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ABSTRACT

The thesis studies and implements the indoor localization system using wireless sensor
network (IEEE 802.15.4). ZigBee as the IEEE 802.15.4 standard is used in the system because it
provide the received signal strength indication (RSSI), which is employed to estimate the location
of the target. Two main categories of the localization methods: one is the range-based localization
method and another one is the fingerprint — based localization method. For each method, two
algorithms are used. The MMSE algorithm and the min-max algorithm are algorithms categorized
in the range-based localization method, where the range between sensor nodes is the major
parameter to estimate the target location. The nearest neighbor algorithm and the proposed K-
nearest neighbor algorithm are algorithms categorized in the fingerprint — based localization
method. To evaluate the performance of all algorithms and the system, the experiment data are
used. The experiments are conducted in the indoor environment; the meeting room for the study
case. The average errors of location estimation of the target for all algorithms are compared. It is
found that the MMSE method gives the best location estimation result and all algorithms give the

average location estimation error less than 50 cm, which is satisfied to be used in practice.
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2.4.3 Tn398319n 30N UGN Ue iU 13 (Cluster Tree Topology)
A ' Y o a A A ' 4 4
w3etrouuunguvesdu ldiflusluvuiruysunSedsununiodainio s
EaR d' & [ A t ' }Y aldl b4
gunsaldummilu FED uag RED fivzifeudaiums ovonuunguuesdulin Inuagadie
v ]
Yo d iy FFD vnsgilnsahiuasadludnlszammsiFounsuasiinsdszauna
. . s ) ar A ] 1 s A 1
(Synchronization) fiugunsaidus uagdnlszaumsifeusemariiifudilszaunmniouds
younsovwduyana Tasdalszaunisiounsveunsevie lfmediuyanassadiangu
YAUSNAA T UIBINHIU09qU (Cluster Head ¥30 CLH) A20M1101a998nq1 (Cluster ID
w3e CID) Almmnsauiiu o
msfenrinemvveunsetivdauyanassionnusauids lugnlduazaisnszag
o o - ool [y
(Broadcast) tWsutunou (Beacon) 1dsginsaidiunios ginsainldsuiwneueinziosverd
¢ ] ~ % g ' v v Y L4
FmATeUIeN CLH Sdalszaiunisiseunsyamiaiiodiuynnasysinaziiufingdnsal
¥
o o (Y 1 as
Ty Inuagn (Child Node) wazginsaidalntvziuiin cr Hulvuadilnases
=1 1 o3 a 3 { oty
(Parent Node) Yo@voslnssaiisnguuosdulife dumsmunisasounguituiniinau

£Y Y v A
Gl?]x‘lﬂ'lil‘ll'li’lﬁiﬂlﬂiﬂ‘ilﬂﬂ'lﬂ

2.5 1islaneavesdnil (ZigBee Protocol)

o

¥ v
Tils lnaoagndez 19mnz ludruvessulusunsulszena (Application Layer) ¥

q
b4

avfuayuTusnsuilssgnd (Application Support Layer) uazduin3oduly (Network Layer)
-4 9 ¥
Wity TudaueestuniugunsidfenIna1s (Mac Layer) 1a241n10AIN (Physical Layer)
widnmnasg iy IEEE 802,154 duhnuluSesvesszduidsdagin ganimvens
1Houne (Link Quality) N15AILANNITINING (Access Control) azmssnyanuasasy i
} 4
du Taoli Inssadrevealys Tanoagndidludsil
3 (4 3 Ao aa 1 d
FuldsunsudssgadiluduiilduifonilasedsenouTdsunsulszgnd
(Application Framework) Iﬂﬂﬁﬂﬂﬂmﬂﬂlmqﬂﬂiﬂﬁfﬂﬁ (ZigBee Device Object %30 ZDO) M
[ } 4 9
wihilunsaaugumsdhdawes 19w luduldsunsudssgad dwlusumiveyuldsunsy
L4 3 ° = 3 ° o o v
tszgaatiu dmhalumsadarsuvesdulsunsulszynduazsimihilumsiudadoya
= Y 4 T o oo 9 Qs u’;’ o T q’: Pl ] °
wdansianmsduaeineadesiudulUsunsuilszgnd uazdiuvesduniovts
Y o v s v 14 o - M a o &
i lumsfunidumesesdoyanindunis lldalaemenegmolunsedimfeasunie

v v
arunsovieny IassaderuTls lnnoavesdniinansluning 2.4



16

Application
Device Objedt ‘

Application Appiication | | Application
i Object |-~ """ Object Object 3
o>
N

] Application Support

Network Security Service Provider
3 -+
Q_
4
8
©
e

517 2.4 Tasaadesu s lnnoavesanil (ZigBee Priocol Stack) (8]

b
o

¥
dunoumsnnuves s Tansadniiluglnsaiaaythdail

@ “ " o X ! a
anlszaunis ¥euAoueaFnil (ZigBee . Coordinator) 13 u@uIA3 0910 1auNs
3 W as @ = N py =) ar - 'y o
asvaeun s [¥sesdyanuvesdygainglunsnusouq snwsesdyaaui bildgnls

» . ] »

Tavalsga s rouaaveIsnuaIau nauInsuaunseveld viniudnlszaums
Al ] L | o £ el o - ] o 9 - ] o
doudevesgnilesimiiduguinaswennieviesosiunisidisunsevsvesginsal

: . . 4 g
Fniia1wn (ZigBee End Device) 102303510153 09U00LUMINAT TIA U Y

L ! A o o o . "
gunsaidaivawmusudunsinulasnisiesse Wownlszawmsiseude
vasrnTlsziunievieing Tasmsas waouiusesdaniuanghanlszaumsivouse
= a9 9 o T [ — P fa  a =
vougnillsresdygiulasgoimadisauaienemiaquglnisidnilaionisis

AN ssvemdsdugrumInIlszmums¥ounoveasnil 14



ghunnonyanan nisveuinmmiangzly

17

13199 2.2 uarasmsSouivugaaniAvesdnt, RFID uag Bluetooth

Qmauﬁ"ﬁ Fnil RFID Bluetooth
HIAII U 802.15.4 802.11b 802.15.1
' aa ¥
grunNuanly
2.4 GHz 2.4 GHz 2.4 GHz
U
. uovglstuazewim
U sz 16 ,
o o wtiseondlu 179
FoIT QR0 SRR TR oL
FoId QR0
Muluo1ns 40 m
I3uMINg NYUBNDIATS <20a3 5-10 1A
120 m
BRI INIA90Y
) 1200 - 115200 bps 32-128 bps 1Mbps
Yoya
¥ w o A a aw o ° o M o o
mMslnasanu | @ife 0.1 Jaaina @ d1fe 0.1 Iaa
4 128 1ia AES 1@z T¥mstlousraneu
zuufleasu he i 5
Application layer ms¥ounsuazilesiu
MIANTYYINUISHIN
vy Ao lagady
AlFnufinue i
yosdayanmliu 64
19, 128 1@
<@ g =]
YA G 1an 1an
519 gn gn 9
ANUTALIAD
q4 q9 Gl
MIYNIVAIU
Complexity CRE Ny gn
Power Profile naiell g lus naleiu

1173195




18

QUaNA Fnil RFID Bluetooth
Nodes/Master 64000 7
o am A Enumeration gN® Enumeration gN@
Latency 30 4AA UM n - a -
33um 10 IUN
Extend ability 1 o100z 19 1i'ld
X 35mA 20 +mA 40 mA
Standby 3 lauTasueud 20 fiadueni] 200 laTasuond
WA 32-60 fla lud 100+ Ala‘lud 100+ A lalud
Mesh networking
Star networking
Topology Point to multi-point
Cluster tree
networking

2.6 IfsInneadunuduvesdnil (ZigBee Routing Protocol)

AODY (Ad hoc On Demand Distance Vector) Routing Algorithm

Tds Taneaduvnduniavesdniidlulys Taneanudumaiinousnaiianils
dmiunsevie 1iaemnizin (Ad Hoc Network) anusizadionunisnuduniannduuuy
'lau1il (Dynamic Source Routing #5@ DSR) ludauiifinsnszetonsZosvemsaunudunia
(Broadcast Route Request) TS uiioutinngdsdoyamsfosveilunuuniomemies (Hop-
By-Hop) 1un1sanlerasian (Overhead) ¥03n13303uomsnunidunie (Route Request) 4
az InuaszlinszuaumsSulgamsnedunudunia (Routing Table) Tumsdamsdoyaves
dumaluTnuadrafos udag Tnuaszlinsyfudgsmsraiiuaiunm (Periodically) Inofi
i‘fuagiﬁums%’ewaé’au lunsifulyauszasinaeuusas Inuadhafvaaznsz el

