaigui 2.9

Appication
Device Object

Application Application Application
Object |---"-""" Object Object E
=J
>

Application Suppon ‘

Metwork Security Service Provider
B
MAC -
-
PHY %
i — =

;sﬂ‘ﬁ 2.9 ZigBee L8z IEEE 802.15.4 Protocol Stack [3]

ZigBee 1 Physical Layer Laz MAC Layer 184 IEEE 802.15.4 %uflummgmn’ﬁ
ﬁﬁ%u@ﬂﬁiﬁamﬂ%’mmlﬁu WPAN (Wireless Personal Area Network) vl Layer ﬁ@‘i'ﬁ
A 1% Bosuad Szﬁuﬁ1§0§mu§yﬁm , Link Quality , Access control , Security Waz Application
Layers

§IUANYIAZUDY ZigBee Aadinmuiintassyg mlasniyld Carrier Sense Multiple
Access with Collision Avoidance (CSMA - CA) w3afimnadngasdyaimnais g na iianin
Lﬁmmwuﬁmﬁ@qﬂmrﬁmao ZigBee flag) 2 liafa UL Physical Device Wat Logical Device
WALLUL Physical Device 3nTauidle 2 Uszian da

® Full Function Device : FFD Lﬂun’]maﬁ‘ﬁLﬂu%"anmalumsdaﬁagamﬂqﬂmzﬁ
aug ldwssuanPower Line rnuldlunn Topology uwazsunInuiuia
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Waudanula lag FFD  ®18130N9:¥191% 168714 mode fa PAN  coordinator,
. . < . o ' ) 4 o A °

Coordinator %38 Device @4lu ZigBee Network ¢898 FFD agnstasniaaidiazin

#winNLTw PAN coordinator lag) FED snansnfnaz@ealend FFD was RFD W RFD

ALENNNINAAGD LALNES FFD 1Yinthh

® Reduced Function Device : RFD \anzinmsitadsanisluaIatialungsinn

dl 1 1 v fd‘ ¥ o Y A 1 dl &
MMNLUALADT "memmmma@ma;&amnqﬂmmauG]Vl,@ Vlﬁi@]x‘l']ﬂI%Lﬂiﬂ“ﬂ']ﬂ‘ﬂLﬂ%

WYY Star WUU Logical Device § 3 dvzan Ao ZigBee Coordinators L‘flm;@d

=)

Uszawdaude ﬁmﬁwﬁlumﬁ@Lﬁuﬁayalum%mhzl ZigBee Routers ¥i%in
FamItduniastannufissiiunelu Tasesn pyzniniguadlnualag  uaz
ZigBee Wy Devices LﬂuI%u@ﬁag’iudaumaa;ﬂ*ﬁmﬂ@ﬂmmiﬂlﬂuvlﬁﬁgmuu RFD
wae FFD

9t ZigBee WiHANANwIMsYwld 3 uuy da
1. Coordinator ﬁﬁﬁﬁﬁﬁwmiﬁlams L%aﬂmm%mi’m 321379 End Device NU
Router %38 Coordinator NU Coordinator @38N% 1138 Coordinator NU Router §N%%a address
%Ny device ﬁa%ﬂmuﬂ%aﬂm Tail e QLLa%‘@ﬂwsL%aaﬂws Routing L&wnn9 Faufinulany
FFD
2. End Device \Jugdnsnfdaiuniiga Beazld5uFannan Sensor Aidapng
Tagfildnasnudrlunmivhe Weuléiu RFD wie FFD 119nyd %uagjﬁ'u sensor 1%

v dA e o Y . . S [
3. Router fiwinfl Sussdays lwdunmiens 9 vaaadetne Sufuuldny FFD

' o @ o [ A ' o A o [ g o &
FIBIAYRINITULIATaT LTS [3aNE ﬂaﬂa"lﬂmiﬂswU@wmmuﬁmmqﬂmm
Lsnul,sﬁai‘mmmﬁmumzUmmlumm‘ﬁgjﬂ’]iﬁé]”w%aﬁﬂﬂ’lsﬁ’mu (Sleep Mode) lau@a
qﬂmtﬁa:ﬁmﬁﬂﬁa@mﬂﬁwé’amu"lﬁmﬁaﬁa Uﬁﬁgmﬁalﬂumsﬂiw HANRING NITIRRANTT
%é’uﬁﬁﬂﬁ%ﬂms%’awavlﬂﬁqﬂmﬂi Full Function Device 1NaUanI8zIa 1 NIcHiNINTRALLAS
A A @ o A @ ed o \ & . . =
Walimidsdayanngunisidrduindsgnsalinauag gUnsnl Full Function Device azifiu
ia;&avlﬂﬁi’hmn LLazmwmqﬁmtﬁﬁaﬁwﬂmwuﬁaqﬂmtﬁéﬁﬁuauﬁ%aw%ﬂu‘ﬁﬁmu@iaﬁ]z
U 6 o g: =3 1 v v dl YV & v =S o s 1 U s
lesuniyoum qﬂﬂsmmummamﬁawamaga‘ﬂvlﬂmu"lﬂ% LLa:ﬁmmmssuaamayaﬁm"l,mu

U 6 1
Tayaasy awyﬁm@lavl,ﬂ

2.3 XBee
& {d' QL as 1 U v £ =} 1 J £
XBee Lﬁuqﬂmmwlﬂjsummagmmu%my LAZRINITDRINITZUULAT DU 8AUN 16
lag ZigBee 1¢d1989 ¥1@3g a1 IEEE 802.15.4 lagg1usnuiy ninfimsiuses XBee

(ﬂ’mgﬂLLiJiJﬂ’]SﬁE]ﬁ’]ﬂ%&']HMS:@iN6] VLGT 21N Coordinator, Router %38 End Device
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ca a

XBee Lﬂuqﬂmm‘nu Microcontroller waz RF IC ag’maﬂu ﬁmﬁwﬁtﬂuqﬂmzﬁ

%

transceiver (9UNIOATU-SIATYLIM) WUY Half Duplex 61ua1ud 2.4 GHz imidanslasld
[ ° o ' . { v 2 a I3 A o a

wasudn lfudne § interface Nl43uuazastayany XBee 10U UART (TTL) Fedwmiu

mamwlulasnanlnsaaad surrnshannlddada®oss UART vad XBee daltnnu UART

fadlulasnanlniataastaiay

2.3.1 XBee Topology

Tumsaslaseanglfmevas XBee 1 azdasilsznaudelrua ﬁ‘hmuamdﬁasﬁq@ 2
719a Ao Coordinator node Waz node anag shalanianis (Router/End device) 393814130
ﬁamma:ﬁ’mﬂugﬂmejaa PAN (Personal area network) ldlag ZigBee a1un3nuLiazluuy
wvetneldidu 3 suuuy Gail

2.3.1.1 Star (Broadcast)

MILTadouUD Star 139 WUU Broadcast dunsiusstayauvuldianizianzas

0MINLUALNNI WIn XBee nn@hﬁa%ﬂmzuum%ammﬁmﬁ‘u mmm%’uﬁa;ﬁlanﬂﬁagavlﬁnﬂ

L%

(28]

Y~
/@\

Coordinator

O End Device

gilﬁ 2.10 Star (Broadcast) Network [5]

2.3.1.2 Cluster Tree (Tree) Network
Lflumi%'udﬁa;&al,l,uummu I A ApdnNIRaRany C we C a;livl,nmnn AauA
Lignuntn@asany C e udwadd B fiagznilg A U C G9un Cluster Tree 221t B 1w

WNaUAINAILTaNNNTANGE (Repeater) 321#319 A NU C
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c @ @D
Yo'

A o End Device
Q o Router
E'i.lﬁ 2.11 Cluster Tree (Tree) Network [5]

2.3.1.3 Mesh
di 1 =} 1 & 1 d'd a a dl' v
nadandaiaiatnouty Mesh  ulassinonfidssfninngafiasann days
1 =S Y v o v dQ/ o 1 v e v
f1u1nsd hdaihwane leratenis mlmwuummimuawagavl,iJmﬁgwmﬂﬂmymﬂ@
v a 1 J 1 v Y ¥
wiazifinanudempvesszuuluuediufiony @uegiuniseenuuuszuuvasglsas) szuuil

=2 & AN oo a & 1
ﬁmLﬂmzuuw"l,mum'muﬂmﬂua g134N

Coocdinador

o Rounilar

31/ 2.12 Mesh Network [5]

2.3.2 Feature Summary 289 XBee

® QOperating Frequency ISM Band 2.4 GHz
] dl v { a v & Y
(ISM Band mnUﬁamummnhmmﬁaminUsﬁdﬁ]:mgtymlﬁflﬁﬂuq@m‘mmm
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(Industrial) 3neNe&a3 (Scientific) Waz NINSUWNE (Medical) 578 11 ISM)

o Ismuanaliidanldnaiunuy @8 UL Chip Ant, Whip Ant, UFL con, RPSMA
con 1ag 2 LUUNRILIG 84 bW ILa18 a8 2.4 GHz Mudw connector wuL UFL
38 SMA

® Supply Voltage agifl 2.8-3.4 V

® Power Down Current < 10 uA

® i RF data rate ag’ﬁ 250 Kbps (L'ﬂumumaaé’mvmﬁmﬁﬁamummﬂ)

® {i Serial interface data rate 8¢/5%319 1200~115200 Bps (Jugmiiaadafassniv
laulasnaulnsiaa’)

o Ju Spread Spectrum T1a DSSS (Direct Sequence)

o . o @ o o o ' A
® MItWua addressing IsauaNMmA AU PAN  ID §1nIuLaIatianiy o

e Channel was f%WUe address VDILARZH

3171 2.13 XBee [6]

2.3.3 MAIEIFAIYDINALASTYUIWILNINYDI XBee
XBee tulftnuauil 2.4 GHz Tuduthudeaiuniy Bluetooth 38 Wireless LAN
(WLAN) Syanosiuaziionisnauiu uiu § WLAN 15 Access Point 1 6 wazinfisaldiaTas
Insewsiuuudeld (2.4 GHz cordless telephones) H9fildenu 2.4 GHz 1% udIANagoy
537 XBee  warnngin mafuasdgarmfimanslltng udunsadifasudiusiuenaiu
IWTZiAI89189 XBee UAzIZHEN1ITEY node Ainasaulndiuann
Fosfyymiuanad 2.4 GHz  WSendududwlalanian nenddmvesdiu
lulasanatanitsfa ms'nwhme&'a%'umé'mumﬂmﬁ?u FaasauLy line of sight (lufiFsia
17119la 9) feazldiasasgega dmiuiasaives xBee luiu Pro  azld 50-60 mw  lu
datasheet Daninlalnads 1.5 km. uafdeadudnunzvas line of sight winlilsdawlafl 151
azldazoznssudsdyanmfianas ueniwiieani3ad line of sight udd G9fiiFesdynIMILNIL

@149 (Interference)
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R1881NFA XBee ﬁIﬁLaanﬁﬂmmuﬁ%%gﬂw%ﬂf lidasmanparmeaandaifia
Ao §18IMALLL chip LazlUL whip

SUOIMALLL chip U AXTEAATATIWIATINGENSS WideaTINsVEN8Ttaann
f1YUOINALLY whip  §18810FLLLY chip %aﬁswz%’um«‘ﬁayjaﬁa@mmmwyau‘é‘mﬁizﬂ’?
ENE8L9LT $1 Pro ﬂ?l"ﬂdndwmu’ﬁnmvl,@wl,ﬂagaq@ 1.5 AlaluasluAani19uuy line of sight

KATNWINLREN MR NALLY chip LAY ﬁlzvl,ﬁswzgaq@ag'ﬁ 500 NINNUAT

gﬂ'ﬁ 2.14 3Usga ALY Wire (Whip) uaziiuy Chip ANRAL [6]

A13199 2.1 @]’]‘J’]x‘lLL&@GQM&T]EMZTE]G&I’]@]‘JE’]% XBee [6]

Module Antenna | Outdoor Distance | Indoor Distance | Indoor Distance
Type (Visual Line of (Office Building) (Warehouse)
sight)
XBee Chip 470 ft. (143 m) 80 ft. (24 m) -
Whip 845 ft. (258 m) 80 ft. (24 m) 84 ft. (26 m)
XBee-PRO Chip 1690 ft. (515 m) 140 ft. (43 m) -
Whip 4382 ft. (1335 m) 140 ft. (43 m) 355 ft. (106 m)

2.3.4 XBee Association
A . v A o o [ . AV A
lup3adng ZigBee  @aslimsviululnuadszndanatanu lusisnarnlaiinng
i Sudstoys datudd XBee 348 Parameter 19zinuan1IUEWIL Sleep mode

(Parameter A1, A2, SP, ST)

2.3.5 XBee Addressing

¢7 XBee Az®INNINMABAATUIZINA181989V098% (Address) 2 LUU fia WUL 16 bit
address W&z 64 bit address Un@ual XBee “qﬂﬁ?ﬁ]:gﬂﬁ’mu@@hmﬁ]’mi‘id\‘l’lmﬂu Address 64
bit iU Govzausnsuanl@an parameter SH+SL n13lE9 % Address 64 bit snansnvin'ler
Taarnnue parameter MY l5iien OXFFFF %30 OXFFFE §2unn5finwua 16 bit address 1w
ldlaai1nua parameter MY l#Reasnin OxFFFE lasaziSunidu mode  n13¥inaw 2
Uszinnae
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® Unicast Mode fia mysudstayalasandundnniy Acknowledgement #an1nnig
dusanusstanaly uelulaTu Ack asunduaineaiu fazvinsssdayalnl

® Broadcast Mode ﬁamﬁﬁaga"[ﬂﬂ'mmwnlﬂﬁ%’uﬁaganﬂé‘a

2.3.6 XBee Operation Mode

XBee @NNINLLNTIIN TN bt 5 wuy Aa

® Jdle Mode Im@ﬁ%uﬂﬂ%mﬁ%%%uddﬁa;&a @7 XBee LA3uuNTyINwlnlnaa
A ' o A a A '
21 9 da lUriuh wmindidanlaunsedng

® Transmit / Receive Mode (WaA31% 2 Mode) AaT2971 XBee n133U nradstoya
Tagazuiianeume NN weagaaniili Direct NUKUY Indirect N131N%AKA Address

AuN9Laza18ny Clear Channel Assessment Lazn130auIL Acknowledgement

] ]
=y A

® Sleep Mode fiat2971 XBee agjluamumanirinunwdsnudfigaiiialiiinslfnu

q

! [ ~ o
® Command Mode &8 \JugIUn13UTU parameter 289 XBee TI9zUNIHNAUA 2

LUUAALUYU AT command NuULUU APl Command

2.3.7 Data Throughput 289 XBee

Serial

DIM H- Receiver RF T Transmitter
Buffer Buffer
[ RF Switch
CTS
_.. _{) Antenna

Processor Fort

Sertal Tranamit RF RX .
DoUT — Euffar Buffer Recalver
RTS —

gllﬁ 2.15 Internal Data Flow Diagram [6]

.

Tasn2'lUn19l997% RF Module A132:ivnalw Buffer 618 1NN TUTUAAIITURS
U 1 dlv 1 e dlq-/ 1 L 6 A (dl v
Tayasznitaauiisusmena nuaaunsuad laslulasnaulnsaaas wiagUnInion 9 16
DN NIERA

Data N3U&I321®319 MCU NU XBee 2¢iTa31nat3a9 Packet 81990 Drop &

1$4893191n Data Overflow I@ﬂa‘im%'uﬁmmsdﬁa;&avlﬂﬁ XBee LNaaana1nanu N1 DI 2zl
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Buffer atji3zdnmh 202 Bytes WINFILN® Buffer 3LNaNTT Drop packet 9 %amafﬁa%’uﬁa;&a 7
11 DO fil Buffer agituni lanazil Parameter fLAg909ny Data Throughput #i8 RO waz BD

@1 RO @ad" Packetization Timeout T9ti% delay maaiagaﬁa%ﬂu DI Buffer fiawil
3zQN encapsulate luUfiga% RF transmission Lﬁ'aﬁoﬁagaaaﬂmmﬂ wna RO = 0 Data 7
1NN MCU 9200 XBee Encapsulate Packet #98ana1nanud Goviwisnazdl Parameter
RO uaz BD faztslunsU3y Data Sussliaansnsudnwlann lalsin1s Drop Packet &
1uﬂstﬁﬁdaﬁa§mﬁu 200 Bytes

wonaNREIT PIN CTS (1112) uaz RTS(®116) Trendiansnai Buffer melulng
axdw Tawluilsds DI Buffer ad9 Signal 319 CTS tia DI Buffer mﬁaﬁuﬁ%’mﬁuag’ﬁﬂ 17
Bytes Uazd9 Clear Signal 7l CTS tija DI Buffer tn@afiuiiaaifiuannnin 34 Bytes

@It &1RTUNITTswldsunya %’uddﬁayaﬁ'ﬂ XBee ¢a4¢11191304 Buffer @28 L6

A wAa o [

Tumsd JUGdmIunu Sensor Network filajldSusadaya Stream Data 817 9 winlwstin

2.4 mﬂﬁﬂﬁug'mwaamsm@‘hLmu',waaLi’]'mmzl (Classical Localization Techniques)
waluladduiaIadoiswrasisans Inisiwnltlunisiawaznisasiageauny
Wasnuasdneg ﬁmiﬁ’]mﬂiuiaﬁma@Tmf:mﬂszsqmmﬂ%’lumim@‘hLmu',a (Localization) lag)
aluladilmunzaudwiunslefassulsmmdunisisnsluuazaewanaians :9nmMs
Uszgndldnuiuatvannainsdmiunismduniiusznsdeauihvang ssuuuazdanaifia
lumsmidunisvaathnunelasunBiisuazauaiiasneninewing I@ummgﬂéfaﬂumim
funiiazaNutdefevesrruumImdunistalutlasonanidosRarson
IuﬂWiﬁﬂﬁwLmﬂwaﬁ@]qLﬂmmﬂﬁ?ummsmmdvl@ﬁﬂu 2 nefianan Asnafiafild
ﬁugmmaamsm@ﬂ:m (Proximity-based) #3a119A53138NIUNARANN AT URUIFIDTER

tna$USua (Fingerprint-based) UazinafiaNlTwugIunaIn1InIIzezn9 (Range-based)

2.4 mﬂﬁﬂmsméhl,mwiaﬁ‘l%’ﬁyug'mmaamsms:mma
(Range-based Localization Technique)

mﬂﬁﬂmsm@‘hmem"ﬁﬁyugmmadmimiw:ma Wuwnsmidrunisvasidinung
lasltnsdwinszoen19szninglunuastedanuitnune szoznsainaiauTaduIle
NNNITRLABITANI maaé’tyfywmﬁ%'uvl,ﬁ GRREGIMEEN LW VBINTHIG LRSS BFTH 22
%ua%iﬁ'uqmmwmaawwsﬁﬁmai‘maoé’zymgmﬁ%’uvlﬁ fnsunn e iifiouinanldlunis
fwImnIzaenIsznidnuefeniaTraua Nt N da aAisule (Receive  Signal
Strength Indicator (RSSI)) MIAFIUAUI LB E1989NNIRVBINTIN D (Time of Arrival
(TOA)) u,a:msm@ﬁwLmu',ﬂ@zla‘”'m‘éo'mnm’ml,l,mﬂ@mmaonmmaaé’tyzyﬁmﬁmﬁa (Time
Difference of Arrival (TDOA))
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2.4.1.1 NMFIAAIRIAINUIIVDIF Y 1w (RSSI)
mMriadmanuLTIrasy I dwITnsIeaIANULIITIR Y Y MINY TR

% o A o o a o 2 A e o o
L‘D’%L‘Taﬂia’lU@]?ﬁ%ﬂﬂ‘ﬂLT%L“ﬁaﬂﬁﬁ’]ﬂﬂﬂ@n%u\‘] UANMURUNUINUANNFUNT 2.1

RSSI =-10nlog ,,(d)+ 4 (2.1)
Jdla RSSI AadnANuuTITRIFaNIng Iniioidu LaBwaiiading (dBm)

n ﬁammﬁmiﬂixmﬂﬁzymwmmadamu'ﬁ'ifue]

d  Ae3zuziaszRinasuisas Ry (1WaT)

A feenuussasdygailedsulu 1 was (@Bm)

INFUNIT NG DA1TZ8EN (d ) Ruanniufazsonalidr RSSI anad A d
gansameldanmaiidn RSSI fdaldidesuaniedossainiomitog uasdr 4 Aidald
sowiadn 7 Sodudrasd Tdunwluauns (2.1) %alunwsmeﬁnm%waﬁmqL*ﬂ’mmm]'m d
il axdasiiedosds  (Iwua) aghaias 3 & Fnzlimunomdunbvasiagihwang 6
LLam"Lﬁﬁagﬂﬁ 2.16
'\

TR (3, 7,

e

TvuA L, v,)

/

N\
( \

\ Trrumzix, yz)/l

./

ah
Et
a]

31U 2.16 usasmImdunisrasiagiihwinediomatemamduniinldiugiuses

MIvIzeen g laaldwilieas RSSI

a 3 [ 1 A vA v a 6
Lﬂﬂ%ﬂﬂigﬁ‘!ﬂﬁlﬂﬂﬂﬂﬂiﬁ"l@nLLW%Oﬂi%W%ﬁ'\%ﬂa\‘lﬂ"li‘lﬂ"ﬁ&ﬂz?ﬂ\‘lﬂ'}EIW"I‘J"INLGIBS RSSI

1) Maximum Likelihood Algorithm

D.

mflu%mslmﬁmsmmmm@mmm ﬂ%W%ﬁWH"DﬂGﬂ’]SﬂW%’)MT’U N3 I@‘I&Il?j

a

W1INALAa3 RSSI Lll@‘ﬁ’]izElel’Niz‘WJ’NLﬂiﬂ\‘iﬁx‘] (mai‘v&u@moaa) LLazLﬂia\‘li‘U (d) VLG]LLR'J W
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o A . . . = o v a o
iefunuluguniIvas Maximum Likelihood &vazvihmsudasliaglugdaunisvasiinaansi
DEUAIINNIT (2.2)