Tnuaduq definsnlfouuilas adelsinm AODV Tgaseusgifinsndeuiivesudas




19

. wge é o =y d. ] . o~ a
TuAga (High Mobility) mmmamiﬁ'nmsmﬂwwmuuu (High Traffic) NNAINNIT
YT U1§301519M150AA NN UL UVDINI VIS TUIATBA 18IS HWaADATINTY TV TIA1919
[X-3N)1 a . -
msAurudunield uanadswaldinaanudumalrlunsAunudunia (Routing Failure) 18
GATI
k4
2 , .2
A0DV 1iuiluT1)s lanvailuy Source Initiated On-Demand Driven/Reactive ¥4
=3 4 @ . . 4
idunsnasiodunia (Source) Aosmsuudunialydalaronis (Destination) ior udunis
Yy v ¥ & aa @ v i o a o . v o
TRudrnznganisAum ¥335n1saana129zeIoaans 19uuuIsa (Bandwidth) luvesdayayia
: 3 v
uavzasudonamsnuduniluiiedoinsdidoya iieaninlys Tanoail ldludnyus
A v - Py ' ) =1 9 o v P & 3 9 .
vpunsoiendswnlasegaananat mu imsfedwmtisves Inuaindoudie1a (Mobile
Node) 1Hudu Tls Tnnsaiivziinisdsdonnuniug (Control Massage) 1ilugae9 tiialdly

msfmuaduniamsedsulgadums

d sy Inuafamisonade 1d TasnsesziSonin Inuad1afes (Neighbor) Ao
< = 4 a = ] o
Tnuaszinudeyaves Inuadiufes o 1A5Y Hello Message itz Tnunszinisnszag
9 ' o o Y A A Ay ) ¥
Joynsoninaugrwaidimuae 13 disll Inualagiifesmsdinsdonaiy (Message) 11
1 . v
Falnuaduai luls Inuadiafios Tnuadniuoeiinis Broadcast Route Request Message
2
(RREQ) #41u RREQ 9z1sznou 1f18 Aunie (Source) 1a18m19 (Destination) 01g (Life

v o w
Span)¥0IVBYALAZHNYAVD AU (Sequence Number)

MsiauvesmsAuruduns AopV wiGuile Tnuadumsdesmsfissdedoya
Tldsdarems Tnuadunisezdimsdadoyanisesvensduntdunia (Route Request 130
RREQ) U8 sInuadhafouia: Tnuad 185ufeevnisdede Wi Tnuadhafosde oo
wihsTnualmensiidesnisiivzaadedas e Tnuatlaione 1450 RREQ #ausniiunds

Truamensszdsdonnuaound uMs AU UFUNIS (Route Reply) nduluds ITnuaduniah

o

Mimsde RREQ wnld lasdendulyludunieh RREQ dausnuide msizdehldnanies

Agalumsds RREQ 1n1# laedendulludumien RREQ dausnandawsizdionldia

Q

b

y o ' 2 o .
veyigalumsds RREQ M191ndunis msdunudumeveslls Innoadl lauansdaning 2.5
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310 2.5 uamsmsAunudunisuoalls Tanoa AODV [10]

2.7 ﬂ]‘iﬂ‘i:t‘mﬁﬂ‘i’i’x‘i'lu‘lmd%ﬂﬁ (ZigBee Application)

| = - T o dy ¥ =1 Y o g W o
Fofl iWudwiasedsauaos 13 mwuniaidn s idaudiy w21l unsain

ABAN139A5 1M dI¥01aR1 (Low Data Rate) LAz 1WA 391161 (Low Power Consumption) 113

Ja Ao o L]

o ar l:yd
Uszgna laaniiiaioo1enating

MsAIRuLasA T IR e 1w U (Home Entertainment and Control) 131
sguwtla Yaluda 1uiid msprnaugungil msinvnuilasans ms

AuANAIsA T ay Hawas dudy

as v =] o ar 't o o
m35u3nelutin (Home Awareness) 141 (H1195715 2991111 A 329TUNAI9TM

amua T asvdu v nazszvumiealduundmsos

A5V TIUUIAAD NN (Mobile Device) (41 SZUDHI LU 52 UVAAMINLAY

AN sTUVTAYIANNYaeANY sTUUQUATAYIGUAN

1599U4A A3 9% (Industrial Plant) 41 NIFAIVANNTZUIUNIT NISTANS
Aavaeniin MITamsATUTUIAADN NT5TANTAIUNAINY HAZAITAIUAN

gunsallulsanugaamnssy
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2.8 XBee-Pro

Cd

XBee-Pro 11uginsaind luTasnouInames (Microcontroller) tazilioinisoy

9

mulu ginsel XBee-Pro seimihidugunsaifisunaz dadayaa (Transceiver) dmnsai
wihiidanSesudyanaaduiulylunaufoliu (Half Duplex) #1 XBee-Pro 119 1un13340
Tuldanud 2.4 GHz Hszdums s Il ansadadsl8azain msiudedeyasy
flunsaadenioly (nterface)  nuumsiunazdauuainalunaifia1ady (Universal
Asynchronous Receiver/Transmitter H) UART) mM3AUAY XBee-Pro ﬁ'ummiﬂmuqmim
N19 AT Command Tao1¥Tisunsy x-cTU Tsunsu'lenlesmeiiuea (Hyper Terminal) #30
AumamssudadoyadaolulnsaenTnsaae
2.8.1 yAnAae 3znoy XBee-Pro

muimgﬂmamﬂs:ﬂau”lﬂﬁ'wﬁgﬂqﬂnmfﬁ'wia"lﬂﬁ'

£ §¥ X Bee-Pro Tugaftamitoyalimn 2.4 GHz i 6 &2

- UHII95IBONRD XBee-Pro §10191 5 97

- vefmioudeneuianbT STUaN 16

yagilnseidsnd dunsnaa 1IN 2.6, 2.7 Uz 28 Ad1dY I XBee-

Pro. | aZADALINIINIIFONAS . Feinison deoniuun il dndsauen

HUARBITHIAAA 1.5 V 510 4 Row tasludmwesadouaenmiinnedes

3 o = = g y [ = o 9
THnasan lwanasunisme s diua 1 USB s3UMIT0a 15N AN IADS A0

310 2.6 Tupadomsdoyaliaw XBee-Pro [11]
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LAy

o 4. L
2.8.2 anvammzuazuaNuanaIng

= 2 3 3 ' Ay - a wa " e &
lugademistoya limonaazideonussiiguauiauanaanuesn 1y Feee
= 1 = ) o wad o : :
VUOUNUANTR S UANYULIRMZIAZANANTANTIAYYBI XBee-Pro 1nuaalluasan
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3197 2.3 dnyazmMIzLasguaNTAN A1 Yes XBee-Pro [11]

szans,mn

sygzmadadyanameluoins Uszua 100 was
srEEMI T yaUMeUDNBINIS sz 1,500 twng
frdslumsdeadayananevinm 100 mW
gasnsdadoya 250,000 bps

gasimsdadeyalunesaoynsy

1200 - 115,200 bps

o

anullumssudaaa

100 dBm (R1UADIAAADY 1%)

mmﬁ'mmsﬁ'mwé’um

13 1905 981 Tl

28-34V

nszua hlumssudoyan

PL=0 (10dBm): 137mA(3.3V) 139mA(3.0V)
PL=1 (12dBm): 155mA(3.3V) 153mA(3.0V)
PL=2 (14dBm): 170mA(3.3V) 171mA(3.0V)
PL=3 (16dBm): 188mA(3.3V) 195mA(3.0V)
PL=4 (10dBm): 215mA(3.3V) 227mA(3.0V)

apwghwnszua i lunmsdedoys | ssmaG3v)
aszuerlvlfuiio Tisinsldans <10 pA
Fowawitatl

A ISM 2.4 GHz
YUIA 2.438cm x 3.294cm
QUNYIl 40° t0 85°C

enemenansolsia

Whip, Chip 50 U.FL Connector

o s 1 %
mimmsammmzmwﬂaeﬂnﬂ

myamivayulaseadrunseiie

Point-to-Point, Point-to-multipoint & Peer-to-peer

NUIUFDITYRIN

12 Direct Sequence Channels

NABNLOAATA

PAN ID, Channel and Address

LY L4
Ms3jusesginaal

65,535 Device(0x000-0xFFFF) 64 bits
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Pin # Name Direction Description
1 vVCC - Power supply
2 DOUT Output UART Data Out
3 DIN / CONFIG Input UART Data In
4 DO8* Output Digital Output 8
Module Reset (reset pulse must be at
5 RESET Input
least 200 ns)
6 PWMO / RSSI Output PWM Output 0/ RX Signal Strength Indicator
Pin # Name Direction Description
7 PWMI1 Output PWM Output 1
8 [reserved] - Do not connect
DTR /SLEEP_RQ/
9 Input Pin Sleep Control Line or Digital Input 8
DIg
10 GND - Ground
11 AD4/DIO4 Either Analog Input 4 or Digital I/O 4
12 CTS / DIO7 Either Clear-to-Send Flow Control or Digital [/O 7
13 ON /SLEEP Output Module Status Indicator
14 VREF Input Voltage Reference for A/D Inputs
Associate / ADS5 / Associated Indicator, Analog Input 5 or Digital
15 Either
DIOS5 /05
Request-to-Send Flow Control, Analog Input 6
16 RTS / AD6 / DIO6 Fither
or Digital I/O 6
17 AD3/DIO3 Either Analog Input 3 or Digital /0 3
18 AD2/DIO2 Either Analog Input 2 or Digital 1/O 2
19 AD!1/DIO1 Either Analog Input 1 or Digital I/O 1
20 ADO / DIOO Either Analog Input O or Digital I/




25

2.8.3 3UMInsz LTy I1UUDI XBee-Pro

]
ar =

Y ' = & * - ' Qs
m‘wm%‘uwmuwa‘s"l%'mmmaxﬂ'ixmﬂuu%:ﬁi:azmiﬂ'szmﬂammlm‘lflmmnnu

@ o

sonlmuriiavesmemeudazszian Taoi hludimsnszadya unauingeniiu
o a A s v &
uuu31Ta1in (Doughnut) FaTov 101 UIT03 1581089 XBee-Pro 1ufita 101019 3 Afszian
A9 101919V U.FL RF Connector (U.FL RF Connector Antenna) 1181y UIN (Whip
Antenna) AL IBINIALUVFN (Chip Antenna) NINILNVAYYIMYBUA1BINALIULY U.FL RF
a a Y o d' d‘
Connector (@10 1MALUY IV LAz IMALLEN d1nsoudas laasglin 2.9 319 2.10 uazgl

12,11 Mmudeu

Dipole Antenna

{(d8

31U 2.9 JlupuMInTENIBFYYINVBANIRIMALUY UFL RF Connector [12]

a
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Whip Antenna

0dB

Chip Antenna

-
[0}
[wn)

30 2.1 pliuumsnszvedyanaveumoMALUIN [12)
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Tnedadv 1819 uavemasiiauuuiviiow1ndnues XBee-Pro 1AgnosnuuL
9 = " : o : a o 3 a y 9/ o
nludasazuuuimniu faiuauideitdlddenlfmoimawuivine1das19ginsal

YoIsTUVITYMULInielueIs

4 ' o
2.9 Tamanulumsasdaanas

1
o A

TymiifasinnisdidygiuaduIngiin (AaINENYMTMITUNTNTTI0VBY

o o

4 a é ) Qs
AAUING (Radio Signal Propagation) Fauiiseanidlu 2 Uszian Ao mssiamevesdaaiu uag

b4
MIUNINAea A Nsastune laaatl

s

2.9.1 MIVNMPYBIAYANM (Fading) [13]

] [} [ 3 o

3 ¥ B Py o
nsdeals aiuaz ldmsdedyarariusesdyn i dygiuingss 15y

HaNTENUNINN A Ty nRIusesd R Iafinudfiaua1e 19u 0 01075 uaz
anmuadenluvaziiu M lddygasnaiiamsnan (Fading) aunsauicldidu 3
Uszinnfio msgauden1uszez g (Path Loss) M3gAuatia (Shadowing) Hazmsasiiauvaly
N#N19 (Multipath)
2.9.1.1 MIGYTUMINTZBZNL (Path Loss)
msqtyaﬁﬂﬂms:ﬂzmm‘flumﬁaﬂmummﬁq;m"1mﬁ§umjﬁuszﬂzwNﬁ:winﬁada

v @ e ] { o o @ =8 2] 4
uazdSudygu aAundeiidwesdygisszanainiungms qaiienIussesnie Faile
PR 3 ° o @ o o o L) ol
szeznalmunivez idfidundsvesdyainuinganas dusvaumsgodoaiy
b4

Yo A
szaznaaal ldaatt

P =L (W)

Taedh

D

P, flo manuduvosdygnai idsuluniseTad

2 1 kY LY Al Yo YR ) [ 4
P, Ain manuduvasdynnad 1asulu 1 was sndrdsdyaulumitedag
d Ao szezvinseniedidwardfudyanalumitomwas
a A9 M1 Distance Power Gradient (15 Uo1msazlinuiify 4)

L4 v
Tumsiumarduvesdygialumiisediuaiu e ldaumsgaudvmussoznadai

L,=L,+10log, d (dB)
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o 9 a ] o d' = ﬂ Y d’l
ﬂ"muﬂehfi Loudlumsqmutaﬂmmz zmﬂuwmam%mamx SN 1 IUAT VaUNITIUUAIU

L, =10log,, P, —10log,, B, (dB)
L, =10log,, Eil (dB)
P()
/1 2
L,=-10log,, G,G,(——) (dB)
4z

Tagd
G, Ao @3 1918YDIA1UBIMAAUES (Antenna Gain) (dB)

G, fis 8a5191809a1001MAAUSY (Antenna Gain) (dB)

2.9.1.2 migﬂﬂﬂffd (Shadowing %30 Large-Scale Fading)
t 4 ]
iesunndgygansdugnuatslivas Taufannaniwiadon vy

! 3/ o Y1 o a = a =4 ot M
msdadgantelueins dudu mildddmdunasvesdyanuinnddounladlledis

k% P A Po a 3 o Y o d'do o Aw a
%19 wazilemdsunoananusMluIz Mg Idduuniidiasaauay
o
]

2.9.1.3 M3azNouUKaWNANA (Multipath Fading 1130 Small-Scale Fading)

o/

b4 I E4
iNAvulom e IMIAYEIRIT U Ay IMBg INANUAININ 15U NITUNTVDI

g o

Qs v ° 4

Fyanarmurssdaanafitdnvazvesanmnadeoumelueims ifidsaavnann sxild
fian1sazfion MIHNm LAz MINILITIVOITYYIUMAILTANT dwa‘lﬁﬁmmmﬁ"lw"%’uﬁ
Sruunmsdagnaiinnafameiiaieiu n1sndwesdaguiidaueziniedisnm
d1afudae sal§anauazvadissfunlsfunuszoznie luussezmeesiivled
danalddgygraufansdndieduld uazluuisseemadganuzfianissawdunoaasy
fu Ml dyanai lafuoundiafinandetunin fadewaldszduvesdyauiins
Wasunlasiuaseiiesnda TnonansenuAednyazvaImsUNs Rz Mevenauiy Tdun
Mo (Reflection) A13IAEUVY (Diffraction) HAZAIATLR (Scattering) M ALNOUNDY

nAnansanans ldaegln 2.12
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Transmitter Receiver

i FREE SPACE
1)

'B. REFLECTION
i( . DIFFRACTION

=

SCATTERING

31 2.12 msaeiouraWNAMY (Multipath Fading) (14]

3 A e a 2\ % 4 o
1) MsaeRoy (Reflection) N3 azNBUYBINAUTYRIMAATIITBININATUT
A P o 4 o ar o oo P =t A '
msnaounnaInanniallidadinarmmily Tnondananngediinnugniuunni
A = o P P & A - 3/ LI 1 =
aMeUNUAINEIATUNIANNIZNY HAR 1R AAuzliMITziouanL eIy dIul
- 9 v o o - Bl ¥ a Vv y R o
aeNINNTAzRBUIZHIN Ldnarsiiges @i Minanisazneu ldun an naz fung
iy
-ﬂ’ x - = ; ﬂ- H"l =)
2) M3AOINYN (Diffraction) Mg MUUVBIAAUMA VMBI 1N HFefavIa
W3 8uoURAYII(Sharp Edge) agszvinginyaisiiaggunsaidedaynnm i1 1d lilidumai
L) 8 ' . ¥
Us1A9INA4RRUI13 (Line of Sight) seninginaaiismms nan lane aaudynnziduidon
% ¥ ‘ ,
fanavie Taemsnenuuvordaanassitidminsosudyana ldums
- ] - a N & 4 4 4
3) M908 (Scattering) MINTZIVIVDINAURAVWITDININ AdMATBUA T
o :‘\ = Ad a& L " .ﬂ' = o 4‘ o a'
annsznufudNavIRiianusnamlbsniuiioounuaN B InALYeIT Y IM KaN 1A
de mldaaudyapoafamsnsz@elllugafians asi dinamsnsz@a1dun o dudu
2.9.2 M3uninada (Interference) [15]
¥ '
Msunsnaeatuna lanndygraueniininndl 2dyy1a uaziiszay

dyapanlndifvsiuinunindeaiu dyauiignunsnasaiisuntadiivee hiansousn

9 o ~ - o . = 9 =S v e ar
Yoyavenvindayg 1A iiesniniidygiusuniu (Noise) Wadunisdesiinmsanszdy
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Qs a Q'J = 4 q/ d'd' S/ ar é
voedgaasunIuag nsiantsunsndea laevia ldudufedudunnubnasandeeiu 49
¥
HaNMsunsnaeaull 2 uuy Ao
2.9.2.1 maunsnaealuvesdaye1aufeIiu (Co-Channel Interference)

WumsunsnaeasenneadayananlFlusesdyanaunodnu wu aoifide 2

=

a4 4 o o o o v o 1 [y k4
amiildadunnudidordu SlddSvmusesudygranin 2undudinmdouduld