(x,-xy+( -y)y=4d’
(v, =xV+(,-») =4,

2 2 2
(x,-x)+(,-») =4,
a;dq’ a 1 A £ a gj s g; et U Qs
I@Uluqﬂu Wﬁ]']im’]']’]NI“u@]ﬂ'Nﬂ\‘iﬂ\‘]ﬂﬁJ@ n 1 ﬁ]’]ﬂuuﬁquqiﬂﬁlﬂgﬂLLUle@@GﬁﬂJﬂ’ﬁ (23)

‘x2 _xn2 _z(xl_xn)x+y12

-y, =20, -y, y=d’-d}

(2.3)
xn—12 - xn2 - 2(‘xn—l - ‘xn )x + yn—12

_yn2_2(yn—l_yn)y:dn—12_dn2

P & o ' v a & o \
lagn x,, y, Du dunaluunus x uszunw y valnuassdelag uaz y uduniolu

WK X uazunw ¥y vadlnuaiihnane LLaxﬁWmS?{T@gﬂ’Lﬁagji‘lugﬂaumi (2.4)

Xb = a (2.4)
Lﬁlﬂ
i 2(X1 _xn) 2(y1 _yn) ]
X = (2.5)
z(xn—l _xn) z(ynfl _yn)
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I xl _xn2+y12_yn2_d12+dn2
a = (2.6)
_xn—l2 _xn + .yn—l2 yn _dn—12 +dn2_
WaY
X
b = (2.7)
Y
lagaunsanien b laanauns (2.8)
r X _ T -1 T
b=| |=(X"X) X'a (2.8)

2)Min-Max Algorithm
aad & a s aa o o , & o @
a'ﬁuLﬂuaﬂv\mlmﬁmimmmmmmeuuwugmmaamsmmmswzma I@]UI"E

WITHLAaT RSSI LM TeenIseninanIadad (M3 lnundn984) LazinIadsu (d) louda oy
a1l ldmdrunigauaziaoiigarainng lnuad9adedauns  (2.9), (2.10), (2.11),

A 1 . 1 [ a o {
(2.12) TILRAINIIRIAT Min-Max 3:1&3101%%@@?\1@\1@\13% 2.17

‘xlmax = xl + dl
Xymx = X, +d,
Xiax = (2.9)
_xnmax :xn+dn_
ylmax = yl + dl
yZmaX - yZ + d2

Vomax = (2.10)

| Vomax = Vot d,

23



Ximin = X; —d;
Xomin = X, —d,
xmin =
_xnmin = ‘xn - dn_
ylmin = yl - dl
y2min = y2 - d2
ymin =
_ynmin :yn_dn

t, +d, v, +d,
4---

gﬂﬁ 2.17 LEAINITNIAT Min-Max 321319 lnnaanan

(2.11)

(2.12)

@iama:ﬁwmmﬂﬁqmazﬁa Uﬁq@vlﬂmmﬁﬁayﬁqm aammﬂﬁq@maaﬁﬁ‘@ LR

AnunngavasrtosNgauaIRne aaauns (2.13), (2.14), (2.15), (2.16) TIuaaIaIgLN 2.18

X

min —max

X

max —min
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2.13
2.14
2.15

(
(
(
(2.16

)
)
)
)

(2.17)



lasfflin x waz y G917 (2.18) LAz (2.19)
/2 (2.18)
y = (ymin —max + ymax —min )/2 (219)

(x4 +dyys+dy)

—

(x2 +dy, ¥z +d3)

¥min—max

‘xi +dy, -3’1 +d,)
X H

[

---------------------

(x2 —dy,¥2 —d3)

Xmax—min
311 2.18 ugaamImdunisvasiaglasld Min-Max Algorithm

2.4.1.2 NMIWIAILAKI LA 8A19BIDINLIAIVBINITNNDY (Time of Arrival (TOA))

MIAFIRUILABENIBINANIAIVBINTNIDT /FINTOR L bR LGN LAY
Fuwnrlasd198991n RSSI %aua@aﬁagﬂﬁ 2.16 MIATLHEAITEWINILATBIFILALLASDITL
(i'mql,ﬂ'mmﬂ)v‘h"[eﬂmms%’unm‘lumsmﬁauﬁmaaé’tytywmmaLﬁm (One Way) lagria'ld

MINAT TOA azwuilgwl 2 Tafa

v @

® LaTadRILRSSUF AN MIBIzUUITdaIv R nTaunw LT udanazt@eInn

v o

(Synchronize)
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4 & . a ol = . - =
o VL‘YHJE?(LL@]Nﬂ(TlmeStamp)'ﬂzgﬂ@]@vl’J‘ﬂ ZUUEUU’IELW]QﬂﬁGaﬂﬂSJ’] FNBNRIIZUENTIIN

RUIALAUNI

ﬁ]’mﬁvl,ﬁﬂﬁinmLLST’J’j’mﬁm@‘hLmulwaﬁ@quﬂ’mmyﬁfummsnmvlﬁmmwzﬁn
' A \ A o o o A o o A A @
ewiaatesasuaziaIasiy (Taguihwing) daildlasnmsduaalunsiefeunivesdyyio
MaL&z (One Way) aaaums (2.20) lag R, Wuszsznazniiaguihwansnuieiasss (v3e
Taua) N i
R; =ct, (2.20)

A A = A " @ .., .8 A a
Wa ¢ AAANUTIUEINANYIINDY 310 LUAIAIUIN
uaz 7, Aovzpzianlumadunidyim (TOA) szniviag lflnua j

widtnsiidasfinsaslunssiianuseaadaasdy i iagiulnue

Jazildmunsndan ¢ 16 Aasanansums (2.21) sUNMINIAITIRVBIRNENNTAR R,

R=y(X,-x)+(¥, -y’ +(Z -2z lagi=123,.,n (2.21)

Wa (x,,v,z)\Duinazaslnua i

uaz (x, y, 2) Hlunavasdunibizesingfdasnmmmudiuniis

2
addadA ¢

nnfldnan ldudrdduiiminiduniiesiagaieiTaldefoveiTnsdun
duntidsiThldunnisdasnsanuseandesiuasdygramnfininitriaguaslnuas
wuddlaiuszpzmvasdyarmniag lunlnueianana 1 lulasiunflaclddaszaeng

HAWA19D< 300 LUAT

2.4.1.3 Time Difference of Arrival (TDOA)

msmdunilagd98iananaunand19veaIaeIF R minde (TDOA) e
LLu’JﬁmuﬂfLﬁauﬁﬂtymﬁmmmgﬂﬁawaammaa@ﬂﬁawadﬁrytyﬂmmﬁmimhﬁmqﬁu
1Aua (Synchronize) I@mﬁmmné’mvtyﬂmmﬁauﬁ@hsmmﬁaLtaaﬁﬂﬁwudﬂumtﬁﬁfmnm
Aawaaies 1 lulasindvilifadeAananalunsiaszoenate 300 was asiuie
witfywiSesvasnireansesesdyamwAnyhldifaumfaunuiiszinstunmianis
Tnuaiazimsivsfwandrsiuisuldanlnuasiuom 2 ﬂLﬁﬂﬁﬁfﬂ;&ﬂ&l’]ﬁ%’]dﬁﬂJﬂ’]i
lawasludn Lﬁa‘m@hLm%waa"i’@qiﬂUﬂﬁnim’mﬁmm@hLmu',wadI%uﬂ"l@”I@ﬂ‘l‘fﬂé'ﬂms
YaINIIRULIAN nmﬁLLmﬂ@mﬁ‘uﬁﬁfﬂﬁmﬂ@;maaé‘mutywmﬁnﬂi'@qvlﬂﬁiuum’hLmulaﬁ i way
fruniefi j iesezesaunslaesludnRanTonanusunu T e INa 9893 BENNS

. . C oA . C oA e
oA INIIAUA FRUIN 7 wRZFEILAUIN j eNRUNIT (2.22)
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R, ,=ct,, =R, —R, (2.22)

~ & ] ' o A . o oA . &
lapf R \dunadsvasszoznsseninolnuadunien i wazdunibsnl j sz ¢, 1lluany

wandsvInaveIF YN Ian lUN Inuaduniben i uazdunibenl j uaz ¢ Aadn

' o %

= a 3 A a a ' ! P  Aa
ANULLRINAUNINY 3x10 LN@?@QQ%’]V]LLﬂzRi ﬂaizEIzWNS:WJ’NI%u@V]mLmu\mwn@

A Aa o

(x, y) nuian@INAnadu (X,,Y,) a9guns (2.23)

q

Ry= (X, =) + (Y, =y)* = X] 477 2Xx-2Wyex’ 4yt (223)

LAZENIIAMIANUTNRUTVBIN AN VI Bz I nTag WAlnua i, j lasfianuduius

AURNNNT (2.24)

2 2 2 2
R, =X, —x)? +(¥, - ) = /X, 0> + (¥, ) (2.24)
loofl R, 1unad1avadszaenaseninedandunief i uazdunibenl j uaz(x,r)uaz
- A . & ° ' o Py ° '
x,v)Duinaues Tvua 7 7 uaz j uaz (x,y) dudunibivesiagidasmanmudiunia
LIENNTRRIANAaUTIRNNNT la Ll adwanaun1siinAus 1w na 1l TR binTudiesann
RUNT (2.24) ﬁﬁmiLLﬁaumi@iauiNmnv‘iﬂﬁﬁaﬁ@gﬂLLuumaaaumﬂmjéﬁaumi (2.25)
2 2
R’=(R +R) (2.25)
liihmsdagduassumsldaiaunis (2.26)
RY+2R R +R =X +Y’-2X x-2Y,y+x’+)° (2.26)
WMMsauaaIgums RN i =1eananaums 119du 9z ldasauns (2.27)
2 2 2
R +2R, R, = X} +Y? —2X,,x-2Y, y (2.27)

| e

A A o o A °
Wa X, ez ¥ U9UNNU (X, - X)) Waz(Y, - 1) 9UAI0U TIRINIITNRIANAUVBIFNNIT

leasauns (2.28)
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+— (2.28)

Wad K Ja1asaunns (2.29)

K =X +Y’
K,=X;+Y,; (2.29)
Ky=X;+Y}

PINBUNIIIMIMIET X Uar y  lalwinanaes R, lalasnisunuevay x
uwaz y lusuns (2.29) Tdunuenlusunns (2.28) uszdaguuuusumislwmanzes R lugduny
28980N1T Quadratic AIFNANT (2.30)

aR}>+bR, +c=0 (2.30)

FANINWIAINDLVBIRNNIT (2.30) mwgm"lﬁlﬂuaumi (2.31)

_ —b+~b* =4ac

Rl
2a

(2.31)

=} v = 1 = dl I3 1 U s dl o v
Wanldnvasaumaiissdnfsnfiasann R, luszzvieszniiaguazlnuad 1 fildsn
Ya3aumMsAANIuuINABIA LA ILRINA N L6 L unuen luauns (2.28)

Ad. o 1 o v v a o 1 dl 9/4?/
EIIVI 219 LLE‘T@NT]']TWW]']LL%%G”IIﬂx‘]'l@]f!l,ﬂ']'ﬁw'ml@'lUL‘l’lﬂuﬂﬂ'ﬁ‘w]@nLL%%(W]I"IT‘W%E']%‘Ua\‘l

MIMITzEen lasldwiniieas TDOA
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a o 1 aAaa ¢ 1a I3
2.4.2 MAananIIRIAILRRIA83 5N Lna S
(Fingerprint-based Localization Technique)
a o ] % ada 6 1Aa 6 dldy A g; 1 a A 6 1Aa 6
mafianmandunisaieidWaneidiug (unfazisonaug Iunafiaianasusueg)
L‘flumim@i’]Lmuﬁnﬂmﬂﬂ’%ﬂuLﬁﬂumﬁﬁmﬁmaaé’rytynmﬁ%’ﬂﬁmni’mqLilmmﬂﬁ'u
winiiimasvassuamisuldanlnuedneds duntasdnuaisdanlsyanmlndidosany
é’mu@ﬁmmaai'mqmmmmmﬂﬁq@ azgnﬂi:mm’hLﬂm‘hl,muwaoi'mql,ﬂmm51 Tasasn13
= a a A & 1A {g = 1 a 1 a6 . a A
Lﬂmumﬂﬂ%tﬂﬂ%ﬂﬂdmaiﬂm@lmummﬁmiﬁm@Lmemu (Pattern matching) tnaials-
Lﬂa§ﬂ%uﬁﬁﬁ1zﬁmwNLLaius‘]ﬂmnﬂdﬁLﬂﬂﬁﬂms%w‘hmem%ﬁug’mmao
NIRITZHENN Lﬁaamnéftuvmﬂmﬁ%'uvlﬁami'@]qLﬂwmmta:mﬂi‘mu@é’wffuvlﬁs’mwaﬂimu
POINITUWINIZIUARURI DT I ILNIW LTUED é’aﬁfummﬁsuLﬁﬂué'mvmﬂmﬁagluama:
LIARANLALINWT a:ﬁﬂﬁmiﬂi:mmﬁmw‘hLmﬂwaﬁ@]qLﬂmmﬂﬁmwgﬂ@?auujuﬁﬁ
N Twamefimaianamidunisn A ngIu09nIINITz0zNI%L N9z MM
° ' [ 'y o o ' ° £ | A o {o
mLmuwad’mqLﬂ’mmﬂ@gﬂ@aumum a:muagﬂuqmmwmaawwsmL@las’maoatytynmﬁiu
v tﬁl v 1 =1 ] Q dlv v = tdlql v lﬂl A )
& Satmnirfimssumudesyaansule Fuaanivldaaefanllaniaisasiu) e
ﬁv‘iﬂﬁﬁ(ﬂmmﬂm@Lﬂﬁau@iammw‘inmﬂwaﬁ@qLﬂmmwmm a8 l3naN tnatanl-
6 1A {dq/ a a 6 d' o U ] U 1 a
nasUSudnasinTeuInmTnM e TNEALazUsruaNanTuUdannias I Tia uInnImaia
MIMIEILALIN AU IR IN IR TTHEN
a o ] 2 ada 6 1a 6 A [ o ] 1 &
INABANIIRIG LRI 8T R INTUIUE Hrann1slwmsvdiunislasutisaantily 2
VRO
® Juaanil 1 wVIMIManadNaLALMYBINYYIH (RI0TYA) b AUnikf
nUANe lagazinnaiud1eIFu N olurans g Funi Lazazaalseany
Dugrudoyanduiuiiusznitdumbininmuinaussdygim (Taya) Nia
e o dunbinig Fyim (@oyas) Nnafvluiuaeud andonidaunas
USud (Fingerprint)

>

e Junaui 2 amdunimidumiesiagimung lashmyladyyio @ays)
nndagihwine udnh ldwSeufsuiudyanm (@eya) wisniand
Aunasviud Anvlilugudeyalutuasus 1 laslddana3iulunsdugun
NI (Pattern matching algorithm) &y (Toys) vasiagiwmang

v v A & 1a P Y1 o | o
Infidssiuianastiudlaunige aztzanaldihdunisvasiagihningas
& o , = ¢ 1a e A o . o ada ¢ a &
iuduniizasnanasdindui g inadanisnidiuniiaioIsianaidiuag

LLam"L@Té'agﬂﬁ 2.18

ool drvasdyqo (wiadaya) wislunaitiudnltlunaiiniifiadl RSS|
IGK
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317 2.20 nMwTnzaITTUUMIMIdGURlasinalulad RFID uniug w3sAunasiud [7]

o 1 1 ¥ n:ly =) .
2.5 NIRIAUKRIBaILINKNN Elsl%‘[ﬂ WY L‘ﬁ%t‘ﬁaﬂ‘iﬁ'] JUBNBITWLIN ﬂT‘HIa 8 ZigBee

2.5.1 WAeasn 15 lwnrswieunnailuanalulasedngswsas 1Sana

msﬂi:gm@ﬂ“ﬁmuimmh BTl s IR Uluﬂﬂsizq dunisnuninioyltniTa

srauaMudiurassuamwisule (Receive Signal Strength Indicator:  RSSI) lunsaumn

KIREFRY I@]Uﬁmumﬁ"}Lmu',aﬁLmuaumaamiﬂmu@é”ﬁo%a %aﬁnazgm’%mdw Tnuadanan
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> '

(beacon node) uazlTonlalasmMyIanuLIedTEAURY L MIzRIginwadaawnuLi
wane lanldRuguues 2 madiaf lananadnadu

Received Signal Strength Indication %38 RSSI (Juninieaslunsiannuuwsives
Fygralunsssdygiwing auanuiuidesdyarmlannily el ssuliszuzving
sanldania3esss g misuldfezunas doiudn RSSI wwissnududensSusidya
LTI wa:ﬁ]zvlﬁjdwLﬂ%f'ao%'uﬁmutywmm%ﬂﬂuagfua:ﬁﬂszﬁﬂ%nﬁwﬁiwzmowiﬂ,@ NnIAMIAY
lunmsaavinladsazinanan lasan RSSI Anisiduadiualiafing (dBm)

\flaanndn RSSI ﬁmmLl,ﬂsﬂi'm"naaé’mununmgm’mamwLLqﬂﬁauﬁLﬂﬁﬂuLLﬂaavlﬂ
INTzudazEnIRLIndaulinnunandn it szl RssI fanusinifefiaiu azdaaiiu
Rssl Mwan 9 assluannizuraseudoanu eiandiansinionas axvildifiaaany

a v a d a J g: 1 e ¥
NANIIAUDEUR ﬂ’)’]&JNﬂ‘Wﬂ’l(ﬂﬁLﬂ@]“ll%%%ﬂ’]ﬁ]’i]:ﬁﬁ?L%@J&J’Tiﬂﬂ(ﬂ’h‘] 9 G195

® Nonline of Sight (NLOS) fiamszassuuy ldidmauwass ldsugaldannszny
Auiagauneuidygmzidunaniaiesiy vldsyyransvlalianufianas
nneanang 1y

® Multiple Access Interference @ailyymfisinifaluszuy COMA nanadiaifinan
m’%adddﬁﬁﬁ’]é’dddgdﬂdwﬁwmidaé’zytywmvlﬂsumum%'aadaﬁﬁﬁﬁéﬁﬁfm‘iﬁﬂfh

® Fluctuation in Signal Propagation Speeds Lﬁ@ﬁﬂﬂﬁmﬁmﬁmSLLW‘iQﬂiumuﬁ]’m
93un8uan 1% UIIaNWIag NN wazdrauzulueme Tastinanifazyinlw

a { d J
Lﬂ@ﬂ'}’]ﬂﬂﬂ’]@Lﬂﬁa%g%ﬁaitﬂzﬂ'ﬁu"m"ﬂu

2.5.2 manafilFlunsmeunwsihuanslulassiramwaeslSans
TuruisildldnanafianimmiduniefildAugrusainisniszeznis wazinadiails
Ino3Usue d9azldnimiiaes RSSI I Imdunisdnsuiigesds dmsuImnaiani T
FunvafilFAugIusaInIMIszazI L sz sanldnidanasfiauny Maximum  likelihood
uwazdana3fiuuuy Min-Max dmiimafiafanaiviud laiuauadtnmslndlunisudonguils
inafludlasdszyndl43s Fuzzy C-Means

2.5.2.1 maRaHsnaiUSuduazn1suLsngunaa3s Fuzzy C-Means
Tusadasasit 39ldinananiwlufmaieflaneUsud 110703% Fuzzy C-Means
1) Msmmunanmdmefiialslunaiaisnaisud
fnuannfinefang g wisanodyanwolaai
- IV LAUALTULTDIE9BIYNAL N
- FudunisasianasUsudrinny m
- Hwuald p, AewwevasRanastiug o dunisrasdlanaivsud £ (m=12...,M)

1 A
N{NIAd
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Dm :[r(l,m)”’(Z,m)"“’r(N‘m)] (2_32)
e » Aad RSSI Nlasuanluwaiawiras lag

LA
F,=[x,.»,] (2.33)
A A o A 6 1A 6 o o A A A o
We F, Aodunisfonesdiuasoun m  lag x,,y, foRnaluduiuni x  uazunu y
ANEAL
2) M3uLINgu (Clustering) A835 Fuzzy C-Means
' oA A A , A A L A wa A
n3uLangu Aenszuiunisneanuuuniiieszynguzasdaninauladliquanian
v A Qs =} 1 U a dl [l 1 s o a w =) L dl v A Q
Infidineriu wiananaldihaundnfeglunguidoaiu wliquavddnieanyucnlndidoain
Twawddpdt inlgnsutingudis3T Fuzzy C-Means dsludraudaldazSuninds Fem
WWBANNIZTU TaAvasIs FCM ﬁamm‘mﬁﬂﬂﬂs:qﬂmﬂﬂus:uuﬁﬁmmaﬁaga%mm&msl
wazldrwaunn lwwidsiige (@a) vasdayaninisutiingudia RSSI thulad
NIZLIUNIVBINIULINGNI8TT FCM Aaazvimarhliien objective function filElun1s
1 1 v 1 6 1 va
WLIN§NYBITAYS P=[D,D,D,,...D,]" UANGNVBIGUINANIVBINGY V=[v,v,v,,...v,]| WA

Ankafiga lay Objective function uaaldead

C M )

c=1 m=1

D, —v

(2.34)

c

A

Wa g a8 Objective function

D

o

M f8 UIBUDIVBILNAIND I@]ﬂﬁ
C

)Y

°

A 9I1UIUNGN (cluster number) %oﬁaaﬁ@hag‘luma 1<C<M

D

A

4 @8 §NNTNV4 Partition matrix U TINVWALNGINTAD Cx M
uanIINh 4 1U3zNauaIy membership function
A 6 1

v A8 ALNANVAINGU (Center of cluster) LA

w Ao uWalaasinin (Weighting factor) ﬁl“ﬁﬂ’n&lﬂuﬁ‘ﬁ:ﬁmad membership function

snBnues U zaglutie [0, 1] nafie SV, =1 ERILNNG 4, (1SC<M) URE

norm ||Dm —VC” ﬁaiwzgﬂaau (Euclidean distance) 32119 D, UAZ v,

V) Aa [ 1 A 6 . .
3)aana‘sﬁu‘l%msau@uwwmi% (Pattern matching algorithm)
Tuawidululdlddanaifia nearest neighbor lumsduguwnifisulasiindnnsine g da
mmmwmmﬂ@mﬁﬁayﬁqmwdn RSSI Muiluianasdsudny RSSI maai’mql,ihv\mu Tay