] 14 ]
=] v 1

wansznURadU fe NanmsunsnaeasTnIedyan 2 dyanandannudazanitl Tash

.
Qs P 19 A0 o A

dygrud 1dsunnamiilaiididegand wsulddamnnd uadimdsnlndmssiuadu

Qe

ar

dyanagaiulu Fasudlvainsodildnaeds wu msnsesdyana (Filtering) Taoh

o o g

' 9
A o s

nTeefuzdeeinisnseueuamizdyanaiaesmsrmiuuuviniu uieo1n9zldns
fmuamsdoas Idiuaugy nefivesmsunsnasaiifanndggnsufsrfuud@umanis
iIeas Ui mavsedumaiinieiu onl¥meaniaiiianuniedinau (Beam Width) 7
uav na1afe Tanwannsalumsdenienisvesdindulfa (Directional Antenna) #5819
Gl‘lsf'ﬂwmmﬂ‘ﬁfﬂiﬂiﬂLﬁﬂﬂﬂﬁuﬁﬂﬂ%’)ﬁﬂgﬂﬁmﬁg{ﬂdﬂﬁ%’m‘i’ll'l"]hﬂ Tasswnuns 193513
nseadeyanas Wudu

v
a =]

2.9.2.2 MIUNINTLAVRIT Y INUNNAIINDOLANTY (Adjacent Interference)

v o

H =Y ‘é‘ 1 Qs L] ‘1' LY Qr é = 4 g
Aumsumsnasafifaiuszniadyanaluvesiiogindu Fuinvinnieeiy

g
Tyanannsesdynadiogannudumdonsudyyinlugeiidens wu sesdan o
412 unsnaeafuTesdagini 413 darfu mstlosfumsunsnaoavessonlszialussun
amsam g Tasdnuainugu nieunuA (Guard Band) ietlosiu LildFaaralusosd
pgAnnuIUNInaea 18 sAR20613YU NITNSTNFUITEUY FM  #aUn319 (Wideband

s 4 ar <

FM Broadcasting) 1Aaz$8@0In1suaun1nd 200 KHz luvasilddmiudedyanauiios

H
-3 L)

E 4 )
180 KHz uaziiluuauiu 20 KHz riveflestumaumsnaenvestosdaanaiiogandu
2.9.3 msldanudsauiuszndedniivazFaenallfae (ZigBee and Wireless Radio
Frequency Coexistence)
o aos Qs 9/ q’/’ LY dy 9 3 P-4
mMIsumuiuvesdniuazdyg i ldmoiues lumadudime 2 szuwmden
FOIT Y IUN IS UNIUA 111899101154 IB0IF QY I (Channel Spacing) FoId a1V
IEEE 802.15.4 1 16 ¥osdayaas uanzvosdayanailiuuuiss 3 MHz uazlimsuisgesing
= =1 T o P .
sonilu 5 MHz 91314 2.13 uaaslWifiuderesdayanaunlduu WiFi (Wireless Fidelity) Ao

Youdyuh 16 uaz 11 IEmsndnfenssuniuvesdygiuninnievis]iawie 14
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yosdgyaai sutudumieviowaulime 1dun sesniudn 1520 25 was 26 dmsugas
Tumsdnnuanudie

Center Frequency = 2.405+(CH —11)x5

5 MHz

N

Channel 11 12 13 14 15 16 17 18 19 20 24 25 2

worss| (VA NAMANNNANN AN

_.._’(
—— 25 MHz i 3 MHz

802115 |/ cpmaneta N |/ orammets ™\ | /7 cnamet 1t

M— 22 MHz —»
2400 2425 2450 2475 2480
MHz MHz MHz MHz MHz

31 2.13 msufSeuiivunaudives IEEE 802.15.4 uag TEEE 802.11 [16]

2.10 ynaji

b

3 * = [ <
Tuunill@nandmguiuguvesszuunsedodumes 15a1ouasuins g1y IEEE
. P v o w a a n AN & ¥ =

802.15.4 (ZigBee) Fuiludrud iy luinniinusatuiisudszneuludlosoazidoaves
a ° ' = ' < ° 79 ¥ =
MANMIMNY GIuANudLazEIAIFIHA1 saudansh lszgnaldsauvounaTulad

1 4 4 @ A o aw v (] oo W
szuunsevomures 13 aedsilvgtiuiimnhuimaseunazidvediaunsvaio uasiidda

v a aa A = & '
szuumIentewes 13 oo Taolddaliins1daungiuniud 2.4 GHz edanansenude

o A 1 [} s 1 v =t s a d a
szansamwmsdaiuresdygias luunasliiznafmguuazudnnisimaiziimailn

mMsmdurianiglueins laeisa199
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nguuasranmsvesmsmawmianmalueIns

3.1 panin

° ' & Aa @ o q ¥
ﬂ”l5W"lgnllﬂi\l\?ﬂ‘lﬂslu@1ﬂ15lﬂu‘ﬂu€lnu‘lﬂ1u{lﬂ?UU uﬂ1§ﬂ5$ﬂﬂﬁl1%ﬂuﬂﬁﬁ1

L3

dumianslusmisuiauie ey msmidumivesdudi luadedud memdwmnisves
o T Y (Y a { a = 9/
auldvSaynansmelulsmenna msmdumtsvesminnudumaduensiiamas nd
3 1 v o = = vy o = & A
msmdumrlsresgivd1senignin lvdunmiiagsaidalueins uagnmsmiheveunieiie
o s = S [ q’l Y a = - a
sy mseginsaifinszianszarelulssnn luunilldefuetmguiuaznannslums

1 b 4
widwmiimelueias JEnsdunadwumiaiuiinasdt Juegiuiimsssniuussyusy

° ' T g F s a P o o vo9
Aumiie gneeauuuuIegels uaziivegiunganssuvesdoyaildlumsduaudwmidog

v
~ o

=2 ° ] q’: 9/ 9/ o o 1T A b4 ¥
1IMsANYITTUDsZYd il aiu Feyaiiun lFlunisduad wmisdinaiwlszan 1aun

9

A k4

du s (Infrared) §a@19198 (Ultrasound) #3® gadi 1iin (Ultrasonic) taztdonldnsianau
iWuveadayamiildsy (Received Signal Strength Indication : RSSD) an3suit 18den 19 RssI
HudoyaiilFlunmsfan desnnmnsodedoyarufumaniodadavnemolusins1d
Fnssmadumialaglda RssI J9ansoRi ldna1sis wu msdaszeznie awnsoda’ld
Tael¥doyavesrai 1y udaana (Time of Amival) uazfiAuLANAIIVBAIATT 18T Y
Hayey 1™ (Time Difference of Arrival) Taoluiadafiizesuiondouisiuunyssinnuazmaila
Tunsmawnidanielueims F3imsdmnamdumisiidaosu 2 33 Tavdimsusniie
mﬂﬁﬂﬁi%ﬁugmmmmsmszﬂzma A5 MUIUMIAIUNUIA2875 MMSE Hagn1sAIuIam
dumiaTagismaduimesisnduvesgageqatiazdiga 33n3fi2 fe msdunumdumia
uuumstuganuduvesdyanalugwdeya dumsmanuduiusszninannuduves
Foyau Tasfinnuduiusiussesneuigaiiauls
ﬁaﬁ?wmﬁwuﬁ'ﬂﬂ’uﬁyﬂmjaLﬂ'ulumsﬁ'@mnmﬁﬂuazmaamﬂ?amﬁw‘lumim

o [

-g = A ] <] Iy ¥ o
duruanisluimisuuiugiumalulad wSevroduwes 3ae  Tavaziinisnaaseni

1 oo P Y 9 o o Y o ' 1 9
ﬁ?llﬁuﬂﬁ?ﬁ“]ﬂﬂ‘lﬂu@llﬁ Hﬁzﬁl‘mmul“ﬁﬂﬁa?\iﬂﬂﬂ'lﬂu'H’Iﬁluﬂ']iﬂizﬂ’]ﬂuﬁ&’fﬂuﬂTﬂ')'lilﬁlﬂilﬂﬁ

[ . F 4 } 4
dyanunlasy Flss@ninmanuududivesic 2 I5TusldmsSoudounnaanu

AANAIALAZAIANNAANAIAMAY DU IATIZH IUAISHIA NUUNUSIUBINITHIR AU

aeluoinis
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3.2 M IAMIAIIIVNYLIT Y I

a

muduvesdyanauiiuitmsfaglununmsaaneuvesdyaiuing (Radio

] q

. . 9 1 < c/l:lsl o 23 lthv
Frequency Signal Attenuation) mﬂ‘luﬁmazumaanmﬂ UDIMTINUFULIYDT [T IYAINUI LV

‘W U

@ £ & T t [ v 9/
Wuwes 1¥aedndinils FuSeadrdenaindn manuduvesdgyyiu Tasfinnuduves