1°ﬁawmﬁ?gﬂ§auuamvlﬁ€foamm
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N
€=y 20 ~ins)’ (2.35)

fa @1 RSSI ﬁi’(ﬂqLﬂmmﬂ%‘ﬂﬁmﬂhmﬁwﬁaﬁ n WA

Taufl N Aadwiwuadlnuaansds

T
n., A8 @1 RSSI vasduniilaunaitiudnasnnianguaglungy ¢ lane1 RSSI
Suldanluuad1sden n
2.6 unayil

n}’ (% ] =1 U o 1 v = o
Tuunilananinslassasranmavinwsadlassnaawaas isans 30 lU89n1Iv9%
289 XBee  uazinafanlilunsszuduwnis dsdsznavlddrsmatianldiugiuvesniim
T HENUALNARANI TG LRI AT AN aTUIUE waz lanaDunaftanITRIA LRIV

Whnansn laaanlslnauiaud wazinaie lmiNyingue
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3. N1Y9DNULLUAZIDNITNARDY

3.1 LWIAA

luawﬁ%’ﬂﬁqﬁlﬁﬁﬁmﬁﬁbL%aamsm@hLmulamaaLﬂmmﬂ‘luimmimmumaﬂ%mﬂuu

(2
=]

wugrmnalulad ZigBee lasnfidvldsulanatiansmdunibinizesisnanfaimafianly
d‘r a o [ ada 6 1A & @ @ dq, v ] =3
AUTIMVBINITAIzLEN I LAzINaanImduriid 83T Ranasud lwiadatazlananis
ad a I3 o o @A ~ & A
MI0NKULTFLLLRZ TN INAaaIMImIWITHae a8y MainAasde RSSI F9aziiludnn

i ldlsalunisnndnuniis mﬂﬁfm:ﬁwmimaaam@‘hLmuwaai'@ql,ﬂmw'mﬁ'sULL@ia:mﬂﬁﬂ

3.2 NTESIHAZDINUULIZUL
& o o R & & Ao o A o v
MMIBBNULLITULUBAaIAisfsasdlsznauidanvaniatnamuwaas liae loun
NMIVBLUULIANRS LLa:mu@@@ia;ﬂ"ﬁﬁdw geanI T laglunitaanuuuszuudtlananms
panuuLLTu 4 8% Aa lusIwwas Beacon, Unknown, Gateway L8z Software %GiﬁLLaﬂoﬁagﬂﬁ
3.1

Beaconode Unkoewnliede

System Diagram T

= o
E‘ll"(l 3.1 LHBNIWNIINNI WY BITEUD

%

PIMNBLNBAINANIANUVAIIZUY a:L%uéTumﬂmsLﬁaﬂaﬁ@ LL?gﬁLﬂuadﬁﬂSZﬂ aufIALY

[

YaITLUU laun

@ o 1 ~

® aasudsdnyImIng (Transceiver) ldifanltlugs XBEE-24ZB 289131 DIGI
A

9
= 1

mm;m@ua%i‘ﬁ ﬁﬁa;&a’%ﬁamaﬂummgmmao ZigBee UaZ®NNINEINN  Routing
Topology l@naBLUL kazdudanTiinuwaznsinuadl lasvinnsiseyusdes nu
lulavnaulniamasriuluga USART uazaunsavimsiwuad ldlasldsunsy -

CTU maamau‘%ﬁ'mjwﬁm
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dauninIeanuuuTzuy 1wn1Inaaad GUI 928919 Unknown Node az¥inmisaswa
Tayan1ilaaiengg 310 Beacon Node 1)néa WIuMN4 Serial Port ila ldsudayanauun uaa

a:ﬁwmiﬂi:mawmm:s:qﬁnmﬂwiavlﬂ FIRNNITOUFAIATNITINNITANIIU aﬁ:uuéﬁgﬂﬁ

3.2
Unkh

Node

2.4 GHz RF wave

A [ AN T

API Frame API Frame

Command RSSI Data

I— 1 XBee Stack

|| 1EEEs02.15.4 V
T JL
=] &

Ellﬁ 3.2 LRASNIWIINNINNULEIITUY

A § v & & ac ¢
3.21 31]LL‘]JTJLﬂiNﬂiiﬂ%ﬂﬂiaaﬁ']isl%‘izﬂﬂ?.i%t%@lL'Jiﬂl,aLEIE]?

Header Frame Length Frame ID Data Checlosim
1 Bytes 1 Bytes 1Bytes Depend on Frame type 1Bytes

311 3.3 URAITBAZIBLAVDIVILWALNITING 8 Byte

A A v & = ag & a o &
sluuusanlglunsressluszdutudaiinawasiingazdoadad
® Header 211@ 1 Byte 15§1%3UN13%1 Byte Stuffing

® Frame length 241 2 Byte I%ém%’m:qmm@maum;J

® Frame type U@ 1 Byte lfdmiuszylzinnasnsa

® Frame ID YW@ 1 Byte 32UWINULRVVBILNI

® DATA %ua%iﬁ'uﬂixmmaamm

® Checksum  Iu1a 1 Byte Lﬂuiagamaawa Checksum ﬁ”’GLL@i Byte ﬁ 4

35



3.2.2 Uszianvagtnsy

Uszinnaansunlsuwn Usznaulddas

® Remote AT Command Request (0x17)

( meﬁ'\igﬂﬁ 3.4 UWALNA Remote AT Command Request (0x17))

® Explicit Addressing ZigBee Command Frame (0x11)

( Ltﬁméﬁgﬂﬁ 3.5 LWALNY Explicit Addressing ZigBee Command Frame (0x11) )

® ZigBee Transmit Request (0x10)

( meéﬁgﬂﬁ 3.6 WAALNA ZigBee Transmit Request (0x10))

—or

Frame Fields Offset | Example Description
0| OxTE
MS8 1] 0x00 Mumber of between the le and the checks
1582 0x10 umber of bytes between the length and the checksum
3 D7
Identifies the UART data frame for the host to correlate
A (sl with a subsequent ACK (acknowledgement). If setto 0,
no response i1s sent.
MSE 5( 000
B[ Ox13
7 A7 Set to the b4-bit address of the destination device. The
following addresses are also supported:
8| 000 0x0000000000000000 - Reserved B4-bit address for the
9 (xdD coordinator
0000000000000 -
100 0D FFFF - Broadcast address
1] 11
LSB 12) (k22
M3B 13| (kFF Set to the 16-bit address of the destination device, if
known. Set to 0xFFFE if the address is unknown, or if
LSB 14| IxFE zending a broadcast.
Bitfield to enable various remote command opfions.
Supported values nclude:
0x01 - Disable ACK
0202 - Apply changes on remote. (If
not set, AC command must be sent
15 002 {apply | before changes will take effect )
changes) | (1340 - Use the extended transmission timeout for this
destination.
Sething the extended tmeout kit causes the stack to set
the extended transmission imeout for the destination
address (see chapter 4).
All unused and unsupported bits must be set to 0.
16 042 (B) Name of the
17| 0edB (H) | command
If prezent, indicates the requested
18! w01 parameter value to set the given
register. If no characters present,
the register is queried.
19| OxF5 (xFF - the & bit sum of bytes from offset 3 to this byte.

31/11 3.4 uaLNa Remote AT Command Request (0x17) [8]
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-

Lol Il BT i |

Frame Fields Offset | Example Description
Start Delimiter 0} OulE
MS8 1] 0:00 Mumber of bytes between the length and the checksu
1587 OxiA umber of bytes n ngth a & checksum
Frame-specific Data 3 &1
|dentifies the UART data frame for the host to correlate
4 (el with a subseguent ACK (acknowledgement). If setto 0,
nO FESPOnSE is sent.
M3B 5 (0
B (00
7 00 Set to the b4-bit address of the destination device. The
following addresses are alzo supported:
8 00 0x0000000000000000 - Reserved 64-bit addrees for the
o 000 coordinator
1ol o0 (x000000000000FFFF - Broadcast address
11| ka0
121 (a0
M3B 13| (xFF Set to the 16-bit address of the destination device, if
known. Set to 0xFFFE if the address is unknown, or if
LSB 14| OxFE cending a broadcast.
15 OncaD Source endpaint for the transmission.
16l Dt DestrlatDn endpoint for the
fransmission.
17] 015 Cluster ID used in the tr isgi
] uster in ansmission
19 &t Profile ID used in the tr i
50l 005 rol used in the fransmission
Setz the maximum number of hops a broadcast
21| (a0 transmizsion can traverse. If set to 0, the transmission
radiuz will be zet to the network maximum hops value.
Bitheld of supported transmission opfions. Supporied
values include the following:
(x01 - Disable ACK
(%20 - Enable APS encryption (if EE=1)
(x40 - Uze the extended transmission imeout for this
destination
29 00 Enabling APS encryption decreases the maximum
number of BF payload bytes by 4 (below the value
reported by NP).
Setting the extended fimeout bit cauzes the stack to set
the extended transmission tmeout for the destination
address. (See chapter 4.)
All unused and unsupported bits must be set o 0.
23 (b4
24] (78
;2 g:: Data that iz =ent to the dectination device
27| (74
28] (bl
Checksum 29 34 (xFF - the 8 kit sum of bytes from offset 3 to this byte.

Eﬂ‘ﬁ 3.5 LNALNT Explicit Addressing ZigBee Command Frame (0x11) [8]
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Frame Fields Offset | Example Description

0 I/E
MS8 1) B0 Mumber of between the and the checksu
1582 Ox16 umber of bytes length and the checksum
3 10
|dentifies the UART data frame for the host to correlate
41 (e with a subsequent ACK (acknowledgement). If setfo 0,
no response i1s sent.
MSB 5 (00
6 Ox13
7 a7 Set to the 64-bit address of the destination device. The
following addresses are also supported:
8 000 (x0000000000000000 - Reserved fd-bit address for the
o OxdD coordinator
Ox00000000000FFFF -
10 G FFF - Broadcast address
11 D1
LSB 12] (27
M3B 13| OkFF Set to the 16-bit address of the destination device, if
known. Set to (xFFFE if the address is unknown, or if
LSB 14) (xFE sending a broadcast.
A Sets maximum number of hops a
P 15l ox00 broadcast transmission can ocour.
If set to 0, the broadcast radius will
e be =et to the maximum hops value.
E Bitfield of supported transmission options. Supported
c values include the following:
k (1 - Disakle ACK
& (20 - Enakle APS encryption (if EE=1)
% (x40 - Use the extended fransmission imeout for this
destination
16| ox0 Enabling APS encryption decreases the maximum
rumber of RF payload bytes by 4 (below the value
reporied by NP).

Setting the extended timeout bit causes the stack to set
the extended transmizsion timeout for the destination
address. (See chapter £)

All unused and unsupported bits must be set to 0.

17| (hedd
18] M8
19] Dhedd

Data that is sent to the destination device

] Il A
g

13 UFF - the 8 bit sum of bytes from offset 3 to this byte.

Eﬂﬁ 3.6 LWNALNA ZigBee Transmit Request (0x10) [8]

3.2.3 d@msandurs
\ ¢ e vl o d‘ 1Y) o I
luaausﬁaW@lLL’Jmuvl,@umiaanLLuumLLamlugﬂJﬂ 3.7 laouinns i anwuazn1saanis

v

a;&aaaha:hﬂ LLazmmmﬁnuﬂﬂizqﬂ@“l‘fﬁ'unﬁﬂizuaaNaluij’ug\‘l
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4/6 Node(XBee Module)

Maximum Likelihood/
Min-Max/
Location Fingerprints

B L T s

’ ~ \
Selected Comport

1

]
1

1

1

1

: Selected Comport Send Data

1

1

1

1 Calculate
1

1

1

1

1

1

\

API Frame

Location

GUI ]

e e R e e e e R e e e e e e e e el e e e e e T

e e e

311 3.7 nMwTInmIsenuuUTa NS

& & a o A | v o & & ¢ A
PINANTINNTBANLULTANALIS %:Limuwmimmagavlﬂmmsmni NIUABUNDTAN
\fanld (Selected  Comport) IMnuuasawIsazvinmidgideyanavandianluginia dogls
Hiuaauwaiafliian’d (Selected Comport) anuuindayaf ldsuanyimadiuam mduns
LRZFINNNILRAING 1udmmaommamwaﬁfummmﬁﬁ]:ﬁwmnﬁu%%Jaﬁmewatﬂu Text file
1o
& L A , ) A
mssanuuuTandwsuninseanuuulusIuran g fe
3.2.2.1 %aﬂ@ﬁns‘dauﬁmdaé‘lf{
1 6 6 1 a 1 v % % % 1 2 o o
IuaausnaV\I@LL’ﬁmum@aQ’Lﬂmmsaﬁmmiﬂmﬂsmuawa;&aﬂuiu@ NIV
4 Tue ez 6 lua Lﬁaﬁwmﬁumﬁagai:mwmmnﬁLLa:ﬂawﬁ'sma%

1" Localizafion and Tracking Sytem on Windken Semmor Networ - Beta 1 X ]
)

i) =)

®© ®@ 60 60 6 ® ®
©eovezo )

311 3.8 winvasldsunsunaunsirayde
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n3U7 3.8 lsunsudniaviulusdiudne gaad

® %wuuLaa 1 LWUuEINNIIAIAINIITaNGS 1T PortName , BaudRate LTué
LLaméﬁgﬂﬁ 3.9

f Bl Setting Serial Port e =

PortName COMB—v|
Baudrate IBEOO v.|
DataBit |8 -
ParityBt |Nome «|
StopBit | One -

@
v e

311 3.9 FIUVBINIAIAINILTONABLUL Serial Port

v

® HWIHLAY 2 WWaIKIAINI RN TNTaNaNFaIN1TRY LLamé'agﬂﬁ 3.10

U

[ @ Send Data Output o | ) S|

3111 3.10 mmlaamﬂmmuﬁagaﬁﬁaamsda
® BINULAY 3 fﬂ:‘ﬁﬂmsaumﬁmﬂﬂmmuvlﬁu,amaanm’lugﬂmaaﬁamm (Text)

® KRUULAY 4 Lﬂuﬁhumaa&gwawmmmam@‘hLmuwaﬁmq 531’\']"]\1343J&I?J\‘1LL‘1J1J

NN Ko &JNNBGLLUU‘IT@@’]’]N LLﬁ@]x‘iﬁdEﬂﬁ 3.1
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"'T" Localization and Tracking System on Wireless Sensor Network - Beta 1

& X @

Connect |Disconnect Status

O0m 0m

|| | 12/2/2554 13:58:56
7E 00 OF 17 01 00 00 00 00 00 00 FF FF FF FE 02 44 42 64

7E 00 10 97 01 00 13 A2 00 40 5D 36 B9 05 B5 44 42 00 36 BO 7E 00 10 97 01 00 13 A2
00 40 5D 36 BE 58 OF 44 42 00 35 FF 7€ 00 10 97 01 00 13 A2 00 40 5D 36 BD 1D 35 44
42 00 36 14 7E 00 10 97 01 00 13 A2 00 40 5D 36 B5 BOEB 44 4200 1A F2

Ref Node 2 : RSSI = -54
Ref_Node 4:RSSI = -53

Ref_Node 3 : RSSI = -54
Ref_Node 1:RSSI = -26

Om, 0m

Om, 0m

il

12/2/2554 13:58:59
7E 00 OF 17 01 00 00 00 00 00 00 FF FF FF FE 02 44 42 64 ¥

Qe oedo

~ ) Setting Environment
Reference Nodes
® 4 Nodes (0 6 Nodes

Environment

® Indoor ) Cutdoor

Algorithm
@ nearlest
K-nearlest

(a) NuNBIUUUTEAY

“1" Localization and Tracking System on Wireless Sensor Network - Beta 1

S X @

Cmmed Disconnect

«;» &'z)

Setting Localization ———
@ RSSI Base
Finger
@ Print

A Setting Environment
Reference Nodes
@ 4 Nodes ) 6 Nodes

Environment
@ Indoor ) Qutdoor

Algorithm
@ nearlest
) K-nearlest

(b) yuuaILLLNTIWAN

= 0 ' >
E‘ll‘ﬂ 3.11 gmwaammmamwmmad’mq
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® KUTLLAY 5 Lﬂuérm"umﬂ’m’%umim@‘hLmﬂwaﬁmq Lﬁaﬂ@ﬂuﬁiﬂmmm:ﬁﬁ
MIMWIMAEUAILIV0IANIa lUIE aumIasdda g ldiaan’y

® RUULRY 6 L‘]‘j%ﬁ’luﬂ.l?Nﬂ’]ﬁ‘ﬁﬂq@‘lﬂ’]‘i%’]@i’]LL‘lﬁﬂx‘]“ﬂﬂx‘l’?@lq

e wuoiay 7 iudusasnusasdoyadna gilduniwldinuldaglugdues Text

file LLaméﬁgﬂﬁ 3.12

7 12 g 2554 - Notepad =)

File Edit Format View Help

[L2/2/2554 13:58:357E 00 OF 17 01 00 00 00 00 00 00 FF FF FF FE 02 44 42 64 -

7E 00 10 97 01 00 13 A2 00 40 5D 36 BE 58 OF 44 42 00 37 FD 7E 00 10 97 01 0

Ref_Node 4 : RSSI = -55Ref_Node 2 : RSSI = -58Ref_Node 3 : RSSI = -54Ref_Nod|s|

Om, 1m B

Om, 1m

12/2/2554 13:58:387E 00 OF 17 01 00 00 00 00 00 00 FF FF FF FE 02 44 42 64

7E 00 10 97 01 00 13 A2 00 40 5D 36 BE 58 OF 44 42 00 39 FB 7E 00 10 97 01 0O

Ref_Node 4 : RSSI = -57Ref_Node 3 : RSSI = -55Ref_Node 2 : RSSI = -53Ref_Nod

Om, Om

Om, Om

12/2/2554 13:58:407E 00 OF 17 01 00 00 00 00 00 00 FF FF FF FE 02 44 42 64

7E 00 10 97 01 00 13 A2 00 40 5D 36 B9 05 B5> 44 42 00 3D A9 7E 00 10 97 01 0

Ref_Node 2 : RSSI = -61Ref_Node 4 : RSSI = -58Ref_Node 3 : RSSI = -57Ref_Nod

Om, 1m

Om, 1m

12/2/2554 13:58:437E 00 OF 17 01 00 00 00 00 00 00 FF FF FF FE 02 44 42 64

7E 00 10 97 01 00 13 A2 00 40 5D 36 BD 1D 35 44 42 00 37 13 /JE 00 10 97 01 0

Ref_Node 3 : RSSI = -55Ref_Node 2 : RSSI = -52Ref_Node 4 : RSSI = -56Ref_Nod

Om, Om

R i | b
Lnl, Coll

311 3.12 éham\‘rﬁa;&aﬁiﬂnmsﬂﬁﬁ'}mnﬁu"ﬁ

® WINHLAT 8 LUWAIWUAINITUEAII DN T LTI w9 lUUNTH LLamé’agiJﬁ 3.13

&1 Help

King Mongkut's Institute of Technology Ladkrabang

.E}

Localization and Tracking on Wireless Sensor Network

King Mongkut's Institute of Technology Ladkrabang
How to Use

1. Open program

2. Click Setting Button

3. Select senal port values Then click Save Setting button
button

5. Select Setting Localization and Select Setting Envir
(You can choose Algorithm if you want)

i

6. Click Start Localization button. If you want to stop Click Stop Localization

4. Click Connect
onment

4 —— 4

Eﬂﬁ 3.13 ﬁ".lu‘llE’Jdﬂ’]iLLﬁ@d%%ﬂ”ﬁl‘fﬁ’lu‘DE]dIl]iLLﬂSN
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® WINLLAY 9 LfiEJﬂ(ﬂl!Nﬁ%uﬂuﬂ’liﬂﬂﬂﬁ]’miﬂﬂmim

® waneLaa 10 ¥nsitanda Serial Port audnfi ldidanannaneiay 1
® BuwLal 11 Ymssnanmsianda Serial Port

® BHUNULAY 12 LRAIEDNUENILTaNFAaVad Serial Port

® BIYLRY 13 Lﬂudmmsﬁammaﬁ%'msm@‘hmeenao"i'mq WWarinmsravsa
AURINBLAT 10 ua? duhiealdnule uazaansadasardungiadnle 1w
IMWULIAaaY aanaInunaz 1l 1iudu LLaﬂaﬁagﬂﬁ 3.14

~ | Setting Environment
Reference Modes

@ 4 Modes A Modes
Environment

@ Indoor Cutdoor
Algaorithm

@ Maxirmum Likelihood
lim-Max

311 3.14 SrunmIasdiNdulaiinsianda Serial Port WA2

® PUIYLRY 14 Lﬂud’mﬁuﬁmaammam@hLmu',waﬁmqﬁiﬂmnmﬁwmmﬂﬁ

3.3 UBINWNITANBIUAZNITNAR DY

ﬂ']‘iaﬂiﬂ"]LLﬂzﬂ']‘mﬂﬂa\‘]‘II% wdveantdu savain Ao ﬂ’]iﬁﬂ‘lﬁ?Lﬁﬂ’JﬁU@h Receive

Signal Strength Indicator (RSSI) k& NINABDINIIITY AR

3.31 m‘mmaamﬁ:mﬁu Receive Signal Strength Indicator

udsnsnaasveanide 3 @u fa

1. ms?mmgumiﬁummﬂﬁﬂuLLﬂawaaﬂ'ﬁ RSS! lagaz¥inn13iad RSSI 31n XBee
Tusznzane g lagvmafivszesduluiGon 9 é’agﬂ‘ﬁ' 3.15
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3111 3.15 MIMasadliad RSSI luszazdngg