¥
Qs

Fuanautianuduwusauaunisaatl

el

PL(d)= PL(d,)+10-n- 1og,0[di) +X, @) (-1

0
o 1
fmuald
=) a ] o &
PL(d) #a mgaFonuszezna (Path Loss) lunisadiua (dB) iszeenna d
PL(d,) fis msgaydoamszeznainsuudaluszeznie d, (dB)
A =y W—— & ' k4 s
n Ao 10UTR1AS (Exponenent) Tasdusgammuianenlumsnssnedyg s
X, #oawsiumuanylinduouvesannzilimanes
dunls mezdluminRenndasldheluaanznedeumsnsznsdyaia

d' s a . 9 é 1
molueins lagezldsu llawinguazstuuuvesdeneainnislueims Faansaman

PL(d, ) 18nnaunisdeii

PL(d,)=10-log,,(P)~10-log,,(R,) (dB)
PI(d,)=10- 1og,0(5J (dB)
PO
2, 2
PL(d,)=~10-log,,(G, -G,)-(Z—) (dB)
T

@ a’

P, flo mimasvosdaaiunndidsdais (W)

A - s = Yo @ Qs
P, fin mfdaveadyanain 18sulu 1 was aindrdedagia (W)
G, v 9A5198180IA 1881 AAIUEL (Antenna Gain)

=) o @ «
G, fo DA VHYUDIN WD IMARTUSY (Antenna Gain)

A @9 AueINaY (m)

manududy 1UYBIT YRV (Received Signal Strength Indication %30 RSSI)

(3

Q

S o 1 ﬂ a a a 4 o A a 4 ' ¥
wulimibodly wduaiiadied (dBm) uarfisuiivay ) mmmswm‘lﬂqﬂm:‘WUﬂmmiiﬂﬁs

v a o ' Y o o ¥ A 4 Y a
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-« [ (40474C28) SL - Serial Number Low
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B 0 . bd 2 -

E
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Retfesence Node
Object NX_TIrue Y True (dBm)

Node () (n RSSI-1 RNS1-2 RSS1-3
1 o 0 -46 -61 -62
2 a6 0 -37 -66 -61
3 1.2 0 -39 -58 -60
4 1.8 ) -56 -5¢ ~-66
5 2.4 o =9 ~46 -61
[ 3 1) -61 -41 62
7 Q 0.6 -37 -62 66
8 o.6 a.6 -48 -68 -59
a9 1.2 0.6 -52 -S6 -58

10 1.8 0.6 -6 -54 58
11 2.4 “.6 -6 -46 -89
12 3 0.0 ~62 ~46 60
13 0 £.2 -5} -62 -R¥
i4 a.6 1.2 -5t ~66 -55
is5 1.2 1.2 -56 -58 -84
i6 1.8 1.2 -5 -56 -84
 ird 2.3 1.2 -60 -53 -85
8 3 1.2 -62 31 -s7
19 [ 1.8 -88 -63 -34
P44 0.6 1.8 -59 -62 -83%
21 1.2 .8 66} -1 -52
22 1.8 1.8 -6 -6 -82
23 2.4 1.8 -62 -39 -53
24 3 1.8 -63 ~-58 -S4
2= 0 2.3 -60 -64 -52
26 a.6 2.4 -6t -63 438
27 | 154 2.4 -61 -62 -47
28 1.8 2.4 -62 -61 -47
29 2.4 2.4 -63 -66 ~48
30 3 2.4 -6-4 -66 -53
31 0 3 -62 ~68 -53
32 0.6 3 -62 -64 -1
33 1.2 3 -63 -64 ~43
4 1.8 3 -63 -63 -40
KRS 24 3 -64 -62 -4%
36 3 3 -64 -61 -48
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Ref-i Ref-2 Ref-3 Rei-4 Ref-S  § Distance - 1§ Bist, -2 b e - 3] Dist - 4] Di -5

1 -4 42 44 -50 -42 a.4217 04217 05309 8.9441 04217
2 -43 42 =51 -5¢ -42 0.4732 64217 £.188S 1.0593 04247
3 51 -43 -5 -SE -42 L1885 0.4732 16788 1.IB8S 04217
4 =82 ~344 -5.8 ~52 ~42 1.3335 8.5309 16788 13335 084217
s -53 -50 58 -53 42 1.4962 1.0593 1.8836 1.4962 0.4217
[ -S4 -§8 -56 -84 -43 1.6788 1.8836 24435 1.6788 8.4732
7 -S7 -&7 -56 -55 -43 13714 13714 211358 1.8830 84732
8 -58 -59 -56 58 -43 2.6607 2.9854 L1138 2.6607 0.4732
9 -58 ~59 -3§ 58 -43 2.6647 2.9854 16607 2.6607 0.4732
e -59 -60 -59 -8 &3 2.9854 33497 29854 2.6607 6.4732
i1 -s9 -60 -59 -59 -3 29854 33497 2.9854 2.9854 4.5369
12 59 -60 -59 -89 45 29854 33497 2.9854 2.9854 05309
13 60 ~64 - ~60 -45 3.3497 3.3497 33497 33497 0.5957
14 -8t -61 0 -6t 45 3.7584 37584 313497 3.7584 05957
s ~62 -61 -~ -62 ~45 4.217 3.75R4 33397 L2217 85957
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31 mwes 4 1503 5 15 wwes

219 (1UAT) | B19BY (A9) 91409 (1uA9)

fuiadi 1 (0, 0) ©23,-015) | (0.12,031) (-0.13,-0.13)
fumiaii 2 (0, 1.65) (-0.04, 1.6) (0.06, 1.70) (-0.01, 1.5)
fauvaiaii 3 0, 1.8) (0.02, 1.66) (0.06, 1.71) (0.07, 1.55)
fumiad 4 (0.30, 0) (1.77,-0.73) (0.30, 0.14) (0.34, 0.07)
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Aumdad 7 0.9, 1.5) (1.02, 1.56) (0.88, 1.5) (0.88, 1.5)
ﬁﬂlﬁu'\‘i‘ﬁ 8 (1.2,0.75) (1.17, 0.66) (1.24,0.88) (1.22,091)
fumaiadt 9 12,2 | 074225 | (31,192 (1.26, 1.98)
fumisfi 10 | (15,27 (1.5,2.4) (1.74,2.7) (1.5,2.55)
fumiedi 11 | (1.8,0.45) | (1.74,0.53) (1.66,0.4) (1.76, 0.44)
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L GARGR
YUY fifne3e | Adaneune | Avaficoo Ao
naasy E)) AeIs MaIs A5
Min-Max 3 Min-Max 4 Min-Max 5
FUBRI01909 | FUDIB1BY | (eI 819Da
(1H99) (1uns) (tun3)
fumisi 1 0, 0) (-0.05,-027) |  (0.16,0.16) (0.09, 0.09)
fumiadi 2 ©, 1.65) (-0.08, 1.5) (0.04, 0.86) (-0.01, 1.5)
fumiad 3 ©, 1.8) (0.4, 1.746) (0.09, 0.92) (0.06, 1.67)
fumaled 4 030,00 | (©20,-001) | (0.20,-0.01) (0.04, 0.06)
fumiafi s | 015,255 | (0.99,2.33) (0.15, 2.46) (0.38,2.46)
dumdsite | 030,27 | (5,263 (0.54, 2.65) (0.64,2.52)
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N

-

[=)

X-dimention (m)

V0IAFIFALAZA TR

' ) ' i 7 ' : O_Tr‘ueLocation
| @@Q% % ~ % 00 g
- @ - |
L %o @ 3 -
O° @ & oF

d‘ A a v = ar o 1 ﬂ‘ [ o
FUns.4 msfSouiivuszn i umiseTadudumisfis i Taeldi nssumesiandu




72

1) ¥
IS NAARIIEITMsMIdwMUs Emailai [9Aug wveImsmIssoz e Tag
T¥tmsdwmeswnduvesgageganazdiga 11015197 5.3 Idduiiumsdnnadumia

nnaanudvesdyanaiialdluudasdumidiidmua Buanihadunaldluudas

=

gundannlFoufoududwmdaesaidimualy  dumdamiwnalSsufsinniueunse

A

Qs ‘:' é Q Q = o T - ' o e {
uaatlddei 5.4 Fadydnuairsnavfeinavesdmmiess daudydnyaiawmasyie

@ @ w o o L=

AhamasnduinldlaslFifuresdrdsiwiu 3 61 dudnyoiasniunsaenfiamash

]

o o a A

o ¥ v o 2Y o o o o aw d dse ¥
annaldlaglddumres s 4 @ uasdadnvaiaeninfondamaoidiuiuld
< a o a a Y v @ a T o
Taolfdumesdredswau s @ iduinndoudevesdaydnuaiudazidununodanadng
anuAanaravinmsnagsud i ludumivdsrdulaodludunaanisulSoudioy

wrneemn1a 13 5.4 dunaninduioinyoudeszning

Wl
ee
=
o
pus)
o
=
2
»
@
wit
Lo
pu]
=
=
>
2
=h.
Do

A w oo

funanansnundanauineenit 1 1nmsdin Tasldsumes 8191 1uu 3 @

"y P

daulnaiidussenige luudazd i nazduianiPeudes e na g untaniaes i

o

o

ao o 9 v o IY a o o o 4
wnand o 1@ Taeldduaes$190 U 5 Anzduiiga

¥ = 4; ¥ ° o L 4 Qddi a 3 V&
5.4 mmmwﬂwmﬂn‘lﬂmnmsmmmmsmmmmﬁn 1: mﬂuﬂmkugmmm

MINITTEZN
Tumsnaandddoil ldlumainvesszesvigadidouinfninmainnuAanata
Ferumsh ldmaanuianaavesidadumisii ldsinmsdnnufuifaduminiaiiu

i
ANAUNITU

Error Distance = \[(xI =X, )2 + (yl_ Y, )z .1)