2. minaaadimimszuznmdlasldinafiafanasuSur andl RsSI lapvinmInaaas
milauludofiuaqsindn RSSI Ald sdwroniuszoznig Taoldaunishle
¥msansuierideiaudanuiewaa

3. minaaainrzydunis lasldinaiiaainda 2 99wy Maximum  Likelihood
Algorithm el lunnsmAnavasiuaimansluiuidldmmnuea 1y iiefnsnau

Lﬁuvlﬂ"lﬁlumﬁzq@‘hl,mm wuULARannea Ll 937 3.16

Node3(0,5) Node4(5,5)
®
4
3
2
1
. 1 2 3 4
Node1(0,0) Node2(5,0)

gﬂﬁ 3.16 MINaasImIdrLlasld Maximum Likelihood Algorithm

3.3.2 NMINARDINITLYA UKW
. A oo o , & ad A _aA . . . aa
luduitldrimnasainisszydunils nswua 3 35 @235 Maximum Likelihood 3%
. Aada 2 o s & [ a ' g
Min-Max 4az35W9inasU5usl (Nearest / 3-Nearest) ausnaudsntadunsnaassasdalUf
1.mnasauiud1 RSS! iaidugiudayavasitnmamdunisdisinaiiaane fuiud
lagazyinmsiAuen RSSI 1ade Nanaa 10 39 sewninsluadsdsnuluaihnane lu
o \ A A4 oo, o
NN dundanwiwifldimue’ld
2. maiuen RssI ialdlunianaaasszyduniang 3 A5lasazviniinaaainivue
5 a39 AR 5 LEWNNY
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2.1 mwLLmag]wﬁmdwsfﬁﬂﬁaﬁa&gwﬁmuumﬁﬁamaaﬁuﬁmaaaéﬁz\iLL@i 0,0) lag
Raudunifias (0.33,0.33) LUG13
2.2 muu,myuﬁmmw’nﬁaﬁmwﬁmuwfﬂUﬁamaaﬁuﬁmamé&m@i (5,0) lag
[Raudunsfiay (-0.33,0.33) LWa3
23 AULWIHEWVBIRUA AIus (0,2.50)  andv (5,2.50) Tagifanduniifiaz
(0.25,0) L3AT
24 MULIGIVBIRUA FIud (2.50,0) AW9 (2.50,5) Tagidauduniadias (0,0.25)
AT
25 MUGILAY 36 FUrIs ol (0,0),(1,0) And14 (5,5)
3.mimaaﬁ:q@‘hLmﬂwaﬁ@]qu’h%mﬂluLL@iazfs% wazinsdIeuinaud1nlNg
Rawana lagazihdildanmsnesasludadi 2 svnisdwimmdiunis Tuudas

ad o o ~ a o A a a \ aa
A LAY U S UNWLN AR UTERNTNINYILLGRZID

3.4 nﬂas;ﬂ
o o AN e = o & \ & & A \ o
T Tt lana11 09 lATIRINVITEUY NI IUEIRTNITAUIT N1 TaudanaznITITINn
Graphic User Interface nﬂﬂﬁmmmaLL@:"‘J%mimaaamsszq@‘mmm%lmmwq@ﬁau,a:
wuuiefendl lasldiTmaszyduntsdnnafianlidugrusaimmiszoznuazinafianis

o ] 2 ada 6 1Aa 6
AIATRUINIBI DTN N IUTUG
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4. NMINAFILATHANITINAADYI

W RINLEUININARBILAZUEAINANIINARSILUNIIAINITLAas RSSI 1
AL ANIMIA LR3I RUNY LAZINLALENINARDILAZLTAINANITNARDY
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(Om,0m) 26.0 46.1 46.2 55.8 37.3 53.9
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(2m,0m) 36.4 39.1 48.3 50.1 41.2 43.2
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(4m,0m) 43.0 31.1 53.5 51.1 49.1 38.6
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(3m,2m) 41.2 39.7 46.3 43.0 41.7 35.7
(4m,2m) 449 35.1 47.6 41.9 44.8 31.8
(5m,2m) 48.4 34.6 50.6 40.9 47.9 28.1
(Om,3m) 39.6 47.8 374 49.1 29.0 46.8
(1m,3m) 39.1 44.6 38.5 45.8 31.8 43.3
(2m,3m) 41.2 44.0 40.7 44.8 35.9 41.4
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(4m,3m) 46.8 395 45.8 385 42.5 32.6
(5m,3m) 497 39.2 484 36.8 44.2 28.8
(Om,4m) 424 50.5 32.3 50.4 33.9 48.0
(1m,4m) 43.3 48.1 35.3 45.5 33.9 445
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(1m,0m) 325 42.8 47.7 49.9
(2m,0m) 38.3 41.0 48.5 49.7
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(3m,1m) 40.4 36.1 494 46.8
(4m,1m) 44.9 33.6 48.5 45.3
(5m,1m) 48.9 32.1 514 44.8
(Om,2m) 35.1 46.4 42.9 48.8
(1m,2m) 34.4 443 42.7 481
(2m,2m) 39.6 411 45.2 459
(3m,2m) 40.8 39.5 46.8 43.0
(4m,2m) 44.8 35.2 44.8 42.0
(5m,2m) 49.2 36.3 51.3 39.2
(Om,3m) 39.3 48.2 37.5 47.4
(1m,3m) 38.6 45.3 384 45.2
(2m,3m) 40.2 44.3 41.2 44 1
(3m,3m) 41.5 41.2 43.2 411
(4m,3m) 46.4 40.3 45.6 37.5
(5m,3m) 50.3 40.3 48.8 36.5
(Om,4m) 41.2 504 32.6 48.8
(1m,4m) 42.0 49.3 35.8 451
(2m,4m) 42.0 45.0 37.4 42.7
(3m,4m) 44.8 44.5 40.1 38.3
(4m,4m) 47.4 445 449 35.2
(5m,4m) 48.9 427 477 31.7
(Om,5m) 47.4 48.7 26.0 48.3
(1m,5m) 46.0 49.2 311 44.2
(2m,5m) 46.7 48.6 36.5 41.7
(3m,5m) 48.5 46.9 41.3 37.5
(4m,5m) 48.6 47.6 41.7 33.5
(5m,5m) 49.4 49.0 45.3 26.7
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(Om,0m) 26.0 46.1 46.2 55.8 37.3 53.9
(1m,0m) 31.4 41.8 47.6 51.6 40.1 46.9
(2m,0m) 36.4 39.1 48.3 50.1 41.2 43.2
(3m,0m) 40.8 36.3 48.0 47.2 46.0 40.2
(4m,0m) 43.0 31.1 53.5 51.1 491 38.6
(5m,0m) 42.7 26.0 53.7 43.9 54.8 34.7
(Om,1m) 31.8 457 457 53.7 36.8 49.3
(1m,1m) 33.4 454 45.0 51 36.9 44.7
(2m,1m) 36.2 39.1 47.7 48.6 40.4 411
(3m,1m) 39.9 36.4 48.9 46.2 45.3 37.4
(4m,1m) 45.0 33.6 49.7 45.6 46.9 33.9
(5m,1m) 47 .4 31.5 50.6 44.2 50.7 32.2
(Om,2m) 35.1 46.7 41.6 49.6 30.2 46.2
(1m,2m) 34.2 44.8 42.3 48.4 34.9 43.8
(2m,2m) 41.0 421 442 449 38.4 40.4
(3m,2m) 41.2 39.7 46.3 43.0 41.7 35.7
(4m,2m) 449 35.1 47.6 41.9 44.8 31.8
(5m,2m) 48.4 34.6 50.6 40.9 47.9 28.1
(Om,3m) 39.6 47.8 374 49.1 29.0 46.8
(1m,3m) 39.1 44.6 38.5 45.8 31.8 43.3
(2m,3m) 41.2 44.0 40.7 44.8 35.9 41.4
(3m,3m) 44 1 41.5 43.7 41.8 40.1 36.9
(4m,3m) 46.8 395 45.8 385 42.5 32.6
(5m,3m) 497 39.2 484 36.8 442 28.8
(Om,4m) 424 50.5 32.3 50.4 33.9 48.0
(1m,4m) 43.3 48.1 35.3 45.5 33.9 44.5

61




(2m,4m)

43.9 451 37.2 42.2 38.1 42.5

(Rm Am)

A15199 4.3 (8) A1 RSSI vadudazdunusnlsaisu 6 a2

AR A4 a4 4 an 7 20 N an 2 20 N

AITUN T | AITUN 2 | AIFUN 3 | AI5UN 4 | AI5UN 5 | @I5UN 6

ALY
(-dBm) (-dBm) (-dBm) (-dBm) (-dBm) (-dBm)

(4m,4m) 48.1 44.0 44.5 36.2 42.4 347
(5m,4m) 50.9 44.2 49.0 31.9 47.7 33.6
(Om,5m) 47.2 50.8 26.0 49.0 37.8 49.1
(1m,5m) 47.3 49.9 31.3 442 36.6 47 .4
(2m,5m) 48.3 49.7 36.9 421 40.1 43.1
(3m,5m) 47.5 45.0 41.2 38.8 42.2 41.7
(4m,5m) 49.3 471 42.9 33.8 44.7 37.1
(5m,5m) 50.7 46.7 458 27.0 47 1 37.5

[ 1 o 1 1
4.5 NMINAadILNUAI RSSI h ALLKRWIAT 9 ﬂ'lilsl%il'lﬂ'lﬁ'

ynilszava

AUAT RSSI s dwnisans gmaluinunnmanasasd inasi ldéwiamn

FURIIVBI0ANEINUNMIAA LR UIA

aunind

® XBee Module 7 @1 (@§9 187, @I3U 6 6)
a 6 dll

® AANNILGDI 1 10389

® NEBY VU 21X 29.7 ey, 7  Naed

o lisunsultlunisniel RSSI

A5N1Inaaay

AANATUNAUNVWIG 5% 5 10as lagldalasuns 4 67 uaz @25u 6 69
o @ A A

MUSIAY (WNOWMINARIN 4.4)

HNMTALAT RSSI AR AURUIANLIINUEITRINRANARRS A1NYA

dusediia(@aom,om) DeyuduLuIN(IN 5m,5m) URAIAIFLIN 4.20

lasfianurnsudazdiuniadu (Om,0m), (0.33m,0.33m), (0.66m,0.66m),

(1m,Am), ... , (5m,5m) AUULANIF® 5 58U UAaLIaUWR19NK 10 Wil lag

LAUAN RSSI MIN1TA21T0U 4 @7 LAz 6 §1 NUEIAL

62



Node3{0m.0m) Nodad(Sm.8m)  Mode3{Om.BSm} Hoded{dm.dm}

dm am
Im - 3m |-
2m Nuﬁd;;sm.l.ﬂm] Nodlﬂla!.&lll
im im
@ P ® ] &
Mode1 llhn,!lm'm m ™ Am HNode2({fm.0m} Heodel (nm,ﬂm}m Zm im 4m HedeZ[8m Om)

311 4.20 MWdagIMTAUAT RSSI MALUINLEITBINUNNARDY PNYNGIHE

v A K ¥ A
FIRHEYRIIN QN@W%U%?JT]SJQ

® 7IN1ILAUAT RSSI  UdBz@AUAIIAULMINULEITBINUNNARDY IINYN
dus9a(05m,0m) ayuduLUTI8Ea(IN 0m,5m) UFaIAIFLN 4.21
lasfanuvinsudazdiunuadu (5m,0m), (4.66m,0.33m), (4.33m,0.66m),

v v @

(@m,1m), ... , (Om,5m) YUULANIFEY 5 TaU UAaLTALTINK 10 w1fi law
WALAN RSSI N9ALTAITY 4 67 Uaz 6 62 NS

MNeoda3{0m.5m) Hoded(Bm.Bm)  Node3{Om.Bm) Noded(Gm.8m)

*,

.,

dm

3Im

3 I N AN .

im \ 1m
e P < *o— — <
Nods1(om.om'™ " ™ Node2(Bm.Om)  Nedetiom.om)" " " M ode2(Em.om)

Ellﬁ 4.21 MWIRBINMINLAT RSSI AULWINULEIDBIN BN AR mmguéﬁua’w

A K v ¥ A
ANV QN@]W%U%‘ITW HEND]

o & \ o ' 2 & A
® MNITLNUAT RSSI  UOAREATNULRUIGTULUIUIUNINANUVDINUNNARDI 31N
AN (Om,2.5m), (0.25m,2.5m), (0.5m,2.5m), (0.75m,2.5m), (1m,2.5m),

..(5m,2.5m) UWAAIAIIFUN 4.22 YWUURNIAL 5 TOU UARTIOUNINK 10
9 1asLAUA1 RSSI NN MEAITU 4 61 Wae 6 @73 AUEIAL

63



Node3(0m,5m) Neode4(Bm.8m)  MNeode3iOm.5m) Noded{3m,5m}

4m am
2m 3m
» B ] ST
o Nodut[om.2.6m) Nodes(8h.2.5m}
im 1m
. 1 im 3m & . . 1 2 3 a .
Noded (Om.0my ™ ™ Mode2(sm.Om) Nodeifom.om) " " " ™ Hodez(gm.om}

i 0 . & & A
511 4.22 MWIRRIMIAUAT RSSI AULBIBAWNINANVBIABNNAR D

u

o <3 1 1 o 1 & A/ A
® yINN1TLNUA1 RSSI Lma:mmemuLmeﬁaﬂmwaawuﬂﬂ@maa N
ALRUS (2.5m,0m), (2.5m,0.25m), (2.5m,0.5m), (2.5m,0.75m), (2.5m,1m),

..(2.5m,5m) UWAAIAIIUN 4.23 FWUURNIAL 5 TOU UARTIOUNINK 10
W lastAudn RSSI MINIEAITU 4 @7 Uz 6 67 aNEIGU

Node3{0m.6m] Noded{6m.6m) Neoded{0m.&m) Noded{fm.6m)
:  J ® T @
4am 4m
Im - &m
Nodu&mz.im] NedeSiSm,2.6m)
Im v 2m
!
|
im + - im
H
i
H
. m 2m I 3Im 4m . . m 2m am am .
Mede1{0m.0m) NeodeZ(5m.0m}) Node1{0m.0m) Ned#2(5m.0m}

Eﬂﬁ 4.23 NWIIRDINILAUAT RSSI ANHLMIAININANITINUNNARD

® YimsiAiuen RSSI 2o untIf (0,0),(1,0),(2,0),...,(5,5) TasiRuiinaaas

FINIRYA 36 GRS LLam@ﬁgﬂ 4.24 FLUURNIFEW 5 50U LARTIOURNI

1% 10 W9 laulAue1 RSSI MINLTAITU 4 62 LA 6 61 ANEAL

64



Noded[0m.Sm} Nodwed{6m.5m) Nodwe3{0m.6m} Nedeod{Sm.0m]

® ] & =¥ »
4m = dm T =
Am e > am |osm====- »
an | Noges[om.2.5m) | HodwaSin.2.6m)
g a8 S 1m |f======== >
Nod’lbm.ﬂmj‘m 2m m 4m Nad:gm_,om) Nod’(ﬂm;nmgm 2m m . ';'“r;;::m.omp

311 4.24 NWIAIMIIALEAT RSSI N1IWNA 36 F1LrI YDINWNNARDI

ANTNUIAA DN

o neluonans USowinaWd 9% 12 8n E12 ameiainssuemans anniiu
wnalu laBwszaauinddingunmaianszo (wiawmInanssdi 4.4)
NAaN1INAaI
favnnnesssudiazlden RSSI vasudasdAITIRNA 5 R [STRETCEE
gﬂuuuﬁﬁg\mm 5 a5s AlFe750 4 ez 6 ¢

4.6 NINARBINIGUNHIVDIINY UazlTIUNEUANANNRANAINVDILARY
wmaia uﬁ'a"imqwqmﬁo
yailszaea
o mdunuszasiaglasldinaiia Maximum Likelihood uazinaiia Min Max
wazinaiaianasUsud la m:ﬁwmsms‘hLmu',a‘*uaui’]mmmmum@ﬁamn
FuninasaunInue 16 dunis lasludildondainsnismdunisues
i'mql,i‘ia’naéfﬂul,l,uummmugﬂﬁ 4.20 LALANNLWIRIAINANIVDIRUA
maaaé’agﬂﬁ 4.23 (gﬂﬁ 4.25 ugaadurerasRonaUSuATL RN RSSI
FIRNA 36 ALLAL)

65



Moded(0m 5m) Noded{5m.5m) MNede2(0m.5m) Moded(5m 5m)

| === e e o e @ e
e L e @ L s e JEIFEL B, s Butis B S

B I S S e i ] B S S S S '

B e e = ) T Y giedayg 2om
1@ & & —— & —é @ L
5. P T T R (s WO eeetinim)

31l 4.25 drunisfanasiud 36 drunns (a) nadiltluadn98e 4 lua uss (b) nadils
luaen989 6 lua

o LFuUNaUAIANURANAIATAILARZINATA

ANNA W
q o9

° @h@muﬁ@lwm@r’nao@‘hLmulwaﬁ@lqumﬂﬁﬂﬂamai‘ﬂ%uﬁﬁlzﬁ@hﬁam

=)

mzm J098901ABINARA Min Max Lazinaita Maximum Likelihood azi@nunn
A
NRA
9
Han1INaaasg
- mtﬁ@‘mmmmaﬁmﬁmmﬂ 16 @'hmemaauagilmmamwwaaﬁuﬁmaaa

v 1 v A =3 v A e Cll
mﬂyumumamwanmumuuum’ma @]\‘lgﬂﬂ 4.26

Neded(0m Sm) Noded(5m.6m)  Noded(Om,5m) Noded(5m Sm)
. )
i | e
o o
4 —
. g am g
.
’ ¢
X, 8.
s e
Im ’.,’ 3m ” 7
L
#
o ® - @
Wt Node5|0m.2.5m) Wiy 4 HNodeb{im,.2.5m)
2m ) 2m ]
' ' o
e o)
’,. ” " ra 2
im 4 - im ',’
,’.-' ,./
5 ¥,
P el o o o
1 2Zm Im 4 im Zm 3 4
Node1(0m 0m) m " Node2{§m.0m) MNodedi{Om.0m) " " Node2(5m.0m)
(a) (b)

66



Gi o 1 o K2 o 1 Aly d'
311 4.26 druniswasiagihning 16 duniinasey auuwINLBITBIRNUANARE
nnyuduaedelatiaguduuwenia (a) nadildluad 4 Tua uaz (b) nadiltlua

819849 6 lua

- NANIINARDIINNNITRIG LA UIV LT nursaI8naiia Maximum

Likelihood 841N GUAUINATOL 16 GILAUS lasdSoufauNanIIfuns
voainunsiiialdluad198s 4 Tuauaz 6 lua uaasaagdi 4.27 WWadunis

‘n@am_lagluLmemeaaﬁuﬁwmam mmgu(ﬁmﬁm%ﬁuﬁaﬁwuﬁmnumﬂﬁa

Range-based Technique (Maximum Likelihood)

B4 Nodes |16 Nodes

Estemated Location Error (m)

2 3 4 5 6 7 B 9 10 11 12 13 14 15 16
Target Position

gﬂﬁ 4.27 wamiﬂi:mmm@'i’umuwaai’mqﬁ]mmﬂ 16 AILAISNARDL GINLBINLE
& A o , o A AR 9 A o P X
VRINUNNABDY IINYNAUANTIBNDDIYNATULUINND laglFnadia Maximum

Likelihood lagini/SeULA8UNaINNIHITINANS 4 Lua ez 6 lua

- NANTITNARBINNNIIRIGILAUITaILTNRNNBa8Nada Min-Max 284

NN AUAUINATOU 16 GIUNRU lagSoufisunanisdunisvasiiiining
Waltluad1989 4 luauas 6 lua uaaInszuf 4.28 aduniinasevaglu

LAINLEIVAINWNN AR mn&;uﬁmmasﬁwUﬁaﬁogwﬁ’muum’nﬁa

67



Range-based Technique (Min-Max)
1.4

0.8 i ¢ —

1 % At

06 8 # ¥ ¥ _ : E ¥ F § ®maNodes

04 1§ & -: o O A A 1 & firaifas

02 14 4¢84 &4 . {
0 " i § > ‘-“ -

1 2 3 4 5 6 7 &9 1011.12:13 1415 16

Error Distance {m)

ik

Target Position
Eﬂﬁ 4.28 Nﬂﬂﬁiﬂit&l’]ﬂ&w}ﬁ’nmﬂﬁlQG’SIG]E]‘LﬂWViSﬂEJ 16 GLRUINAROL ATNLWINLLY

A A o ' v A R 9 A o a i
vasNuAingsas Nnyudusrtoiiofyuduuusniie lavldinafia Min-Max lag
WS AL UNRNNIIAT WA a9 4 1ua uaz 6 1ua

- NANITNARBINNNITANGE ALV T RNNB a7 ULﬂﬂﬁﬂWdLﬂﬂ%ﬂ%%@T §IN

NN e @AWAHNNATOU 16 AR lasuSouiisunanisduniivadiiiinang
Waldluad198s 4 luauaz 6 lua uaadaagun 4.29 aduniinasavaglu

LUINLEIVDINUNNARDS ﬁ]’lﬂ&w@qf’mﬁi’]\‘i‘ﬁ"]Uﬁ@ﬁ(‘llql&lﬁ"l%‘].l%“ﬂ?’]ﬁﬂ

Location Fingerprint Technique

1,2

| 4 Nodes 116 Nodes

IMI 0|l
AN Ak

9 10 11 12 13 14 15 16

0.8

0,6

0,4

0.2

Estemated Location Error (m)

i 2 3 4 5 & 7
Target Position

gﬂﬁ 4.29 wamiﬂizmmm@‘i’nmuwaai’quﬁlmmﬂ 16 GLRUINAROL NLWINLLY
tﬂq/ dl (% 1 U A R 2 A L% a A 6 1a 6
VAINUNNANDI INYUAUENTIIVDTIYUA LU D TaglfinaialanasUSue