Tavit x, uaz y, duRfadiumisnssan x, uaz y, Auifaduiildnamssmon
a s 4& o o ¥ £ g A\

Tunuanny xuazuuauny y mud ey Faluasdsuramdwniadiedsa 1 awmay

AANAIARIA1S 1IN 5.4 HAZAIT1IT 5.5

4‘ ¥ a P 9 o ¥ Qs Ay < LY a
AINN 5.4 ﬂ\ﬂ'ﬂuﬂﬁ‘wa1ﬂﬂ1ﬂfnﬂﬂ"liﬂ1u')ﬂ!ﬂ’.]ﬁl')ﬁ 15 MMSE 3, 4, 5 [%UI8 791994

MANUAANAIA MANRANAIA MANNRANAIA
Ammiagu MMSE 3 MMSE 4 11903 MMSE 5
of dY a FT Y & Y a
naxoy 1 UB981994 91384 FUBDTD1909
(tua3) (13493) 13405)
Aumuan | 0.28 0.33 0.19
@umuian 2 0.07 0.08 0.15
AWMU 3 0.14 0.11 0.26
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T Y AIAIIURANDIN AnNURaNIIA AANNUAANDIA
AT MMSE 3 MMSE 4 [5u1%993 MMSE 5
HUB3919D4 813994 19351994
(tuas) uaa) (un9)
Sl 4 1.64 0.14 0.08
S 5 0.27 0.14 0.10
fumniaii 6 0.16 0.20 0.14
Saumuaii 7 0.13 0.02 0.02
fumiadi 8 0.09 0.14 0.16
Sumiafi o 0.49 0.21 0.14
Sumriadi 10 0.29 0.24 0.15
Sumuafi 11 0.10 0.14 0.03
fumtieii 12 0.21 0.09 0.04
faumiedi 13 0.03 0.25 0.11
fumiad 14 0.19 0.27 0.11
fumiadi 15 0.10 0.16 0.10
fuiad 16 0.17 0.14 0.14
fwiadi 17 0.44 0.18 0.10
Sumiad 18 0.04 0.15 0.09
Saumiad 19 0.18 0.18 0.19
fumiiadi 20 0.24 0.09 0.12

H v o i ° a a o @
MSIN 5.5 AnuAanaiai lanansfiuiadedt mtwwesindurniagIgauny

[V Y o o ¢ ar
drgalaolfisuimei19ds 3, 4, 5 Aamnud ey

dumiagu AMANUAANaIN AANNRANDIN MANURANEIN
naasy Min-Max 3 Min-Max 4 Min-Max 5§
-1 Y a o dy a <1 Y a
1FUBDTD19D9 1F ¥ 3913909 U 501904
(11183) (134n3) n3)
Awmieh 1 0.28 0.23 0.13
Annian 2 0.17 0.79 0.15
AN 3 0.40 0.89 0.14
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dumuagy ANNNAANDIA AANUAANDIA ARNHANDIA
naaouy Min-Max 3 Min-Max 4 Min-Max 5
91984 (Furesd1ava Fuei81984
(ns) (14A3) (1n3)
fumiiad 4 0.10 0.10 0.27
Fumnisdi 5 0.86 0.09 0.25
fumisiie | 1.20 0.24 0.39
fumiadi 7 0.59 0.14 0.14
Sumniadi 8 0.37 0.23 0.23
fumisii o 0.44 0.61 0.28
fumiiedi 10 0.75 0.29 0.42
S 11 0.61 1.27 0.38
Fumrisdi 12 0.54 0.48 0.37
Funniadi 13 0.67 0.20 0.27
fuviniadi 14 0.77 0.34 0.25
fumtia 15 1.28 0.82 0.20
dumiad 16 0.37 0.76 0.12
A 17 1.07 0.81 0.18
Sumniedi 18 0.25 0.15 0.67
fumiadi 19 0.45 0.60 0.42
Fumniadi 20 0.78 0.24 0.72

i . v k4
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LHTN
- 4 = 4 2
ARANAIAINGBWINGY AMRNANAIANAD WAL
Node Min-Max Lateration
(m) (m)
3 1 F BB ID19D9 0.60 0.26
I} dY =a
4 1 FUHD391909 0.46 0.16
d
5 (FUBBTD1IDY 0.30 0.12
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GRIIKT oY fifne3e | Adafidnoe | Asefsnnw Ffafidnow
nagey (was) CPIRL Aeis faels
Nearest 3 Nearest 4 Nearest 5
381994 | uwasensds | uwaisieds
(uas) (t4@3) (IR9)
fumied 1 (0.00,0.00) | (0.00,0.00) (0.36, 0.36) (0.45, 0.45)
Sumdafi 2 | (0.00,1.65) | (0.00,1.20) (0.24, 1.92) (0.30, 2.10)
fumied 3 (0.00, 1.80) | (0.60,1.20) (0.60, 2.16) (0.75, 1.95)
Sumtsiia | (030,000 | (0.60,000 | (0.36,036) (0.45 ,0.15)
gumuafi s | 015,255 | (0.00,2.4) (0.84, 2.88) (0.90, 3.00)
S 6 030,2.7) | (0.00,3.00) (0.84, 2.88) (0.90, 3.00)
Sumisii 7 | 0.90,1.50) | (0.60,1.80) | (0.48,2.04) (0.60, 1.95)
fuwusits | (1.20,075) | (1.20,0.60) (1.08, 0.96) (1.20,0.75)
Sumuafio | (120,200 | (0.00,2.40) (1.32,2.16) (1.20, 2.25)
éhumiaﬁ 10 (1.50, 2.70) (0.60, 2.40) (1.56,2.76) (1.65,2.70)
&umiefi 11 | (1.80,0.45) | (1.80,0.60) (1.80, 0.84) (1.65, 0.75)
fumied 12 | (1.80,2.40) | (2.40,2.40) (2.04, 2.40) (1.95, 2.55)
fumiied 13 | (1.95,1.80) | (1.80,1.80) (2.04, 2.16) (1.80,2.10)
gumdaii 14 | (2.10,270) | (2.40,3.00) (2.40, 2.40) (2.40, 2.55)
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duwsagu Wino3e | Wianduom | Afaldoe | winefidiuow
nagou (uA3) A28 M35 Meis
Nearest 3 Nearest 4 Nearest 5
o dY = o dY o o v o
[HUBDIDIIDY | 1 FUIVDIODY | I MIBID1994
(11n9) (109) (1403)
AHUIN 15 (2.40, 0.30) (2.40, 0.60) (2.64, 0.36) (2.55,0.15)
AMUIN 16 (2.70, 0.30) (3.00, 0.60) (2.52, 0.36) (2.55,0.15)
AIHUAN 17 (2.70, 3.00) (0.00, 3.00) (2.52,2.64) (2.55, 2.55)
ANUIN 18 (3.00, 1.35) (3.00, 1.20) (2.76, 0.60) (2.85,0.75)
AWMU 19 (3.30, 0.30) (3.00, 0.00) (2.64, 0.36) (2.85, 0.45)
AWHUIN 20 (3.30, 1.20) (3.00, 0.60) (2.76, 1.08) (2.85, 1.20)
4
: l I I : O True Location
3.5 & Nearest 3 Node
Nearest 4 Node
Nearest 5 Node
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X-dimention (m)
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Aga K a1 medszinamdwumis auiseiidonldnidwsanlnduinga K=3, K=4, K=5

o o é ' ol o 3 o v @ o 1
MudIny Famignuasesnuuiiudwrisamsonaad IAaIn1s 141 5.8 #13199 5.9
d' o e q’/’ o a a [~ = Qr o =Y
HAZAI519N 5.10 MUFIED INTUA T UM SINF LD 01994 3,4, 5 @7 HazAWIUMS
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RITTIRT, ¢ Wifkness | RiaRdnon | Airafidnow fansnoa
nage (UA3) SRR #8735 835
3-Nearest 3 3-Nearest 4 4-Nearest 5
FuHe381999 | uestiees | huweis1ids
(uA3) (un3) (A7)
ﬁ'lllﬁljﬂ‘ﬁ 1 (0.00, 0.00) (0.20, 0.20) (0.72,0.24) (0.60, 0.15)
S 2 (0.00,1.65) | (0.60, 1.20) (0.24, 1.32) (0.30, 1.50)
fuviafis | (0.00,1.80) | (0.60,140) | (0.24, 1.68) (0.30, 1.50)
ﬁ]tlﬁljﬂﬁ 4 (0.30, 0.00) (0.20, 0.20) (0.48, 0.24) (0.30, 0.30)
éhumiﬁ 5 (0.15,2.55) (0.20, 2.00) (0.72, 2.88) (0.45,2.85)
ﬁumﬂaﬁ 6 (0.30,2.70) (0.20, 2.80) (0.84,2.88) (0.90, 3.00)
Sﬁ'lllﬁ‘lj\‘iﬁ 7 (0.90, 1.50) (0.60, 1.80) (0.48,2.04) (0.60,2.10)
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AnU I Finade | Avafdnow | Riefnuw Fifafimuom
naaoy (tuA7) A5 SPYIRT #0738
3-Nearest 3 3-Nearest 4 4-Nearest 5
IFUURS199Y | 19 WweIBBY |  1Fwweia1IB
(1A 3) (n3) (1A3)
fumnish 8 (1.20,0.75) | (1.40,0.80) (1.32,0.72) (1.50, 0.60)

C Aumiadi o (1.20,2.10) | (0.20, 2.40) (1.44, 2.28) (1.50, 2.10)
Sumied 10 (1.50,2.70) (1.20, 2.40) (1.68,2.76) (1.50, 2.70)
fumiad 11 (1.80,0.45) | (2.00,1.00) (1.20, 0.60) (1.35,0.60)
fuwmisii 12| (1.80,2.40) | (1.80, 2.00) (1.92, 2.16) (1.80, 2.25)
fumuii 3 | (195, 1.80) | (1.80, 2.00) (1.68,2.04) (1.80, 2.10)
Sumdedt 14 | 210,2.70) | .40, 2.80) (2.16,2.52) (2.40, 2.55)
fumisiies | (240,030) | (2.60,0.40) (2.28,0.48) (2.10, 0.45)
St 16 | 2.70,030) | (2.60,0.40) (2.40, 0.84) (2.25,0.75)
fumdsi 17 | 270,3.00) | (1.80,2.20) (2.76,2.52) (2.70, 2.70)
AumMuefi 18 | (3.00,135) | (2.40,1.20) (2.88, 1.56) (2.85, 1.20)
ﬁmmiaﬁ 19 (3.30,0.30) (2.80, 0.40) (2.76,0.48) (2.85,0.60)
Fumiafi 20 | (3.30,120) | (2.60,0.40) (2,76, 0.72) (2.70, 0.90)

* ’ ‘ ‘ ' ' ' O True Location

3.5+ £% 3 Nearest 3Node

©
©

~
wn

Y-dimension {m)
-

"3 3 Nearest 4node

Q 3 Nearest SNode

RAanmAlofige 3 A1

X-dimention {m)
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4-Nearest 3 4-Nearest 4 4-Nearest 5
« Y a -1 dY a 1 dyYy a
| Wae3014989 | I FUEBID DY | 1HUIHDIDIB
(!‘Nﬂi) (luﬂi) (mm)
AWMU 1 (0.00,0.00) | (0.48,0.24) (0.60, 0.20) (0.40, 0.20)
AWHNUIN 2 (0.00,1.65) | (0.48,1.20) (0.20, 2.00) (0.20, 1.60)
AWMU 3 (0.00, 1.80) (0.72, 1.56) (0.80, 1.80) (0.20, 1.60)
AHIN 4 (0.30, 0.00) (0.48, 0.24) (0.60, 0.20) (0.40, 0.20)
AIMHUIN 5 (0.15, 2.55) 0.24,2.4) (0.60, 3.00) (0.60, 3.00)
AU 6 (0.30,2.70) | (0.48, 2.40) (0.60, 3.00) (0.60, 3.00)
AMNUIN 7 (0.90, 1.50) (1.20, 1.80) (0.80, 2.00) (0.40, 2.20)
AWHUIN 8 (1.20, 0.75) (1.32, 0.96) (1.40, 0.80) (1.40, 0.80)
ANUIN 9 (1.20,2.10) | (0.36,2.16) (1.00, 2.20) (1.40, 2.00)
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A IUHHIEN NWinosa | WiaNdwom | wnefdoa | Adaid e
-Y- | 4 aat v o a4
nagaay (un3) [l 138D [Pl
4-Nearest 3 4-Nearest 4 4-Nearest 5
1 dY o o dy a -3 Yy a
1YUIBDTIDTIDG IYHUIBBIDII] LHUHIBBID1IDY
(1uas) (13n3) (uRAS)
AU 10 (1.50, 2.70) (1.80, 2.64) (1.60, 2.60) (1.60, 2.60)
AU 11 (1.80,0.45) | (1.68,0.96) (1.60, 0.60) (1.40 , 0.80)
ANVUIN 12 (1.80, 2.40) (2.16, 2.40) (1.80, 2.60) (1.80, 2.40)
ANYTIN 13 (1.95, 1.80) (1.92, 2.04) (2.00, 2.00) (1.80, 2.00)
ANNUAN 14 (2.10, 2.70) (2.16, 2.64) (2.40, 2.40) (2.20, 2.60)
ANIHUIN 15 (2.40, 0.30) (2.52,0.24) (2.80, 0.20) (2.20, 0.20)
AWHLAN 16 (2.70, 0.30) (2.76, 0.48) (2.80, 0.20) (2.20,:0.80)
ANMUIN 17 (2.70, 3.00) (1.56,2.28) (2.80, 2.60) (2.80, 2.80)
AHUIN 18 (3.00, 1.35) (2.40, 1.20) (2.80, 1.00) (2.80, 1.00)
ALNUIN 19 (3.30, 0.30) (2.76, 0.48) (2.80, 0.20) (2.80, 0.40)
AHUAN 20 (3.30, 1.20) (2.76,0.48) (2.80, 1.00) (2.80, 1.00)
4 ;
I I ' ] O True Location
3.5F &% 4 Nearest 3Node
@ 4 Nearest 4Node
4Nearest SNode

Y-dimension (m)

X-dimention (m)

G; =2 ' o [ = a 3 ] i [ a1 y 4
31UN5.8 manfSeufisusenhadumisetusumd s unalaold5Ems S euifious

Aanaandoshiae 4 M1
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AIHUI fifnede | Aivafmon | Avadsow i
nagou (UA3) ANt 2808 PURE]
5-Nearest 3 5-Nearest 4 5-Nearest 5
IFURTNIDY | [iuwessde | Huaessids
(uns) (was) (tuns)
fumiadi 1 (0.00,0.00) | (0.3.00,0.3.00) |~ (0.00, 0.00) (0.00, 0.60)
fumisii 2 (0.00, 1.65) | (0.45,1.35) (0.00, 1.20) (0.00, 1.80)
fumsiei 3 (0.00,1.80) | (0.60, 1.50) (0.00, 1.80) (0.00, 1.80)
Suneiei 4 (0.30,0.00) | (0.30,0.30) (0.00, 0.60) (0.00, 0.60)
ﬁ"mﬁlj\‘l‘ﬁ 5 (0.15,2.55) (0.15,2.25) (0.60, 3.00) (0.00, 3.00)
fumisii 6 (0.30,2.70) | (0.30,2.55) (0.60, 3.00) (0.60, 3.00)
fumniad 7 (0.90,1.50) | (0.90, 1.80) (0.60, 1.80) (0.60, 1.80)
fuviaiedi 8 (1.20,0.75) | (1.20,0.90) (1.80, 0.60) (1.20, 0.60)
s‘inmﬁaﬁ 9 (1.20, 2.10) (0.45, 2.25) (1.20, 2.40) (1.20, 2.40)
funiai 10 | (1.50,2.70) | (1.50,2.55) (1.80, 3.00) (1.80, 3.00)
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Y-dimension (m)

AU Wine3s | AfeRsMIN | AnahA ARANANIN
v ol acd 3 ey
nagey (ﬂlﬂ‘i) A13E8IAD 185 P13835
5-Nearest 3 5-Nearest 4 5-Nearest 5
of duw a <3 d¥ o o dY =
LEHLIEDID1ID B BI04 U IBDIIR
(tun3) (1A 3) (uA3)
AN 11 (1.80,0.45) | (1.80, 1.05) (1.80, 0.60) (1.80, 0.60)
AU UAN 12 (1.80, 2.40) (2.10, 2.25) (1.80, 2.40) (1.80, 2.40)
AU 13 (1.95, 1.80) (1.95, 1.95) (1.80, 1.80) (1.80, 1.80)
AWHNUMN 14 (2.10, 2.70) (2.40, 2.70) (1.80, 2.40) (2.40, 2.40)
AWHUIN 15 (2.40,0.30) | (2.70,0.30) (2.40, 0.00) (2.40, 00)
AWNUIN 16 (2.70, 0.30) (2.70, 0.30) (2.40, 0.00) (3.00, 0.00)
AWMU 17 (2.70,3.00) | (1.80,2.10) (2.40, 3.00) (3.00, 3.00)°
AHUIN 18 (3.00, 1.35) (2.25,1.05) (3.00, 1.20) (3.00, 1.20)
AU 10 (3.30, 0.30) (2.70,0.30) (3.00, 0.60) (3.00, 0.00)
A1umian 20 (3.30, 1.20) (2.70, 0.30) (3.00, 1.20) (3.00, 1.20)
I ) A I O True Location
% 5 Nearest 3Node
5 Nearest 4Node
5 Nearest SNode