T lSoUNEUNAINNIHITIUASN 4 Tha ULas 6 Lue

68



]
=~

° ' o 0 . ' < 4 g
ﬂiﬂi@]’]LL%%d“ﬂa\‘]’JWQLﬂﬁﬁN’]ﬂ 21 (9“]'1LL%%G‘Y]@ﬁﬂUﬂ%lI%LL%'JGIGﬂ\‘iﬂa'l\‘i?la\‘iﬁ%‘ﬂ
Nnaaayg

NANIINARIININNITRIG LA UIV LT nursaIanaila Maximum

Likelihood 284N dunvinasay 21 dunis lalUTouiiunaniduns
adinuneialtluad1ede 4 Iuauaz 6 lua ULEAIGILN 4.30 Liladunu

maauaQ‘LuLLu’mLmeaaﬁuﬁmaaa ﬁ]’]ﬂﬂg&lﬁ’]%ﬁhd%’]Uﬁﬂﬁd?ﬁ&lﬁ’]%ﬂ%‘lﬂ?ﬁﬂ

Range-based Technique (Maximum Likelihood):

Vertical testing

2.5
£ 2
TR & |
- ‘ ]
% Lap _E_;_‘ j'__‘_i _E_ # 4 Nodes
1 I I ST T ] ] R
L. ]
SR he bbb RibERTRRY
1234567 8 9101112131415161718192021

Target Position

31Jﬁ 4.30 Namiﬂizmmm@‘hLmuwaﬁmqmmmu 16 GLAUINAFOL G

& 4 ¥ A @ P . . .
LWIAININANTaINWANARY laglTinaia Maximum Likelihood 1
WIHUASUNRNNIGTINAES 4 1ua uaz 6 1ua

NANITNARBIINNIIRIG L AUIT LT RNNBa8Nada Min-Max 284

NN 9 AUNRINARIY 21 GIUNRU lagSoufisunanisdunisvasiining
Waltluad198s 4 luauss 6 lua ugaInsguf 4.31 taduniimasavaglu

AULWIAININAIVDINWNNARDS

69



Range-based Technique(Min-Max):

Vertical testing

2.5
T 2
o
§1.5 1
B i 1 s
=] 1 —
L
05,,’,,!,5,!,?, “éi

1234567 8 9101112131415161718192021

Target Position

® 4 Nodes

6 Nodes

gﬂﬁ 4.31 Namiﬂi:mmm@‘hLmuwaai’@qlﬂmmﬂ 21 GLRUINAREY NLWINT

A g { v a .
Aanatasnunnaaas lagldnaia Min-Max laglSouifsunaain

NI A8 4 Tua uaz 6 lua

- NANIINARBINNMIRIGILRUIVaITN R sdsnatialnasUIue vad

NNY AWANNATOU 21 AR lasSouisunanisdunisadiiiinang

Waltluaan98s 4 luauss 6 lua LEAIAIIUN 4.32 Lﬁa@‘hl,mﬂm@aauagh

& 4 & 4
MUUWIININANVDIABNN AR

Fingerprint-based Technique:

Vertical testing

Error Distance {(m)

Ei

12 3 456 7 8 910111213141516171819 2021

Target Position

gﬂﬁ 4.32 Namiﬂizmmm@hLmuwaﬁ@]qtﬂmmﬂ 21 FLRUINARAL INLWIN

= & A ¥ a A [T (3 = =
MNNRWNYBINUNNORDI I@]Ul‘ﬁL‘ﬂﬂ%ﬂWdLﬂaiﬂi%(ﬂ I@UL'].I?EHJLYIEI‘]JNG’%]']T]

NILT AN 4 Lua uaz 6 Lua

70



4.7 mswﬂamm@‘hLm‘biamm%'mqmmLwiazé'ana%ﬁad HUULAR WA la1a1s
qmﬂixaoﬁf

v a P o do v a a a
° (ZJ’ILL%’]I%&Jﬂ’ﬁLﬂﬂB%YP].IBG’J@IQY]ﬂ’lu’JmVL@ﬂUﬂ’TSLﬂaauﬂ’ﬂ‘id

aunynf

® XBee Module 7 @1 (AF 1 a7, 933U 6 69)
a 6 dll

® AAUNILGDT 1 10389

® NFBJ VUG 21X 29.7 ey, 7  naad

° Iﬂmﬂmiﬁuﬂﬁmm@‘hmemaﬁ@q

A5N1Inaaad
o a A A v o o 'Y o o v
® FALATHNNUNYUIN 5X 5 LuaT 1aulTaITuNd 4 @2 LAz 927U 6 6
ANEIAL (LRNBUNITNARSIN 4.4)
° ' o v o A ° ' o A
° ‘lﬁﬂmmummmuwaomq LEaIlwATan 3 WIFURUIV0IIANN
a ~ a a A A o A
LARBUNAULUINITLAREUN 4 UUY IAaUNTNAREIN 4.5 UFAIAIZUN 4.20
LLﬂtEl]ﬁ 4.23
o vinanuta 2 lagldinadia Maximum Likelihood nafia Min-Max WLazlnadie

Aanasisud laansnualdaiTuns 4 62 Laz 6 69

ANNUIAR D

o Aulua1a1y USMRINEWE Tw 12 a0 E12 amdaInITieIsas sn0n

walu ladwszsauinadiigunmiaanszis (nilaunmanadn 4.4)

NAN1INARDI
-Namsmaaam@‘hLmuwaai'@]qﬁl,ﬂﬁauﬁ@’mLLuaywﬁmmaﬁwﬁﬁaﬁmuﬁmuu
277 2UAINUNNIINARDIFILNATA Maximum Likelihood laaldaliTu 4 a1 was 6 69

LLﬁ@deﬁﬁdgﬂﬁ 4.33 uaz3Uf 4.34 mudeu

71



Connect Disconnect Status

@z)) ((3)) Setting Localization
1 | 1 |
: : iem : A ° @ RSST Base
1 | T |
: : & 7
-------- R RN e Finger
I 1 i P Pl’i.l%l
1 1 ]
. ! -
| | Lo 1
' ! - L
________ :________:_______"':’:_____J'_______ ~) Setting Environment
1 1 ll 1 Ref Mod:
] - & i eference odes
| - S | 1 @ 4 Nodes ) 6 Nodes
4 "l &
1 ! e |
1 - 1 T 1 Environment
1 - ) | & :
........ E_-_Tz.;.,_‘;f-___.._______,____--- ® Indoor ) Cutdsor
o
deor 1 1 1
"Jé - LB ! : Algorithm
- gh \‘J:;- 1 1 @ Maximum Likelihood
LA - ! 1 © Min-Max
_______ e TR L G L L
',’n - 1 1 T
oty | | |
e 1 1 i 1
| | | |
1 | | |
| | 1 1

©evedo

511 4.33 mimﬁauﬂmaai’mqmﬂmmuﬁﬁmmvl,@i” Taoldinaiia Maximum Likelihood

v ' ¥ A = v A & A Y o o
ATULLI qumumamwa (3N HN@W%U%T’)’]&IB VDINUBNNIINAND I@]EJI‘H@I’JS?IJ 4 a0

g ” (( ]) Setting Localization
z l ’,ﬂ: @ @ RSSI Base

] j 1
1 1 1
1 1 ' s
1 1 1 ,"
1 1 [
1 ' i 2
-------------------------------------- Finger
! 1 1 A -
1 1 1 J." 1 Print
1 1 1 s
1 1 | s 1
1 1 -!| L 1
: : '- 5! J' A Setting Environment
1 1 "‘,‘L’r‘ 1 Reference Modes
(=) I - @
1 1 1 ) 4 Nodes @) 6 Nodes
- T i
1 o A 1 1
I - _6‘3 : ; Environment
i ¥ = =
______ _'I_.I."(é...._?. :’,h;i-.-----:--------:------- @ Indoor O Qutdoor
W™ T e i |
- a‘lb q‘# "7’6‘ : i Algorithm
ey s i 1 ® Maximum Likelihood
Y 1 1 1 1 ) Min-Max
- L
_______ O e e e g ot
A 1
0 1
1 1
1 1
1 1
1 1

velvego

311 4.34 mimﬁauﬁmaai’mqmﬂmmuﬁﬁmmvlﬁ Tagldinasia Maximum Likelihood

LWl Yudusaaia 04 ANFUUUBNND VBINUANINARDS TaslFar5u 6 ¢

72



. . o 4 4 d ¢ 4 ¥ 9
-wamsmaaammLmuwaamqﬁLﬂﬁauﬁ@nuLmemnmwadﬁuﬁmimaaa @l
wafia Maximum Likelihood laglf@aa3u 4 @7 uaz 6 69 LLamvl,éTﬁagﬂﬁ 4.35 unzgun
4.36 AVAAL

Connect | Disconnect Status "
' '
. 4
' '
1 1 E
' '
I3
-------- PR R R SRR R
: R '
; L el : ;
i - o ' e
________ e B é‘ T ) Setting Environment
- g - -~y -
) i . ; Reference Nodes
' O 1 ' ' @ 4 Nodes ) 6 Nodes
- S .
' T e ' Environment
-------- :—------.f'm.-! Al e e s ® Indoor O Qutdoor
i Conll P }
: B J'j‘ ; ] Algarithm
1 1 1 1 1 @ Maximum Likelihood
. : H ! ! (2 Min-Max
________ I________I___-i____l________l_______
: b :
( ; N : ;
1
i : L : i
| P )
© 6 ve O e 90

3171 4.35 mimﬁauﬁmaﬁmqﬁiﬂmmuﬁﬁmmvléf Tagldinaia Maximum Likelihood

ANLWINININANTAINUANIINARDS LaalTa1su 4 69

Setting Localizati
(( )) ((:l) 7 Localization
: L ! ® % RSSI Base
1 1 1 1
1 1 1 1
1 1 1 1
_______ :________:___4____:________:------- _ F'u:.lger
1 1 o 1 Print
] d - 1
! @ o h ) Setting Environment
_______________ WA R e P S
V [t /X i 1 Referance Nodss
((‘ ’) ; "-r4 : ; @3)) %) 4 Nodes © 6 Nodes !
: T : ' E :
y nvironmen
: 5% “-"24 : ; ® Indoor © Outd
_______ :-—-—-."ya-———-:———————-:-——————— @ Indoor utdoor
' R ' Nigorithm
' fi ' ' ® Maximum Likelihood
: ; : 1 ) Min-Max
l _______ Lo e S e e ) e s
| | i T
1 - 1 1
: : :
Lom
(=) sy : : i
| - PEE” o)
@ e e ' W0

3171 4.36 msmﬁauﬁmaoi’mqﬁiﬂmmuﬁwmmvlﬁ Taglinadia Maximum Likelihood

AUUWINININANVDINBNNITNARD I@ﬂl‘ﬁ@]’]ill 6 @2

73



-wams'ﬂ@aadm@hLmuwaﬁmqﬁmﬁauﬁmuu,m&;s\l@'?’mdn%mﬁaﬁaaﬂm’muu
PN AVDINBNNIINAFDITILINATA Min-MaxlaglFa13u 4 @9 waz 6 a2 LLamvl,éTﬁagﬂ
7 4.37 LLﬂzE‘ﬂ‘ﬁ 4.38 MNAAL

et stem on Wirel
Comnect | Disconnect Status
'
'
'
'
1
-------------------------------/IV- ------ Finger
e Print
- '
_______________ ~ ) Setting Environment
Reference Nodes
@ 4 Nodes O 6 Nodes
Environment
L e o B o : @ Indoor € Qutdoor
4 ' '
Algorithm
I © Masimum Likelihood
@ Min-Max
I B
-
,“‘
(2) (=)
i i
R
I N
©eoeao oW
— —_— — P == s

gﬂﬁ 4.37 msmﬁauﬁmaai’mqﬁiﬂsLLﬂiuﬁﬁuuva@T Taglfinasia Min-Max MUY

v ' ¥ A K v A d%’ PN Y o a
muma‘mﬂuanmumuuum’nua VDIANBNNIINAND I@'IEJI"H@I’)TU 4

Setting Localtzation
® # RSSI Base

Finger
Print

i (=)

) Setting Environment

Reference Nodes
)4 Nodes @ 6 Nodes
Erwiranment

® Indoor © Outdoor

Algoriths

Qe oweldo ' )

31l 4.38 mimﬁauﬁmaai’mqﬁiﬂnmmﬁ'}mmvlﬁ Taglfinasia Min-Max REYITIGERY

o ' o A R Y A & A v o o >
@]F]uafl\']‘ﬁqﬂ&]aﬂﬂ&!m@’]uuum’]’]ua VDJANBNNIINONDI I@]Ul?j@]??ﬂ 6 ¢

74



. . o 4 4 d ¢ 4 ¥ 9
-wamsmaaammLmuwaamqﬁmﬁauﬁ@nuLmemnmwmﬁuﬁmimaaa @l
NAHA Min-Max  lagld@i3u 4 @2 uaz 6 a2 LLamvl,@Tﬁagﬂﬁ 4.39 uazUi 4.40

ANAAL

Connect | Disconnect
'
'
'
,
---------------- HPHE S H R D Finger
' Print
'
,
________________ ,L.------J-------J------- ~) Setting Environment
\_2 ' ' Reference Nodes
. ' ' > 2
f' e, ' ' @ 4 Nodes O 6 Nodes
' '
' ...-"'_ ' ' Environment
________:________:‘;Z,__:_‘.:_______,' _______ ® Indaor ) Qutdoor
' 1 \% 1
s i Algarithm
I ) Masimum Likelihood
I """""""""" i B T T
| g0 e
I | | .3 | AR
© 6 vedo ' WU

3171 4.39 msmﬁauﬁmaﬁmqﬁiﬂsl,l,muﬁ'}mmVL@T Taglfinasia Min-Max @130

MNNRNVBINBNNIINAND I@]EJFL“IT@]’JSU 4 @n

N
1 1
! H
1 1
.
"""" T
1 |
: . :
1 1 | | !
J L .! I b ~) Setting Environment
_______ -_"_""--_"ﬂf— S Reference Nodes
((‘ D i r:"{, . i qi“l) 74 Nodes @ 6 Nodes
1 N 3 1 1
' ‘éf.; \i Environment
LS e e Y N L L L ® Indoor @ Outdoor
St I
' '%'P%I '
! : T ! ; Algorithm
' H () Maximum Likelihood
' 1 ! 1 ' @ Min-Max
|
"""" I--------I----i----l--------l-------
' 1
! ! i ! !
' 1
1
(2 : Lo ' (e
I
| | | R
Qe ovedo L P00

3111 4.40 mimﬁauﬁmaai’mqﬁiﬂsl,l,ﬂmﬁwmmvléf Taglfinasia Min-Max 1309

MNAWNVBINBNNIINGO R I@]UI‘E@]’)?‘U 6 @7

75



-wams'ﬂ@aadm@hLmuwaﬁmqﬁmﬁauﬁmuu,m&;uﬁmmx‘l%mﬁaﬁaquﬁmuu
A d? ni 3 a A 6 1Aa 6 Y o v [ 2
PNavasNuNNIINaaasaamaialnasUsuea Laultaisu 4 @9 ez 6 a2 Laadla

é’agﬂ‘ﬁ 4.41 LLazgﬂﬁ 4.42 NRAL

Q A
| @ x )
Comnect | Disconnect Status
| o)
_______________________ :
'
'
-
-
: .rE f'b” J' A Setting Environment
--------------- . -,---,.yz-.----- IR
‘ - - i Referenze Nodes
] @ 4 Nodes © 6 Nodes
1 1 P ]
- -, ' ' Environment
_______ o 2\_____-w.r“zh______:_______,'_______ @ Indoor © Outdoor
- o : :
; ; ! t Agorithm
e ' ' @ nearlest
| e ™ i ' ' ) K-nearlest
- -
W= = ’-‘% ------------------------------
| < . . .
s
S | i 1 '
| o) . . . (o)
[
©eoeg oo
| — | e o e | e == =
Start Localization |

3N 4.41 muafeunvasiagilusunudwinld lasld Fingerprint Algorithm wuu
Nearest A3L42 &Juﬁmmasﬁmﬁa 04 guéﬁuuum'}ﬁa YayNwNNIIMaaad layls
AU 4 A

exX e

Connect | Disconnect Status

((z!) o= o= ((:)3 Setting Localization
- -
, i - -’ ~ 3) # RSST Base
' f
= Fyd \
IRRREEEECORELEEARERRRE: - "EED e . Finger |
- T - Print
'
‘// [} i
________ L I - ~) Setting Environment
(( D g'g' @ )) Reference Nodes
I ” ﬁ 714 Nodes @ 6 Nodes fl
-, 7 |
- i - ' Enviranment
_______ v, 2&--___‘,*;.ﬁz'h___q:“;&z,______,'_______ @ Indoor ) Qutdoor
- - -’ i
' o ' Algorithm
i et ' ' | @ nearlest
o o, 1 1 1 ) K-nearlest
R g iy O QU g g S L S S E S s
LT 'NQ
- e
i
o
(2} e

(

.;ElO ?/O&_D.|

311 4.42 naaReufivasiagildsunsudwinld 1ol Fingerprint Aigorithm uuy
o | v A R o A & A o
Nearest anauuwd yuduaadioda iy yuduuuenie vasiunniinasss laold
A27L 6 A7
76



. . o 4 4 d ¢ 4 ¥ 9
-wamsmaaammLmuwaamqﬁmﬁauﬁ@nuLmemnmwmﬁuﬁmimaaa @l

wmeadaianasUsud lagldaisu 4 a2 uaz 6 a2 LLamvl,@Té'fagﬂﬁ 4.43 uazgun 4.44

o @

((z)) t. ((:)) Setting Localization
4 -t 4 £ i 5] # RSSI Base
' ' ' '
1 1 1 1
' @ @ '

________ :.-----{25--‘---‘7‘; Lt EE T - Finger
1 - - 1 -~ Print
' ' ' '
' ' ' '
' '

________ :_______.r_‘b‘__ ___.r‘b'______l'_______ ~) Setting Environment
i "‘!2 E “12 | Reference Nodes
1 - -y 1 E 4
' ' ' ' @ 4 Nodes ) 6 Nodes
' ' ' '
: o= : @™ Environment

________ e/ R B iy | S ® Indoor ) Qutdoar
: X . 3
| ! ! | Algorithm
' ' 1 1 @ nearlest
! ! ! ! () K-nearlest
' ' ' '

"""" e e e
' ' ' '
' ' ' '

[ ' ' ' '

(2) : = : : i

-
-
|
| | o | e
©eouezo oW
S — — - - —

U1 4.43 Mmuafeunvesiagilusunsudwinld lavld Fingerprint Algorithm ana

LWIAININATaINRANIINaaad lauldalrsu 4 a2

Setting Localization
(gd - (g
T T LY ¥
: ! - ! 5] @ RSSI Base
| | | | f
1 1 1 1 15
1 o o 1
-------- ‘:;2‘5\2» ® g \
1 -’ - 1 = Print |
| | | |
| | | |
| | | | |
________ :________:____ ___J'_______J'_______ ~) Setting Environment
1 1 1 1 Reference Nodes
Q : j D ) e |
1 1 1 1 I
| = - 1 Environment
L - - 1 5 o]
________ e/ . ® Indoor ) Outdoor
i *“.2 _;; i
g ¢ : ! Algorithm
' ' 1 1 @ nearlest
' ! ! ! (D K-nearlest
h 1 1 1
"""" i sl s e S
| | | |
| | | |
| | | |
() : : : : (g
[
i 1 : [ e
© e vuedo ' YWNU)
oS Pt — e = ==

U 4.44 Mmuefeunivesiagilusunsudwinld lanld Fingerprint Algorithm ana

LWIAINNINRWYBINUNNIINGRD I@Ulﬁ@ni‘u 6 @7

77



M13199 4.4 LLE\’((?’Ix‘]ﬂ']iLl]%EI‘LILﬁ El‘iJﬂ’J']Na(ﬂwaﬁ(ﬂluﬂﬂiﬁﬁ(ﬁ’]&ﬂﬂdmadL‘ﬂ']‘ﬂll"l ]

1Aia Maximum Likelihood tnadia Min-Max wazinadadsinasusua

Localization Technique | Estimated Location Error (m)
4 Nodes 6 Nodes
Maximum Likelihood 1.31 1.12
Min-Max 0.80 0.80
Fingerprint 0.56 0.44

AMNATENLIIM I wRUsvadthranadsnaialanasUsudazi
mwﬁ@wm@ﬂumsm@hmeﬁaﬂ‘ﬁ'q@ LazAIENA%Ha Min-Max uazinaia Maximum
Likelihood 22UANUAANAIATDIRINIANURIAL %uﬂu"Lﬂmwawﬁgmﬁéza"L’? wazayyl
I&iunafiafidanududanuinni azlﬁmmgnﬁmLmuinmrm’h
4.8 NINARDINIANUKHIVBITAY c-?fwmﬂﬁﬂ?\lama§ﬂ%mﬁa’f‘ia‘l§%§mmﬂan@:u

FCM
yailszaIn
o szifiunanaiod leinianaluin ﬁ'fiaLflumiﬂi:ﬂqﬂ@ﬂﬁ%mmmmﬁuﬂa
wnasUsudal83t FCM lagmsmnruaduniifanasdSuduasdiuniiivas
Tuadn989 LLamvl,@Té'agﬂﬁ 4.45
° m@‘htmﬂwaﬁ@qimal‘l,%mﬂﬁﬂﬁaﬂam lagazyinmamdunisvasiihnang
Lmeq@ﬁamn@mmumwaauﬁy’mm 16 dunshs Twuwa 4 femng aait
O WWINLEIIBIRARANARDS NnyuTuasdans yuduuusnla
O WWINUEITBIRARANARDS nnyuduiela yuduuusaila
O WWIHAAINA VIR UANARDY
0 umIRINA9aIRBANARDS
I@ﬂmwaﬁmaaLL@iawmmsmaaauamﬂﬁé’agﬂﬁ 4.46 ﬁagﬂﬁl 4.47

78



A

Ha

(uomsod g1-1) Sunsy 103 apou 1@dmy,

uoneadxa uoneEao| ul 1Asn|) D U0NE1adXa UONEIO] ISAIBAL UL SN D

o 4 Tue

Fl1
T8 FIRIUNT

F1

Fie

Fi0y
‘

Sm
o

Fi3
Gu

F14
A

91984

A Fly)

F13

il 6 lua)

A
A

B B O io|
m O,

=

)

A

AUA

AWUK FRTUNT D

U
v

o

/093U

o
o

v
v

q

A

80931
=1

81989 (
A

=)
v

q

A

A

Funigraslue

o
U

waeIUwI NI

=
SUALE

a

F1
T
Fi0y

Sm

D Sensor nodes as database/training node A Reference node

A

F33

F14

F19

F13

511 4.45 dunsaNanasy

u

A
A

Sm

B B O o
m o,

79

FunITadlua

(3
IUALNS
A

MNIUNIUUWINULITDINUANAR DI MNUNFWE1NVNTBNT YU BUUT83D

a

& A
=

a

]
o

N < I <
OECDEEDE (|[[DoC0om
BEOoEEEE ||[|l[mooem
lnepezece [|[noBoE
DDEDEE ||| 8 @Ea
DDDEEE |[|[[eeBEOE
pongeeE ||[lEeooo
9 < | < <

< [
EEDEEGE ||[[DooEE
BEOEOECE ||[|[ooea
Depeoe ||[loomomE
DDEO0EC |8 @0
D EDEDE ||[||[BEEBOE
DoooeEo ||[lpeoeo
< | <

LWINLEIVDINUNNARDI INNUUATURN TN U ULUVINND LA

511 4.46 duniaNInasy

u



A Al |a A
0D BB B E B
HE BEE EBE © B B B B A O
HEE B EE B B EE E EB B
B B E B D @ H B B B B @

A B B B E

AEIIE]IEIEIAAIIIIIEIA

A Al |a A
O B BCE B H 0 B B:E @ B
E B BB B B

<0 B B:E @ O A0 B B B @ Oy
A B EBE @ B B B BcE H &
O B BB O O Il @ BE-EH @O B

S e
Amm@@mmﬁﬁmm@@-mé

Target node for testing (1-16 position)

D Cluster in nearest location expectation ()

gﬂﬁ 4.47 FuriiRanasUSuduasdiunisvasluasd (aaagﬂéﬁuuu f1RTUNTOL

LU UTINAITBINUNNAR DS LLﬂzﬁaGEﬂﬁﬂufﬂlﬁd FRIUNIUUWIAININAS

ANNAI W
q X}

& A
VDINUNNARD)

FCM a:denkauninnuun bilt3s FCM

' A ° 1 g A9 o a A [T 6 s
ﬂ’]ﬂ’J’]&JN@Wﬂ’](ﬂ“ﬂﬂd@]’]LL%%G‘I]?N’J(?’IQV]I‘ITLY]@]%QWGLﬂ@‘iﬂ‘iu@LLﬂ‘Ul‘D’)ﬁ

AANIINA|DI Gl%ﬂiﬁﬁ%@lillﬂ']ﬁ&d']ﬂﬂ%!ﬂﬁd Tﬂﬂlﬁ’]ﬂ']i‘nﬂﬁﬂﬂ 16 GRS

(%) a A 6 1Aa '
nagay Tﬂﬂﬂszqnm“l‘ﬁg FCM nutnanastnasdsne

Tunft dwmualddwinvesng (c) whi 10 saduldaudenlafie 1<c<m

Tuam=n M = 37 (36 dunisvaslanasdSuduas 1 dunssvasihnane)

80



Left Diagonal Estimated Location Error

1,2

Hstimated Location Frror (m)

1 2 3 4 5 6 F B 95 10 11 12 13 14 15 16

Target Node Position
14 NODES M6 NODES

3UN 4.48 wanslsmanamdumbvasianineng 16 dunibimasey anauwInLe
A’ dl % ' U A R U A L% a A 6 1A 6
vasRuingsas nyudusvdoiiafauduuuiniie laslfinadafanailiud
F0NUAT FCM lagnlSautnaunaannImltluasid 4 1ua was 6 ue

Right Diagonal Estimated Location Error

1,2

03 -

06

04

0.2

Estimated Location Error (m)

1 2 % 4 5 B 7T 8 9 10 11 12 13 ‘14 15 16

Target Node Position
I14 NODES M6 NODES

gﬂﬁ 4.49 Namiﬂizmmm@‘hummaﬁ@]qtﬂmmﬂ 16 GLRUINAROL ANLWINLLY
PYaINUNNARDS mmgwﬁmmamﬁﬁaﬁmuﬁmuwﬁwﬂﬁa TaglfinadafanasuSud
uNU3T FCM lagnSoutfsunaannIsdlsluaans 4 lua waz 6 lua

81



Horizontal Estimated Location Error
12

0,8
05 |m
oa 1|8

0.2 4 HE

FEstimated Location Feror (m)

o == L ~H “HEl-ES]-RE] - - L

1 2 2 4 5 6 7 8 9 10 11 12 13 14 15 16

Target Node Position
[14 NODES M6 NODES

gﬂﬁ 4.50 wamiﬂi:mmww‘mmuwaai’mql,‘i’]mmsl 16 GILAWSNARDL UL INLE
4?’ d' QU 1 A R [ % A % a A 6 1Aa 6
VOINUNNARDI INYNATUINDIWDDIYUA UL 8D TaglfinaiailnasUsue
unU33 FCM lagnSoutfaunaannImlsiuaais 4 lua was 6 lue

Vertical Estimated Location Error

12

08

0.6

04 -

02

FBstimated Location Frror (m)

8 9 10 11 12 13 14 15 16

Target Node Position
[14 NODES M6 NODES

;sﬂﬁ 4.51 Namiﬂizmmm@'hl,muwaﬁ@qvﬂmmﬂ 16 GLRUINAROL N LBINLLY
PYaINUNNARDS mmgwﬁmmamﬁﬁaﬁwﬁuﬁmuuﬁwUﬁa Taglfinadafanasusud
TUNU3T FCM lagndSoutfsunaannIsdl sl uaans 4 lua was 6 lua

g; 1 dl ‘=I 1 =) =) ‘3/
PMHANINARDIAIUGAILN 4.48 ﬁogﬂ‘n 4.51 NUIANURANAIAILLAAUUNIN
NUSIWTIINAIVIUINUNNARAY Wazazia1asnINNUS I MU UV BIVUS I UN

NARAY 8EN9IINENAIANNHANAALRRLINAMAUINARDY 16 FIULAUINLINFIAI

82



=) v a ‘é U Q 1 =Y { =) =

AOWANAtaYUTz i1t 0.6 LTWALNAT S9lnatAasnuaInNNRaNAaLaILUDINATAN
tnasUsud 1alalaldis FCM saudae LL@iaﬂ'NvLsﬁmwﬁ%'ﬂwmﬂm@ﬁm’?xlamai‘ﬂ%m?
Wadn1tldas FCM  s2udae azvinlwltiianlunisdszunanaanad Liada1nn1Ind
o ' o . a ¢ la & 1 o M o a ¢ a €
@nLmuwaammmmzmﬁnﬂﬂqmaw\hmasﬂmmLmuu 1aildnrannlainasysud
ninualugudays uananiiinsiazililensldnumsinuuesluasasidneis

4.9 Uﬂﬁ?ﬂ
AN e . o= o & , & & A \ o
Tuunilana D laTIRI9VBITIUY NILUEIBIITAUIT NI TaNGauaznTbT
1% Graphic User Interface 333/ lUflsuwinisuaziinisnaaaimsszydunionaluuuy
a A a va A ° v A A9 o
nyafauazupuiafend lasldisnsrzyduniidinimafianlsiugiuvesniim

a

a o Y ad 6 A &
TN NARANI I ATURUINILITHINATUI UG

83



5. uﬂ'“aminfuaza?ﬂwamuﬁﬁﬂ

widatidunsihiaunauninoiuazaidnanuidds ufisaldnadniuwima

Mg iwwInlwauiae
Av SAao ¢ o A A =] o A A

nwITpiiitaguizasdnanfeiadnmuaziauwnnafiafmanzauluniim
dunisvaaimunslulasstrsiawsessaouuiugiuinalulad zigBee lavly
windmes RSSI  lumamidunis §3duldvins@nsinafialunimmidunis

a J a g 1 o 1
warnnanginatadaduwitingin uazwuiinsmdiunisaaaivane lasanzly
RN WIARDNNY I ATTIN mﬂﬁﬂﬂdma%ﬂ%uﬁazlﬁmmgﬂﬁaau,&iuﬂ']mﬂﬁq@
1 =3 a A 6 |1Aa €cf a g; n:l' s U L% [ 1 a d'

agngbsnaunataNnasUSuanh JrwaannaudawlazlTNaswIINNINNatadn
aanudIaed lddszgndldnsudngudsis Fuzzy C-Means (FCM) andaunuimnaiia

Wanasusua I(ﬂ yﬁﬁ;mg;mmﬂLﬁaa@1m']wﬁ'wﬁauuaxﬂ’lﬂfwé'amuﬁﬁa BN

a 6 a o
5.1 UNITAHAIINIVEY
dl v 1 L v dl ﬂi‘ ad 1 U v v
nnflananliluiaden 3 Fesnseeanuuuuazitmisnaassigiselddasnis
sivszvudusuulumamnduniszasiagihnanslulassinoawse Smouunugu
walulad ZigBee lasizuanmaimafiatugiuanld anunislanamidainalle
v 1 o { J a g o 1 ] a L
anugndsduaindianniu inaftaRugrulumimduniiazudaiu 2 mallananda
A A9 & a A [T (2 g (Y (%
mafanlinugiunmmiszazmasazinafiefanaivsug wananidslanasasnamm
safWuIsaudadagldiuiiaifienuaainanisnidiuniianinaiadie g uazlu
ANNIZUIARaNE 9 A93UN 5.1 (MuazBoavesnilinu Srdsniaten 3.2.2.1)

(=)

____________________

Wy Y

O @ 606 ® 6 ©® @ ®
Qe vedo o0

311 5.1 wiwadldsunIsunawnIamansa

84



nnidaf 4 ldiauaniInaasiuszuaainan1snasad lasayunisnanaanan
UATNANTNAREIAIT
@ o 4 o ' L o
- naseugUniolimwaadiiany luga XBee lunmsTudsdayasn RSSI F9vims
NAFOUNINELULAZAEKENEIANT IMNNINAFOUNLI1 XBee S1NNTDTURIAT
v v et { 1 { 1 1 lg’ 1
RSSI ¢ uazgaaasadnunngeiinieszezwieizning XBee 1T 6
Ao o A = A @
RsSI 75uldazanas wazilawSeuiisuananzmaseunswanuaznaly
‘o : A ) : & £
27013 WUIAIT89  RSSI  9:f08 9 aAadlNaIzazHIITERINL UL T TINT
. = . . - &
RIATUANIIZUIAR NN HANDIATT WeazTNIT ALY a3T%e 839 a1
JrpznIEIMITuAIInan1zuIadennisluenans (uaasldaszln 5.2) o
gFoanRaINUNOEfNianzwasaunsluetais azlfsfavnaduniinig
Euwnszasnanan I liAadainngnisaduazrian Anwm 18LwK uaziia
€ e A L A & L Aa \ \
U31ngn1satdad@wistu d9dsingnisalinanhinaniznuagiiuindanis

LNSNIZANLVDIARW

A1RSSI NNY3zaz 1 mas Maluazuenains

80
-60 gl
50 ’ 1 Wecedeee B
40 ¥ L g
30
20
10

1 RSSI (dBm)
n

FZHZNN (LHAT)

..¢-- A RSSI NN5z8z 1 mas n1aluaims

---l-- f1 RSSI N9 szez 1 AT N8UDNDIANG

311 5.2 nmWiTsuiiauen RSSI nanelulazn1guanaiIaig

85



- maaumsm@hl,muwaﬁmq LAzt UIHUNIUAIANNRANRIAVDILARZLNATA
{ o QI H Y o v =) & ]
Waingnyais Taslunisnagauilarinniinasaulasls 3 tnadie TIDE U
dlq, a dl q/d%/ a A
wugmmaamﬂuﬂﬂl"nwugmmsmizm‘ma 2 INakAAe
O naia Maximum Likelihood L&z
O maia Min Max

a a s A a A 6 1A &
uazdninaianikinainaitawanatlIne

lagrinnsnanaslunais g IUUVUNIFUAAUINATOY UazRIUNAAIAY
AANa1a NI IRIA LRI G aI019197 5.1 FI9zWUINNABHARNILN DTS U L NI1IHN
AW a:ﬁmmgnéfaw&iuﬂﬁmﬂﬁq@ uaagglsAaunatiadsnasusudaziainy

FUFAULAL MITWRIIWBIINNTT 2 InadaNvaa

A197191 5.1 ux@INM UL Uum’mﬁ@wamiumsm@‘mmﬂw E]x‘iL‘ﬂ’]%ﬁJ’]ULL‘]J‘]J%EqI@

f9anmadia Maximum Likelihood tnadie Min-Max uazinaiaiainasusnd

Localization Technique | Estimated Location Error (m)
4 Nodes 6 Nodes
Maximum Likelihood 1.31 112
Min-Max 0.80 0.80
Fingerprint 0.56 0.44

vad

- ‘n@aaumsm@‘hLmuwaﬁ@]q%q@ﬁd@hzlmﬂﬁﬂ‘ﬂamm‘?ﬂ’%u@ﬁﬁaimwmi
Wwiangy FCM FanuamInagaunuindianuianaaaasazlenlndiass
Aumafeflanessudiieldldls3s FCM e waagylsfiaulI9ewL I
imanaanasUsud Wadns1e55 FCM  sanaag i ilginarluns
UsenranaanasuazlgnassIunagas 1Ha991ANISHIGIUNUIV D
zﬂwmmzmmnnéamaﬁ\lamaﬁl?uﬁiﬁ'nfu lsilavwrarnisinasysue

novanlugrudaya

86



- nagauMIMEuRKIzesiaguuuInfani dainadla Maximum  Likelihood
NAKA Min Max LaztnaialainasUsug waznagaunITLaadnaniie GUI Nke
o £ { o ' ° ' (% o
WalrIn lag3ufl 5.3 ugasdratninisuaasdiuniivasiagiinanouuy
iRauntlaltinaiia Maximum  Likelihood I@Uiﬁi‘@lql,ﬂﬁauﬁﬁnml,m&qm
2 1 % A =S (% A d}/ d' d';:? 2 a
dusntroiiofsyuduuurnlevasiuininaass laslunflslnuad1sss 6
Iaua 9ngtazwudn GUI - mansnuaasdwriszasiagihninglduuy real
. A o [y o a ° ' o [
time mm‘lvxQ’Lﬁmmmmmwmmemaamqvlwaa@nm

11" Localization and

@X@ =

Connect | Disconnect Status

(‘g)) ((:)) Setting Localization

. 8 4; RSSI Base
.
4

------- Finger
W Print

~) Setting Environment

Reference Modes
{t.gﬁ

g O 4 Nodes @ 6 Nodes
Environment

_______ ® Indoor & Qutdoor

Algorithm
@ Maximum Likelihood
) Min-Max

© 000300 B oW

317 5.3 msmﬁauﬁ"uaai’mqﬁiﬂmmwﬁmam‘lﬁ Tagldnadia Maximum Likelihood

(ﬂ’mLl,myuﬁmd’msﬁﬁﬂﬁaﬁayuﬁmuummﬁamaaﬁuﬁmsmaaa Tagldaa5u 6 a2

5.2 agﬂnamuﬁffﬂ

Tassns39e wdunvsisnavzuunazdsnslviluniswidiunsisvasiiinnung
Tulassoiruwraiisaouunugiwnalulad zigBee lasiduldaruiihmununande
WAl TZUULAZAT NI I IR LRIt a LT ﬁmmmmm"%mmvlﬁasmgﬂﬁao

wazldsz@ninw lasaguuiugiuvasanuiolumavawiszoy anylidudausas

'
a o

a o 1 v g: £ 1 U té L
aaﬂaiﬁuluﬂqiﬂq(ﬂqu%uﬁ LLﬂz@uVlu ('Y]\‘i(ﬂquﬂ']sl"ﬁﬁ]’]ﬂ LRZLINT) AN Gﬁdwaawfﬁnﬂ
Ao A & W o o @ ad Ao o & A o '
MW H ®FIVITDLY UOULUUFIRIUNI TN B ISUULRZATNINTU T2 WU LWE]%’]VLII;E

a A o ] t:ll a cg/ v
1J32&M ﬁ.ﬂﬁWluﬂ’ﬁﬂ’] AR NN QY uvl(ﬂ

87



5.3 WHINWNIIALTHWITWIVETHaWIAA

1. ﬁ'@umé’&m’%ﬁﬂﬁﬁmmgﬂﬁaaLL;J'uﬂﬂmﬂﬁTu LLazlﬁﬁﬂ’Jmefueﬁamm:ﬁunu
VOREN

2. fmsnagaumsmduniluanuilenuess

3. NAWIFa8a LU TIN T E Lﬁ'amiﬂi:qﬂﬁﬁ%mﬂ%mm \ruai1sgUnyal
wnwﬂumsmLLazaﬂmmhLmu',waai’mqlﬂmmml,uuwnwwvlﬁ %‘%aﬁﬂﬂa@ﬁuﬁuwﬁ

Lﬁalﬁumiﬁﬁ' oler 1Tlwee

88



UIFWINNIN

[1] wwiiath Fuowenavd, lasstnaduweesliae mﬂiu‘[aﬁlﬁaﬁa@'ﬂmmz
au1A@”, 213813 Engineering Today, T 10, a0 109, ANT10% W.A. 2555, I
51 — 54.

2] g1 gRnunToined, taSatoidusailine,

Available : http://www.thaitelecomkm.org/T TE/topic/attach/WSN/index.php

[3] ThaiEasyElec.com, a8 ZigBee ﬁaa:"l,i,
Available : http://www.thaitelecomkm.org/TTE/topic/attach/ZigBee/ index.php
[4] The ZigBee Allince, ZigBee Specification, 29 July 2007,

Available : http://www.ZigBee.org

6 n‘fd aa A d' [ v
[5] WIsANG N3AIUNNST, aluladmsieansisanaszozlng,

Available : http://www.thaitelecomkm.org/TTE/topic/attach/Bluetooth/index.php

[6] ThaiEasyElec.com, ZigBee and XBee BASIC @81 XBee ﬁaaz"lﬁ,
Available : http://www.thaieasyelec.com/Embedded-Electronics-Application/what-is-

XBee.html

[7] Ww3aik L%tynuamdﬁ, “naluladl RFID Auwmafianswdiunisvasiihnang’,
13813 EC, T7 10, atfufl 58, Woadmeu-5uanay w.e. 2554, il 51 — 58.

[8] The XBee/XBee-PRO/S2B ZB Manual, Digi International Cooperation,2010

[9] I. F. Akyldiz, W. Su, Y. Sankarasubranamniam, and E. W. Cayirci, A Survey on
Sensor Networks. IEEE Communications Magazine, pp. 102-114, August 2002.

[10] D. C. Hoang, R. Kumar, and S. K. Panda, Fuzzy C-Means Clustering Protocol for
Wireless Sensor Networks. Bari, Italy: IEEE International Symposium on Industrial

Electronics (ISIE-2010), 2010.
[11]J. J. Caffery and G. L. Stuber, Overview of Radiolocation in CDMA Cellular

System. IEEE Communications Magazine, Vol. 36, no. 4, pp.38-45, April 1998.

[12]T. S. Rappaport, J. H. Reed, and B. D. Woerner, Position Location using Wireless
Communications on Highways of the Future. IEEE Communications Magazine,
Vol. 34, no. 10, pp. 33-41, October 1996.

[13]G. Sun, J. Chen, W. Guo, and K. J. R. Liu, Signal Processing Techniques in
Network Aided Positioning. IEEE Signal Processing Magazine, Vol. 22,no. 4, pp.
12-23, July 2005.

[14]H. Tsuji, Experiential Evaluation of Indoor and Outdoor Radio Source Localization
using Array Antennas. IEICE Trans. Commun. (Japanese Edition), Vol. J90-B, no.

9, pp. 784-796, September 2007.

89



[15]P. Cherntanomwong, J. Takada, and H. Tsuiji, Signal Subspace Interpolation from
Discrete Measurement Samples in Constructing a Database for Location
Fingerprint Technique. IEICE Trans. Commun., Vol. E92-B, no. 9, pp. 2922-2930,
September 2009.

[16]M. A. Egan, Locating Clusters in Noisy Data: A Genetic Fuzzy C-Means Clustering
Algorithm. Proceeding of the 1998 Conference of the North American Fuzzy
Information Processing Society. IEEE, pp. 178-182, 1998.

[17]W. Wang, Y. Zhang, Y. Li, and X. Zhang, The Global Fuzzy C-Means Clustering
Algorithm. Dalan, China: Proceeding of the 6th Congress on Intelligent Control and
Automation. 2006.

[18]M. Sayadi, L. Tlig, and F. Fnaiech, A New Texture Segmentation Method Based
on the Fuzzy C-Means Algoritm and statistical Features. Applied Mathematical
Sciences, vol.1, no.60, pp. 2999-3007, 2007.

[19]J. C. Bezdek, Pattern Recognition with Fuzzy Objective Function Algorithms.
Plenum Press: New York, 1981.

[20] D. J. Suroso, P. Cherntanomwong, P. Sooraksa, and J. Takada, Location
Fingerprint Technique using Fuzzy C-Means Clustering Algorithm for  Indoor
Localization. Bali, Indonesia: TENCON 2011-2011 IEEE Region 10 Conference,
pp. 88-92, 2011.

[21]D. J. Suroso, P. Cherntanomwong, P. Sooraksa, and J. Takada, Fingerprint-
based Technique for Indoor Localization in Wireless Sensor  Network using
Fuzzy C-Means Clustering Algorithm. Chiang Mai, Thailand: ISPACS 2011, pp. 1-5,
2011.

[22] P. Cherntanomwong and D. J. Suroso, Indoor Localization System using
Wireless Sensor Networks for Stationary and Moving Target. Singapore,
Singapore: ICICS 2011, December 2011.

[23]D. J. Suroso, P. Cherntanomwong, P. Sooraksa, and J. Takada, Fingerprint-
based Technique for Indoor Localization in Wireless Sensor  Network using
Fuzzy C-Means Clustering Algorithm-Emphasizing in the  Quality of Database.
Bagkok, Thailand: TIMW 2011, 2011.

90



JOURNAL OF XXXX XXXXX, VOL. X, NO. X, MONTH YEAR

Implementation of Fuzzy C-Means Clustering
Algorithm in Fingerprint-based Localization in
Wireless Sensor Networks

Panarat Cherntanomwong, Dwi Joko Suroso, Pitikhate Sooraksa, and Jun-ichi Takada

Abstract—The emerging technologies of wireless nodes lead
the development of the small, relatively inexpensive, and smart
sensor nodes to support the research in Wireless Sensor Net-
works (WSNs) applications. The power of the system will be
proportional to the amount of deployed sensor nodes. Clustering
technique can be one of the promising methods to reduce the
power consumption in nodes. Fuzzy C-Means (FCM) is known
as one of the clustering algorithm that can handle the uncertainty
data and its robust application for the complicated data. In
this paper, indoor localization system using fingerprint-based
techique is studied and developed. Fingerprint-based technique
is a localization technique that allows us to have the database
of information stored inside the system. This leads to higher
accuracy compared to other techniques. The implementation of
the FCM as clustering algorithm in the database of fingerprint
helps the faster calculation. Accuracy of FCM to cluster the target
node and sensor nodes are the main concern. The accuracy of
the system will be shown as the estimated target location error
as the result of pattern matching algorithm calculation. From the
indoor experiment results, the FCM can cluster the target node in
an appropriate cluster successfully. From here, we can conclude
that the FCM can be implemented as supporting algorithm in
the fingerprint-based indoor localization system.

Index Terms—wireless sensor network, fuzzy c-means, finger-
print technique, nearest neighbor.

I. INTRODUCTION

NDOOR localization has many advantages as one of the

applications in wireless sensor networks (WSNs). Localiza-
tion usually refers to the process of dynamically determining
the location(s) of one or more target node(s). WSN is defined
as the network of many sensor nodes which deploy in the area
of interest, inside or near, respectively [1]. In order to observe
the parameter in the area, sometimes this networks consist of
many sensor nodes, a hundred or a thousand sensor nodes. As
known, increasing the number of sensor nodes affects to the
power consumption of the network itself. In recent days, many
researchers try to apply many techniques to reduce the power
consumption through various scenarios [2].

This paper proposes a solution to the problems using clus-
tering data technique. The Fuzzy C-Means (FCM) algorithm
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is applied. By applying the FCM method, a partition of the
feature vectors into different regions can be performed. This
FCM implementation has purpose to cluster the target node
or unknown node that has to be estimated its location with
the others sensor nodes in the area of interest. The indoor
localization technique has many types, i.e., scene analysis
and range based. Scene analysis technique is represented as
fingerprint-based technique. For range based technique, there
are a lot of techniques which have been published by many
researchers, to name a few, Time of Arrival (ToA), Time
Difference of Arrival (TDoA), Angle of Arrival (AoA), Min-
Max Algorithm, Maximum Likelihood Algorithm, etc [3]-[6].

In this paper fingerprint-based technique is utilized. This
localization technique applies two-phase processes. The first
phase is called the offline phase. In this first phase, the
signal information obtained from known nodes, referred as
fingerprint, are recorded in the database. The second phase
is called the online phase. In this phase, the current signal
information obtained from unknown node is compared to
signal information in the database (in this case, received signal
strength indicator (RSSI) is used as the signal information).
Using the clustering method, the improvement of accuracy
can be achieved while the RSSI values in the database are
clustered into vectors that have similarity among others. The
clustering technique is also well-known technique with the
spatial advantages related to scalability and efficient commu-
nication [2]. As the IEEE 802.15.4 wireless communication
standard, ZigBee has many beneficial factors to be deployed as
sensor nodes since its durability and low power consumption.
Furthermore, ZigBee provides the parameters which can be
used as the parameter of localization technique, i.e., RSSI and
link quality indicator (LQI). Therefore, ZigBee is used as the
reference sensor nodes and the target node in this paper.

For the experiment, RSSI value is recorded from 4 reference
nodes in 5m x b5m area of interest. The size of grid in area
of interest for fingerprint database is 1m x 1m. So, we have
36 fingerprint location and each fingerprint location is located
at the known location. For constructing database, the packet
of RSSI is sent from the fingerprint location to the reference
nodes. After that, the reference nodes will resend the packet
to the fingerprint location as RSSI values in dB which are
recorded in the database. After all of 36 fingerprint locations
are recorded, the next process is to compare the RSSI values
of the target node with those in figerprint database using
pattern matching algorithm. In this paper, the nearest neighbor
algorithm is used as the pattern matching algorithm to estimate
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the position of the target node based on the minimum error
between the target node and fingerprint database.

This paper is organized as follows. Section 2 explains the
description of the algorithm model. Section 3 describes the
experiment system and setup. Section 4 shows the results and
gives discussion. Finally, the conclusion is given in Section 5.

II. ALGORITHM MODEL
A. Location Fingerprint Techniques

The fundamental concept of location fingerprint tehnique is
briefly explained in this subsection. As mentioned in introduc-
tion, by using fingerprint technique, the location of the target
node can be estimated by comparing its spatial signature or
signal information (in our case is RSSI) with those which are
previously recorded as database.

Location fingerprinting is the location sensing technique
which involves a two-phase process. For the first phase, during
the offline calibration phase the received signals at selected
locations are recorded as database. Then, for the second phase,
pattern matching algorithms are used to infer a target’s location
by comparing the current observed signal features to the
pre-recorded values in the database [4]. The key points of
this technique are the selection of the spatial signature and
the method in constructing database. The commonly used of
pattern matching algorithm as shown in Figure 1 [7].

FINGERPRINT DATABASE
EKnown Location Fingerprint Information
Location 1 Information 1
Location 2 Information 2

Information M-1
Information M

J

Location M-1
Location M

Estimated
Received Terminal
Signal i e Location
-1 attern Matching
— Receiver _ Al —
Fig. 1. Location fingerprint localization

For example, let the number of reference nodes as
N, number of fingerprint locations as M and D,, as
fingerprint information (RSSI values for N nodes) at position
F,.(m =1,2,...,M) and r represents RSSI values from each
node. Hence, the fingerprint technique can be expressed as

D,, = [T(l,m): T(2,m)s -+-+s T(N,m)} 2

For the common framework of the fingerprint techniques
considered in this research, the measured RSSI signal obtained
by ZigBee with the Xbee 24 — Z B model as reference nodes
with N =4 and N = 6. The reference nodes are employed to
justify the target (transmitter) location.

Given that [1(1 ), 7(2,m) -+, T(N,m)] 18 @ set of M with fin-
gerprint information vector that has four-to-one and six-to-one

mapping to a set of the fingerprint information (RSSI values)
and the location index is expressed by m(m = 1,2,....M).
The location which has the smallest error with the current
transmitter signal or provides the best match is represented as
the estimated location.

B. Clustering

Clustering analysis is a generic term for statistical
procedures designed to identify groups of observations that
have similar attributes or characteristics. The purpose of
clustering analysis is to cluster observed data in such a way
that the entities within a cluster are more similar to each other
than to those in other clusters [8]. In other words, clustering
is the process of grouping a data set in a method that the
similarity between data inside a cluster is maximized, on the
other hand, the similarity between data of different clusters is
minimized [9].

In this paper FCM as one of the clustering method is
deployed. FCM has many benefits to be applied in the system
which has multi channel data, in our case is RSSI values
data. Like briefly explained before, number of fingerprint
locations as M and D,, as fingerprint information (RSSI
values for N nodes) at position F,,(m = 1,2,...,M) and
r represents RSSI values from each node. With M = 36
and number of reference node is N = 4 and N = 6 nodes.
The FCM will be deployed to minimize the partition of
RSSI data set. The further explanation will be explain in this
subsubsection about FCM and its implementation in this work.

1) Fuzzy C-Means: Fuzzy C-Means (FCM) is a method
for data clustering which allows one piece of data belongs
to two or more clusters (groups). FCM is unsupervised
learning algorithm which can be applied to several problems
involving feature analysis, clustering and classifier design in
fields such as astronomy, chemistry, geology, image analysis,
target recognition, image segmentation, medical diagnosis and
shape analysis. The advantages of the FCM are its ability
of uncertainty data modeling, its fairly robust behavior, its
straight forward implementation, and its applicability to multi-
channel data [10].

The FCM algorithm minimizes the objective function for the
partition of the data set, P=[D1, D2, D3, ....,D,,]” and center

of clusters, V=[v1, Va2, V3, ...., V;]T given by:
c M
To(U,V) =3 " ul, D — ve? (3)
c=1m=1

where J,, is the objective function, M is the rows in the matrix
in the vector P, C is the number of clusters (1 < C < M),
Uc,m is the element of partition matrix U of size (C' x M)
containing the membership function, v. is the center of
the C cluster, and w is a weighting factor that controls
fuzziness of the membership function. The matrix U is
constrained to contain elements in the range of [0,1] such
that Z%:l Ue,m = 1 for each u.,, (1 < C < M). The norm
|D;,, — v.|| is the Euclidean distance between the sample D,,,
and the clusters center v, [11].
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2) Implementation of Fuzzy C-Means: In this paper, FCM
algorithm is used to cluster the 36 sensor nodes and 1 target
node as test object for identifying the target location. In this
paper, the data set, P is formed as 36 x 4 matrix for 4 reference
nodes. FCM clustering technique can be summarized by the
following steps [10]:

1) Step 1: Initialization (Iteration 0) Scan the RSSIs data
row by row to construct the vector P containing all the
certain levels in the data set. Randomly initialize the
centers of the classes vector V(O), from the iteration ¢ =
1 to the end of algorithm.

2) Step 2: Calculate the membership matrix U of ele-
ment Ue .

3) Step 3: Calculate the vector v

4) Step 4: Convergence test: if |[V®) — V=D > ¢, then
increment the iteration ¢, and return to the Step 2,
otherwise, stop the algorithm. € is a chosen positive
threshold.

C. Pattern Matching Algorithm

In the fingerprint-based technique, pattern matching is used
to obtain the location of target node, it compares the current
radio signal information with those stored in database. Like
described in the previous subsubsection, the signal strength
samples at corresponding locations are stored in a database.
For common fingerprint technique, all of recorded signal
information in the database are compared with the current
signal information. In this research, the clustering is used to
group the similar fingerprint in one cluster. It will be benefit if
we have many fingerprints since the clustering will minimize
the matching process only in one cluster otherwise in all of
fingerprints.

In this research, the nearest neighbour algorithm (NNA) is
applied. Using normalization equation or euclidean distance
(between RSSI information in current signal (target) with those
in the database. Technically speaking, when the target node is
in the fingerprint area, it collects the RSSIs from all sensor
nodes as [12]

dy = [T(1,0)T(2,8)5 s T(N )] “)

In our simulation, after the FCM clusters the fingerprint
information and target information, both in RSSI values from
reference nodes, the similarity between the targets information
with one of members in the cluster is verified by using norm
equation. For instance, let the group of fingerprint locations as
FCM clustering result as g. And g,, is the one of the member
of g, the member of cluster is vary from here, g, and d;
are two points in Euclidean N — space, then the distance to
show the similarity, e (minimum error value) is obtained by
the equation [13]

N

Z(T(n,t) - r(n,gn))Q (5)

n=1

e =

in this equation, n refres to the number of reference nodes
index with N =4 and N = 6.

III. EXPERIMENT SYSTEM AND SETUP

1) Experiment System: Figure 2 shows the layout of ref-
erences nodes and fingerprint nodes placement in the system.
Fingerprint nodes, shown as the rectangular are assumed to
know their own position and reference nodes, shown as the
triangle symbols are located at the corners of the experiment
area. The database for fingerprint technique is obtained on 36
observed location in area of 5m X 5m. in the experiment, the
Ist sensor nodes is located in the left bottom of observer area.
The arrangement is left to right arrangement. For example, the
1st row is consist of sensor nodes number 1 to 6, in 2nd row
7 to 12 and continues until 6th row, senor node number 31 to
36.
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Fig. 2. Reference and sensor nodes placement for experiments

In the 5m x 5m area of interest, the coordinate of fingerprint
nodes are shown in the Table 1. In this table, you can see the
coordinate of the rectangular in Figure 2 as the number of
each fingerprint (1 to 36).

TABLE 1
THE COORDINATE OF FINGERPRINT NODES

No. Fingerprint | Coordinate (x,y) | No. Fingerprint | Coordinate (X, y)
1 (0,0 19 0,3)
2 (1,0) 20 (1,3)
3 (2,0) 21 (2,3)
4 (3,0 22 (3,3)
5 (4,0) 23 4.3)
6 (5,0) 24 (5.3)
7 (0,1) 25 0.4)
8 (1,1) 26 (1,4)
9 (2,1) 27 (2,4)
10 3,1) 28 (3.4)
11 4.1) 29 4.4)
12 (5.1) 30 (5.4)
13 0,2) 31 (0,5)
14 (1,2) 32 (1,5)
15 (2,2) 33 (2,5)
16 (3,2) 34 (3,5)
17 (4.2) 35 (4,5)
18 (5,2) 36 (5.5)
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2) Experiment Setup: In order to validate the performance
of FCM, the indoor experiment is conducted. In this manner,
4 sets position of target node are proposed: diagonal (left and
right), horizontal and vertical position.

« Diagonal Position Testing
The first experiment to obtain the validation of our
proposed method, the diagonal position testing is applied.
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Fig. 3. The 16-target node position for diagonal testing

Figure 3 shows the fingerprint nodes and the target node
at diagonal positions on the observed area for 4 and 6
reference nodes. The target node is stationary for each
experiment. The brown rectangular represents the nearest
fingerprint in location expectation, yellow rectangular
represents the target location in the same location of
fingerprint database. The target node is moved one by
one following the pattern diagonal line as shown in
Figure 3. For the left diagonal testing, the target node
is placed from (0 m, 0 m) and increase continuously on
0.33 m. For instance, target node for left bottom to right
up is moved from (0 m, O m) and it is continued until
reach at (5 m, 5 m). For the right to the left diagonal
position we moved target node from coordinate (5 m, O
m) to (0 m, 5 m).

o Horizontal and Vertical Position Testing
The second experiment to obtain the validation of our
proposed method, the horizontal and vertical position
testing are applied.
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Fig. 4. The 16-target node position for horizontal and vertical testing

Figure 4 shows the measurement setup for horizontal
and vertical of target node testing position. For the
horizontal and vertical position testing, we start placing
the target node from (0 m, 2.5 m) for the horizontal
position; with the increasing distance are 0.25 m and
0.5 m. For example, position number 1 is (0 m, 2.5 m),
number 2 (0.25 m, 2.5 m), number 3 (0.75 m, 2.5 m),
and number 4 (1 m, 2.5 m). The experiment continues
until (5 m, 2.5 m). For the vertical position, it is began
at (2.5 m, 0 m) and ended at (2.5 m, 5 m).

IV. RESULTS AND DISCUSSION

We conduct the experiment to analyze the accuracy of target
location estimation for the proposed method. The accuracy
of the proposed system with FCM algorithm is found by
comparing the estimated position with the training database.
All of these measurements were performed in the corridor at
Department of Computer Engineering, KMITL. The clustering
result will be explained both sets of 4 and 6 reference nodes,
respectively. The experiment in each position is done using
repeated five times measurement.

A. Custer Results

At the experiment setup, we can see the location of target
node in the observed area. We also see the expect cluster in
each target node position (1-16 position). For the experiments,
we use value ¢ on the FCM clustering algorithm is equal to
10 clusters or groups. As mentioned previously, the c value
must not exceed the number of sample, M in the vector P.
So, C=10 is acceptable since the number of sample is 37 (36
sensor nodes for database and 1 for target node). Numbers in
the bracket, (1)-(36) are the fingerprint database and (37) is
the target node.

1) The sets of four reference nodes: In this results, the
random position of 16 target positions are choosed to show
the FCM capability to cluster the target node in the fingerprint
database. The 4 schemes of target node position will be
presented: left diagonal, right diagonal, horizontal andvertical
position in 4-reference nodes.

o Cluster result for diagonal left

TABLE 11
CLUSTER RESULT FOR LEFT DIAGONAL POSITION

No. Target Position | Desired Cluster Actual Cluster

1 (1,37 (1,37

3 (1,2).(N,8),(37) (1,2),(N,(8),(37)

8 (15),337) (15),(37)

10 (22),(37) (22),(37)

14 (29),(30),(35),(36),(37) | (29),(30),(35),(36),(37)
16 (36),(37) (36),(37)

The chosen target position for left diagonal position
can be clustered successfully as the desired cluster in
second column of Table II. From the Table II we can
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observe that FCM can cluster the target node (37) in the
fingerprint database.

o Cluster result for diagonal right

Some of the chosen target position for rightt diagonal
position can be clustered successfully as the desired
cluster in second column of Table III. Unfortunately, in
the target position number 10, FCM cannot cluster the
target node as the desired cluster. This might be happen
as a result of bad database value and factors during
experiment [14].

TABLE VI

CLUSTER RESULT FOR LEFT DIAGONAL POSITION

No. Target Position | Desired Cluster Actual Cluster

1 1),(37) (1),(37)

3 1),(2).(1,(8),37) (1),(2),(7).(8),(37)

8 (15),(16),(21),(22),(37) | (21),(37)

10 (22),37) (16),(22),(23),37)

14 (29),(30),(35),(36),(37) | (29),(30),(35),(36),(37)
16 (36),(37) (36),(37)

TABLE III

CLUSTER RESULT FOR RIGHT DIAGONAL POSITION

cluster in second column of Table VII. Unfortunately, in
the target position number 10, FCM cannot cluster the
target node as the desired cluster. This might be happen

No. Target Position | Desired Cluster Actual Cluster as a result of bad database value and factors during
1 (6),37) (5),(6),(11),(12),(37) experiment. It is the same case in 4 reference nodes as
3 (5),6),(11),(12),(37) (5),(6),(11),(12),(37) shown in Table III, in the position testing number 10.
8 (15),(16),(21),(22),(37) | (15),(22),(28),(37)
10 (20),(37) (9),(15),(37) TABLE VII
m 251.26.6D.G.G37) | (25).61.G2.G37) CLUSTER RESULT FOR RIGHT DIAGONAL POSITION
16 31),37) 31),37) No. Target Position | Desired Cluster Actual Cluster
1 (6),37) (5),(6).(37)
o Cluster result for horizontal position 3 (5),(6),(11),(12),(37) (5),(6),(11),(12),(37)
8 (15),(16),(21),(22),(37) | (15),21).(37)
TABLE IV
CLUSTER RESULT FOR HORIZONTAL POSITION 10 20,37 @D.37)
14 (25),(26),(31),(32),(37) | (25),(31),(32),(37)
No. Target Position | Desired Cluster Actual Cluster 16 (31),(37) (31),(32),(37)
1 (13),(14),(19),(20),(37) | (13),(14),(19),(20),(37)
. (13),(14),19)20.37 | (13),04)(19)(20.G7) o Cluster result for horizontal position
8 (15),(16),(21),(22),(37) | (15),(37)
10 (15),(16),(21),(22),(37) | (15),(22),(37) TABLE VIII
14 (17),(18),(23),(24),(37) | (17),(23),(24),(37) CLUSTER RESULT FOR HORIZONTAL POSITION
16 (17),(18),23),2H,37) | (17),23),24)(37) No. Target Position | Desired Cluster Actual Cluster
. . 1 (13),(14),(19),(20),(37) | (14),(19),(20),(37)
o Cluster result for vertical position 3 (13).(19.19).20).37) | (13).(14).20)25).(37)
TABLE V 8 (15),(16),(21),(22),(37) | (16),(21),(22),(23),(37)
CLUSTER RESULT FOR VERTICAL POSITION 10 (15),(16),(21),(22),(37) | (16),(21),(22),(37)
No. Target Position | Desired Cluster Actual Cluster 14 a7).(18),23).24)37) | (17),(18),(24),37)
1 (3).@).9).(10).37) (3).9.37) 16 (17),(18),(23),(24),(37) | (17),(18),(24),(37)
3 (3),(4),(9),(10),(37) (4),(9),(10),(16),(37)
8 (15),(16),(21),(22),37) | (15),(22),(37) o Cluster result for vertical position
10 (15),(16),(21),(22),(37) | (15),(22),(37)
TABLE IX
14 27).28).33).34).67) | (27).(28)(34).37) CLUSTER RESULT FOR VERTICAL POSITION
16 (27),(28),(23),34),37) | (27),(28),(33),(34),(37)
No. Target Position | Desired Cluster Actual Cluster
For the Table IV and Table V give the good result since | ! 3)(4).09).(10),37) 3).0).(15).37)
FCM can cluster the target node in the desired cluster. | 3 3).®.9).(10),37) (3).9).(15),37)
Eventhough some of the positions only show the nearest | 8 (15),(16),21),22).37) | (16).(22),37)
fingerprint database compared with the rssi parameter of | 10 (15),(16),21),22).37) | 21.37)
the target node. 14 (27),28),(33),34),(37) | (28),(34),(37)
2) The sets of six reference nodes: In the six reference 16 (27).(28),23),34H),37) | (27),(28),33).34).(37)

nodes, the clustering result of FCM can be shown as table
for every position testing similar as for reference nodes.
o Cluster result for diagonal left
e Cluster result for diagonal right
Some of the chosen target position for rightt diagonal
position can be clustered successfully as the desired

For the Table VIII and Table IX give the good result since
FCM can cluster the target node in the desired cluster.
Eventhough some of the positions only show the nearest
fingerprint database compared with the rssi parameter of

the target node.
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B. Location Estimation Error

In this subsection, the comparison between the different
sets of reference node is analyzed. Figure 5 depicts the
left diagonal estimated location error between four and six
reference nodes.

Left Diagonal Estimated Location Error
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Fig. 5. Left diagonal estimated location error for 4 and 6 reference nodes

Figure 6 depicts the right diagonal estimated location error
between four and six reference nodes.
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Fig. 6. Right diagonal estimated location error for 4 and 6 reference nodes
In Figure 5, the highest error occurred in the target position
number 11. With the error reached 1.03 m for the set of six
reference nodes. We can see that seven positions in the target
node position testing, the set of six reference nodes gives a
larger error than the set of four references nodes. The average
error for the set of four reference nodes is 0.512 m and 0.613
m for the set of six reference nodes. In this position testing, the
additional reference nodes does not give the better accuracy.
The different results occur in the right diagonal estimated
location error. We can see from Figure 6, most of the errors
in the system are reduced by the set of six references nodes.
For instance, the errors reduction are shown in the target node
number 1, 4, 8, 10,11 and 12. In the right diagonal position
testing, the average of the estimated location errors are 0.70
m for set of four references nodes and 0.64 m for the set of
six reference nodes.
Figure 7 depicts the horizontal estimated location error be-
tween four and six reference nodes.
Figure 8 depicts the vertical estimated location error between
four and six reference nodes.
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Fig. 7. Horizontal estimated location error for 4 and 6 reference nodes
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Fig. 8. Vertical estimated location error for 4 and 6 reference nodes

Figure 7 and Figure 8 depict the horizontal and vertical
estimated location error. In the horizontal and vertical position
testing, the estimated location error between the set of four
and six references nodes are relatively the same values in
average. The average error in horizontal position is 0.71 m
for four reference nodes and 0.72 m for six references nodes.
For vertical position, the average estimated location for the set
of four reference nodes is 0.67 m and 0.68 m for six reference
nodes. As note, the errors have the relatively same pattern; we
can see in Figure 5 and Figure 6, high errors occur in the target
position number 5, 8 and 11. Figure 7 and Figure 8, the highest
error occur in the target node number 5. If we see in section
III.C, most of the errors occurred in the middle part of the
observed area. The important thing we notice for this result,
we can reduce the error by fixing or improving the quality of
database in the middle part of observed area. Moreover, if we
can obtain the new data for all fingerprint database. As we
know, the accuracy of location fingerprint-based localization
technique depends on the quality of the fingerprint database
[15].

C. Applying k-Nearest Neighbor Algorithm

After we have seen the performance of FCM to group the
target node in the database which has the similarity, the k-
NN Algorithm is applied to observe the error in location
estimation. We randomly choose one data from the experiment
data for target node from indoor experiment, and apply the the
k-NN.
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in this subsection, we present the result of right diagonal
testing only, including 4 set and 6 set of referenc nodes. As
appeared before, the right diagonal testing has some errors in
the clusterd group by FCM. Here, we will see that whether
the k-NN Algorithm can reduce the estimated error or not. In
this case we choose k = 3.

TABLE X
k-NEAREST NEIGHBOR FOR 4 REFERENCE NODES

No. TP | FN k=1 | FN k=2 | FN k=3
1 (6) (12) (11
2 (6 () (12)
3 ) Q) (12
4 “ (&) (10)
5 4) (10) -
6 (5) - -
7 (16) (15) (22)
8 (21) 27) -
9 (21) 27) -
10 (21) 27) (16)
11 (26) (27) -
12 (19) (20) (26)
13 (26) (33) 27
14 (25) (31) (32)
15 (25) 31 (32)
16 (32) 31) (25)

For the Table X and Table XI, TP is abbreviation from
Target Position, FN is Fingerprint Node, FN k=1 is the the
nearest fingerprint node compared with the target node. FN
k=2 and FN k=3 are the second and third nearest FN. Three
of them are obtained from the clustered group from FCM
Algorithm.

For the 6 set of reference nodes, the k-NN Algorithm is
also applied. It is same in the case of 4 set of reference nodes,
the right diagonal testing position has error in some clustered
group. The FCM cannot cluster the target node as the desired
cluster that expected. Table XI shows the result of FN of the
6 set of reference nodes in the k~-NN Algorithm from result of
FCM clustering.

As commonly discussed in the k-NN Algorithm that the
result in k equals to 1,2,3,....n can reduce the error since it
uses its average error. In the Figure 9 and Figure 10, we can
see the error from the k-NN Algorithm for k=1, k=2, and k=3.

Figure 9 and Figure 10 depict the distribution error for 16
target position in right diagonal position. As discussed before,
the quality database of fingerprint is the main factor to achieve
the good accuracy. Here, the FCM algorithm cluster the target
data (current signal from signal of target position). In some
target locations for 4 reference nodes have no errors such as in
target location number 1, 7, 10 and 13. For 6 reference nodes,
the zero error is achieved in target location number 1, 7, 10
and 13. Table XII shows the average estimated error location
from 4 and 6 references node. Those positions are position in
exact or the same location with fingerprint node. As seen in
Figure 9 and Figure 10 the k=2 and k=3 can reduce the error
in some position of nearest position from fingerprint node.

TABLE XI
k-NEAREST NEIGHBOR FOR 6 REFERENCE NODES

No. TP | FN k=1 FN k=2 | FN k=3
1 (6) (5) -

2 (5) (11) (6)

3 (5) (6) -

4 17) (12) (18)
5 (10) 4) )

6 (10) 4) 17
7 1) - -

8 (15) (10) )

9 (21) - -

10 (15) (21) -

11 (26) (20) (27)
12 (27) (36) (20)
13 (20) (19) (14)
14 (32) (33) (25)
15 (32) (25) 31)
16 31) (32) -

Right Diagonal Estimated Error (4 Reference Nodes)
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Fig. 9. Right diagonal estimated location error for 4 reference nodes

But, in case of 4 reference nodes in target location number
1,4,5,6,7,8,9,10 an 11, the k=3 cannot reduce the error value.
It happens also in the case of 6 reference nodes, in the target
location number 8 and 13, the k=3 cannot reduce the estimated
error value.

Table XII shows the average estimated error for right
diagonal position for 4 and 6 reference nodes in thek-Nearest
Neighbor Algorithm for k=1, k=2, and k=3.

TABLE XII
AVERAGE ESTIMATED ERROR IN METER
Reference Nodes | k=l-means | k=2-means | k=3-means
4 0.76125 0.929375 1.205
6 0.76187 0.914375 0.838

From Table XII, the error value is increasing during the
additonal of k value. If we consider the experiment setup, we
will see the desired position is in between the target node
location. But, in the experiment, since it has many effects
such as environmentaly changing, the level of powered battery,
an indoor localization issues (wall, edge, material) those will
effect to he data itself. From here, we can see that choosing the
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Right Diagonal Estimated Error (6 Reference Nodes)
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Fig. 10. Right diagonal estimated location error for 6 reference nodes

nearest neighbor fingerprint data from FCM clustered group
at k=1 gives the best result.

V. CONCLUSION

This paper presents the new method for clustering data in
the fingerprint localization technique using FCM algorithm.
This technique is validated using 36 database locations finger-
print. The results show the average error reached less than 1
m, both for 4 and 6 reference nodes. The results for clustering
show that FCM can cluster the target node in the fingerprint
database. We also see some errors in the clustering result
for right diagonal position, both for 4 and 6 reference nodes.
The errors are caused by the not good enough RSSIs values
data for the database. The k-Nearest Neighbor Algorithm
is applied to see the reduction of value as the addition of
k value. From this result, we can get conclusion that new
proposed method can be applied in the localization system.
Furthermore, the system can be solution in issues such as high
power consumption and time-efficient WSN-based localization
system. In the future research, we will investigate also the
effect of battery component of transmitter and receiver will
be investigated and expecte to improve the quality of database
for fingerprint technique.
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Abstract— The recent research in localization technique has been
supported by the emerging of wireless sensor network (WSN)
technology. The issues of the estimated location accuracy have
becoming the main research topics in WSN-based localization
technique. In this paper, the application of WSN for localization
technique using IEEE 802.15.4 standard is proposed. As IEEE
802.15.4 standard, ZigBee is widely used because of its
advantages. It specially provides useful parameters for location
estimation, i.e. received signal strength indicator (RSSI) and link
quality indicator (LQI). In this paper, the simple but effective
localization system is proposed. Range-based and location
fingerprint-based are implemented. The different set of the
reference nodes is applied. The effectiveness of this method is
verified by data obtained from an indoor experiment in the Sm X
5m observed area. The error from estimated locations using both
techniques is analyzed. The estimated location results from
different amount of reference nodes are compared. The results
show that the error from the observed area is less than 1.2 m for
both localization techniques, respectively. The GUI is created to
help the experiments in the visualization and for showing the
estimated location. From this result, the simple but effective
system is really beneficial for the real application.

Keywords—Indoor Localization; Wireless Sensor Network;
ZigBee; Range-based; Location Fingerprint Technique

I INTRODUCTION

Radio localization using smart sensor nodes in WSNs has
become popular in recent years. It is supported by the
advancement of micro-mechanical systems and development
of digital electronics technology. Radio localization is realized
to be an important application for daily life and WSNs is
popularly selected to be used for a localization system.
ZigBee as IEEE 802.15.4 standard is widely used because of
its various advantages, i.e. cost-effective, low-power
consumption, security, robustness, reliability and supporting
low data rates. ZigBee provides useful parameters for location
estimation, i.e. RSST and LQI [1], [2].

Localization technique can be classified into several
categories based on the parameter that is used. Range-based
and location fingerprint technique are most common technique
in WSN applications. In this paper, an indoor scenario is
applied. In the indoor scenario, many issues such as diffraction
at edges, refraction by media with different propagation
velocity and reflection in metallic objects. These issues affect
to the localization system performance [3].

978-1-4577-0031-6/11/$26.00 ©2011 IEEE

Dwi Joko Suroso
International College, KMITL
Bangkok, Thailand
S3601152@kmitl.ac.th

In this paper, we implement the user-friendly GUI for
sending commands, receiving and calculating data based on
the initial algorithm. For the experiment, we use the range-
based and fingerprint-based techniques. The command data is
sent to the reference nodes then it will initialize the position of
reference nodes. Then, the reference nodes will transmit
parameter that will be received by the target node as received
power. The received signal power that is received by the target
node will be transferred to personal computer (PC) through
serial communication. The GUI for this experiment has the
serial communication connection to provide the
communication between PC and the target node. The GUI will
display the position estimation results and has ability to store
the experiment data result. The experiment is evaluated using
two different types of the target node, i.e., stationary and
moving target node.

The paper is organized as follow: Section 2 presents the
description of the algorithm model. The experiment setup is
explained in Section 3. Result and discussion are described in
Section 4. Finally, in Section 5, we conclude this paper with
plans for future work.

II.  DESCRIPTION OF ALGORITHM MODEL

A. RSSI Definition

RSSI in dBm is defined as ten times the logarithm of the
ratio of power (P) at the receiving end and the reference
power ( Pref). Power at the receiving end is inversely
proportional to the square of distance. The received signal
strength depends on the transmitted power and the distance
between the transmitter and the receiver. In the embedded
devices, the received signal strength is converted to RSSI. The
relationship between RSSI and distance can be determined as
equation [4].

RSSI[dBm] = A —[10 - n - log,o(d/dy)], @)
where n is the path loss exponent or the signal propagation
constant, d is the distance from transmitter in meter, d; is a

reference distance, typically 1 meter, and A is the received
signal strength at 1 meter distance, in dBm.
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B. Range-based Localization

In this paper, the maximum likelihood algorithm is applied
as range-based localization. In Range-based, the node distance
is acquired through measurement of RSSI without additional
node hardware design. Fig. 1 depicts the illustration of
measurement system.
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Figure 1. The illustration of measurement system

(3]

Suppose  coordinate  of  reference  nodes  are
B1(x1,y1), B2(x4,¥5),... and Bn(x,,y,). And coordinate of
the unknown node is determined as O(x,y), the distance
between the unknown node and reference nodes are d, ..., d,, ,
respectively. A group of non-linear equation can be obtained
according to the following formula in a two-dimensional space
as shown [5]:

(c—x)? + (v —y)? = df
!(x —x,)% + (y —y2)? =dj )

W= x)? + (0 — ) = 2

When the last equation is subtracted from the other
equations in turn beginning from the first equation, hence

( x*—xp—20x; —x)x +y7
Vi =201 — )y = di —d3
: (3)

X2y — x5 —2(xp_q — X)X + V24
Vi = 2Vp-1 = Y)Yy = da_q — d},

Linear equation in equation (3) can be represented as

Xb=a
where
[ 201 — %) 2(y1 — ¥n)
X = : : ,
»Z(xn—l - xn) z(yn—l - Yn)
xf —xfh +yf —yi—di +d}
a= : ’
X7 1 = X3+ Yn1 —Ya—di +dn

b= [;]

The error of the node estimation location can be obtained by
applying the standard minimum mean square error as

b=X"X)"XTa. 4)

C. Location Fingerprint Technique

Location fingerprinting is a location sensing technique
which involves a two-phase process. First, during the off-line
calibration phase the received signals at selected locations are
recorded in a database. Then, the second phase, called the on-
line, pattern matching algorithms are used to infer a target’s
location by comparing the current observed signal features to
the pre-recorded values in the database. The key points of this
technique are the selection of the spatial signature and the
method in constructing database. The commonly used of
pattern matching algorithm as shown in Figure 1 [6], [7].

FINGERPRINT DATABASE

Fingerprint Information
Information 1
Information 2

Known Location
Location 1
Location 2

Location L-1 Information L-1

Location L Information L
ﬂ Estimated
Received Terminal
Signal N Location
. Pattern Matching
Receiver d Algorithm d

Figure 2. Location fingerprint technique

For simplicity, the fingerprint is defined as sets of
measured RSSIs from all sensor nodes. Hence, let the number
of sensor nodes that placed at fix locations as N, number of
fingerprint locations as M and D; as fingerprints at position
D;i(i=1,2,...,M) . Table I shows the illustration of
fingerprint database for the experiment.

TABLE L. FINGERPRINT DATABASE
Fingerprint Fingerprint Information
Location
Fy (1, 1) Dy = {rssiyp,rsSiyp, ...TSSiy p }
Fy(x2,¥2) D, = {rssiy,, 7SSy, - TSSiy )
Fy e ym) Dy = {TssillFM,rssileM, ....rssiN’FM}

When the target node is in the fingerprint area, it collects the
RSSIs from all sensor nodes as

T = {rssil_T, rSsiyr, ....rssiN_T}.

Euclidean distance is used to find the location of target node
by comparing it with the fingerprint database, D;. D; and T are



two points in Euclidean N-space, then the distance is obtained by
the equation

dist;(x,y) = \/Zﬁzl(rssin_r - rssin,Di)z. 5)

III. EXPERIMENT SYSTEM AND SETUP

A. Experiment System

The authors reported the localization system based on
ZigBee standard for the stationary target [8]. In this paper, we
improve the system which is able to estimate the location of
moving target. The ZigBee module, XBee-24ZB is used as
reference nodes and target node. The ZigBee provides the RSSI
parameter for experiments. The different amount of reference
nodes is deployed for the experiments. There are 4 and 6
reference nodes. Fig. 2 depicts the illustration for experiment
system. The 5m X 5m observed area is used as the experiments
location for both maximum likelihood as range-based and
location fingerprint techniques, respectively.
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Figure 2. The illustration of experiment system using 4 reference nodes
(left) and 6 reference nodes (right)

In this paper, the system estimate the location based on
RSSI in the observed area. The target node is a wireless device
which receives a packet from reference nodes, which each
measures the received power. After receiving a packet, the
target node measures RSSI and sends the results to the sink
node. In this research, we use personal computer (PC) as sink
node which graphical user interface (GUI) is already installed
inside. The GUI for the experiment is shown in Fig. 3. The
GUI is very useful for the users to see the location of the target
node in the real time.
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Figure 3. The GUI for The Experiment

As shown in Fig. 3, the GUI displays the appearance of the
observed area. The 4 reference nodes are shown as the antenna
signs which are located at the corners of the observed area.
The target node is represented as the small robot with the letter
that represents the location coordinate. Fig. 4 shows the
corridor where the experiments are conducted.

Figure 4. The indoor location for data collection

B. Experiment Setup

In order to verify the accuracy between range-based and
fingerprint-based localization, the location of the target node is
divided into two types, stationary and moving. Fig. 5 shows
the target position for experiments. The 16 locations
represented by a small circle along the diagonal line of the
target node are used for validating the range-based and
fingerprint-based localization techniques. Fig. 6 depicts the 36
database locations of sensor nodes as database information,
represented as circles for fingerprint technique experiments.
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Figure 5. The left diagonal position of the target node for the experiments
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Figure 6. The 36 database locations for the fingerprint technique



IV. EXPERIMENT RESULT AND DISCUSSION

The objective of this paper is to compare the accuracy
between the range-based and fingerprint-based localization
techniques for the stationary and moving target. The
effectiveness of the both techniques is verified by an indoor
experiment and the estimated location errors are analyzed. The
GUI is created to help the experiments in the visualization and
for showing the estimated location.

A. Estimated Location Error for Range-based Technique

1. Stationary Target Node

For the stationary target node, we start placing the target
node at (0 m, 0 m) and increase continuously on 0.33 m. For
instance, the target node location for the diagonal left bottom
to right up is change from (0 m, 0 m) and the experiment is
continued until reach at (5 m, 5 m). Fig. 7 shows the estimated
location error in meter of the range-based technique versus the
position of the target node. It depicts the results for the 4 and 6
reference nodes, respectively.

Range-based Technique (Maximum Likelihood)
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Figure 7. The estimated location error of range-based technique

Fig. 7 shows that the most of the estimated location errors
is reduced as a function of the sets of reference nodes. The
highest error is occurred in the Ist of the target position. From
Fig. 7, we can see that the relatively high of the estimated
location errors are in the target position where near or exactly
in the position of the reference node. This result could be
caused by the issue of diffractions at edges.

2.  Moving Target Node

For the result of the moving target, we will show the result
in the GUI appearance. For both algorithms, we use automatic
robot which carries the target node and moves it alongside the
diagonal line. Fig. 8 and Fig. 9 show the results for both sets of
reference nodes for the maximum likelihood algorithm.
According to the result of Fig.7, the set of 6 reference nodes
gives the better result for estimating the location of target node.
The GUI shows the distribution of the target node, represented
as the small robot is spread along the diagonal line.
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Figure 8. Result of Moving Target for 4 Reference Nodes in GUI using

range-based technique
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Figure 9. Result of Moving Target for 6 Reference Nodes in GUI using
range-based technique

B. Estimated Location Error for Fingerprint Technique

1. Stationary Target Node

The fingerprint information for the experiment is a
collection of the RSSI data which is obtained by placing the
nodes in the 36 database locations as shown in Fig. 6. As
mentioned previously, the main idea of this technique is to
compare the target data with the database. Fig. 10 depicts
estimated location errors in meter of the fingerprint technique
versus the position of the target node.
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Figure 10. The estimated location error of fingerprint technique

Fig. 10 depicts that the estimated location errors in
fingerprint technique relatively smaller than the range-based
error. From Fig. 10, we can see that the highest error is
occurred in the 4th and Sth of target position. Technically
speaking, the sets of the reference node can significantly



reduce the estimated location error. As in range-based, the
fingerprint technique gives better result when there are 6 nodes
as the sets of the references nodes.

2. Moving Target Node

Fig. 11 and Fig. 12 show the result for both sets of
reference nodes for location fingerprint algorithms. According
to the result of Fig. 10, the set of 6 reference nodes gives the
better result for estimating the location of the target node. The
GUI shows the distribution of the target node, represented as
the small robot is spread along the diagonal line.

oo vwvwldo 2 PU

Figure 11. Result of Moving Target for 4 Reference Nodes in GUI using
fingerprint-based technique
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using fingerprint-based technique
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C. The Average Error Between Range-based and Location
Fingerprint Techniques for the Stationary Target

The different amount of reference nodes is used as space
diversity, it affects to the accuracy of the localization system.
For the average estimated error, we only use the data from the
result of stationary target measurement. From Table 2, we can
see that the location fingerprint gives the better result for the
experiment in the left diagonal position testing.

As we can see, the error from both techniques is
acceptable, since the error is 1.31 m in the range based using 4
reference nodes and 1.12 m for using 6 reference nodes. For
the location fingerprint, the average estimated error reach 0.56
m for 4 reference nodes and 0.44 for 6 reference nodes. We
can see from Table 2, the additional amount of reference
nodes gives better result for both techniques, respectively.
From this result, we can get a conclusion that for the diagonal
position of the target node, fingerprint technique gives the
better accuracy.

TABLE IL THE AVERAGE ERROR TABLE FOR STATIONARY
TARGET
Localization Technique Estimated Location Error (m)
4 Nodes 6 Nodes
Maximum Likelihood 1.31 1.12
Location Fingerprint 0.56 0.44

V.  CONCLUSION

This paper proposes the method for comparing the range-
based and location fingerprint techniques in indoor scenario.
The target node is moved along the left diagonal position. The
results show the average error reached less than 1.2 m in the
range-based technique and less than 0.5 m in the location
fingerprint technique. From the result of the estimated locations
error, the location fingerprint technique gives the better
accuracy than the range-based localization. Since the target
node is moving, the error can be triggered by many factors,
such as the accuracy of RSSI measurement in the devices, also
the power and electromagnetic effects during the experiment.
The result of both stationary and moving targets, show that the
simple but effective system is obtained. The GUI for the
experiments shows the estimated location for both techniques
effectively in real time. This result gives the explanation that
the proposed method can be applied in the real application.
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