{

X-dimention {m)

3.5 4
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aums (5.1) B lumsmnnamIgumisd03s s 2 famuianatadansief s.11 a3
5.12 A15147 5.13 UALAN19 5,15

M3 5.11 MansEanmai ldninmsfsnnusieinsalfouieuaiiananivosige

=] Y a
3,4, 5 IBUYDTDNO

AMANNEANAIA mMANURANAIN AMAURANDIA
e‘iumﬁqq'u Nearest 3 Nearest 4 Nearest 5
nagey IFUIBD 38194 Huresd1ava [ ure3a1989
(un3) (un3) (13913)
fumiad 1 0.00 0.51 0.64
Smniafi 2 0.45 0.36 0.54
s 3 0.85 0.70 0.76
Fumiai 4 0.30 0.36 0.21
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AMANVRANAIN AINNNRANAIA MANVAANIA
v'immhﬁju Nearest 3 Nearest 4 Nearest §
naaey 8381384 i Fe3 81999 Furessan
(134013) 3A3) (A7)
St 5 0.21 0.76 0.87
Sumiaii 6 0.42 0.57 0.67
Sumisii 7 0.42 0.68 0.54
S 8 0.15 0.24 0.00
Fmniadi 9 1.24 0.13 0.15
uwniadi 10 0.95 0.08 0.15
Fumiiaii 11 0.15 0.39 0.34
Fumniail 12 0.60 0.24 0.21
duoniisii 13 0.15 0.37 0.34
dumnisdi 14 0.42 0.42 0.34
dumiafi 15 0.30 0.25 021
Suiadi 16 0.42 0.19 0.21
S 17 2.70 0.40 0.47
Aumniadi 18 0.15 0.79 0.62
Fumisdi 19 0.42 0.66 0.47
fumniad 20 0.67 0.55 0.45

d' 1 o ~ o o 3 @y = . A o 9/ -='
A1IWN S.12 ﬂ'lﬂ'ﬂimﬂwa'lﬂ‘ﬂllﬂmﬂﬂﬁﬂ"l‘u’Jmﬂ’)ﬂ’)ﬁﬂ”l‘il']ﬁﬂllmﬂllﬂ'INﬂWﬁ”Iﬂ‘ﬂuﬂﬂTlQW

' < JY A
301, 4, 5 19UYDID1904

AAIMUAANNIAR AMNURANAIA AANURANEIA
ﬁmmiaq'u 3-Nearest 3 3-Nearest 4 3-Nearest 5
naTeY uweideg iF 381984 18381984
(ua9) (131913) (un3)
Sumiai 1 0.28 0.76 0.62
fumiei 2 0.75 0.41 0.34
Sunniadi 3 0.72 0.27 0.42
Funsiad 4 0.22 0.30 0.30
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MANNRANEIA AMANURANDIN MANNAANDIA
G‘immiatju 3-Nearest 3 3-Nearest 4 3-Nearest S
naaey Hueia1ve H 381399 a3 91999
(un9) (1ua9) (wa9)
Sumniedi 5 0.55 0.66 0.42
Sumiad 6 0.14 0.57 0.67
fumiadi 7 0.42 0.68 0.67
Aumiieii 8 0.21 0.12 0.34
fumisdi 9 1.04 0.30 0.30
Sumiadi 10 0.42 0.19 0.00
Sumiadi 11 0.59 0.62 0.47
S i 12 0.40 0.27 0.15
Fumdadi 13 0.25 0.36 0.34
Sumieh 14 0.32 0.19 0.34
Sumishi 15 0.22 0.22 0.34
Sumiiadi 16 0.14 0.62 0.64
Sumed 17 1.20 0.48 0.30.
fumiadi 18 0.62 0.24 0.21
Fumied 19 0.51 0.57 0.54
Saumiedi 20 1.06 0.72 0.67 !

P ' a “y v ° Y  aa =t ~ " a Ay
ME1N9N 5.13 ﬂ17’]?uJNﬂwfnﬂ'ﬂ1ﬂ%1ﬂﬂ13ﬂ1u3mﬂ’)ﬂ’)ﬁﬂ1ilﬂiﬂnlﬂﬂﬂﬂ]ﬂﬂWﬁ]ﬂ‘ﬂuﬂﬂmq@

4913, 4, 5 1FUD3 91954

MANURANDIA AIANUAANAINA MANURANDIA
ﬁ)!!ﬁﬁ»iiiu 4-Nearest 3 4-Nearest 4 1534193 | 4-Nearest 5 15uIv07
naaou 1031984 214904 919949
(as) (un3) (un3)
fumieh 1 0.54 0.63 0.45
fumniadi 2 0.66 0.40 0.21
Ruivinied 3 0.76 0.80 0.28
il 4 0.30 0.36 0.22
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MANURANDIA AANUAANEIN AANUAANDIN
dmmiagy 4-Nearest 3 4-Nearest 4 151%03 | 4-Nearest 5 (911503
naaey Fp0391999 d1984 #1999
{1Hn3) (tun3) (ua3)
fumiait 5 0.17 0.64 0.64
fumisii 6 0.35 0.42 0.42
fumad 7 0.42 0.51 0.86
Auiniaf 8 0.24 0.21 0.21
Sumiadi 9 0.84 0.22 0.22
Sumiadi 10 0.31 0.14 0.14
S 11 0.52 0.25 0.53
Fumadi 12 0.36 0.20 0.00
fumiafi 13 0.24 0.21 0.25
Sumiafi 14 0.08 0.42 0.14
Sumiaf 15 0.13 0.41 0.22
Sumiedi 16 0.19 0.14 0.71
S 17 1.35 0.41 0.22
faumai 18 0.62 0.40 0.40
Saunnied 19 0.57 0.51 0.51
Saumnedi 20 0.90 0.54 0.54

4' 1 Y P 9 o + act =) = T = LY . A
MINN 5.14 mmmmwmﬂﬂ"lﬂmﬂmimuammmmmﬂswmammﬂwamwuauw?gﬂ

5813, 4, 5 1FUT05 91984

AMANVRAANDIA MANUAANAIN MANUAANAIN
AU 5-Nearest 3 5-Nearest 4 (1503 | 5-Nearest 5 15103
nageL e 581499 #1984 91994
(1n73) (83519) (uag)
fumuad 1 0.42 0.00 0.60
S 2 0.54 0.45 0.15
fumnisii 3 0.67 0.00 0.00
Sumid 4 0.30 0.67 0.67
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MANNAANIA AN NUAaNIIN MANURANDIA
v‘iumﬁaq'u 5-Nearest 3 5-Nearest 4 1541 ﬂ% 5-Nearest 5 !&N!mﬂg
nagey 0581394 919049 91304
uad) (14A7) (ua3)
Rumiadi 5 0.30 0.64 0.47
fumisii 6 0.15 0.42 0.42
Rt 7 0.30 0.42 0.42
Sumisii 8 0.15 0.62 0.15
fumniedi 9 0.76 0.30 0.30
Sumisii 10 0.15 0.42 0.42
Sunnisdi 11 0.60 0.15 0.15
Sumied 12 0.34 0.00 0.00
Sumied 13 0.15 0.15 0.15
Sumriadi 14 0.30 0.42 0.42
Saumiafi 15 0.30 0.30 0.30
Sumiad 16 0.00 0.42 0.42
Sumiadi 17 1.27 0.30 0.30
fumiad 18 0.81 0.15 0.15
Sumiadi 19 0.60 0.42 0.42
fumiiaii 20 1.08 0.30 0.30

e; t a a ) o Y sy [y ' ;4
A1INN S.15 ﬁsﬂmmmmwmﬂmaﬂiﬂa%ﬂﬁmummmﬁmmu@mmwwm

Q

Faanulugudeya
Nearest Average K-Nearest Neighbor
Node Neighbor (m)
(m) K= K=4 K=
3 1 F e i81984 0.549 0.504 0.478 0.459
4 1 MBB 381384 0.434 0.427 0.391 0.328
5 IR IAB 0.410 0.403 0.359 0312
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Aanaiamay | Aenaiamag 2
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Min-Max MMSE (m
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(m) (m) K= K=4 K=5
3 vy |
G 0.597 0.263 0.549 0.504 0.478 0.459
91994
4 1 FMv05
i 0.464 0.162 0.434 0.427 0.391 0.328
91904
5 19 ses
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Indoor Localization System using RSSI Measurement in Wireless Sensor
Network Based on ZigBee Standard

Ratana Priwghann . Krit Srivilas and Panarat Cherntanomwong

Department of Computer Engmeering. Faculty of Engineering
King Mongkut's Institute of Technology Ladkrabang
Email: $1061023@kmitl.ac.th. krpanara@kmitl.ac.th

ABSTRACT

This paper presents the studies and experiments
of indoor object localization system using wireless sensor
network (IEEE 802.15.4). The system is defined upon the
analysis of the models of maximun Iikelihood estimation
and received-signal-strength ndicator (RSSI) by a novel
miethed for localizing a stationary object in an indoor
office environment. The proposed method twilizes the
RSSI of sadio signals radiating from fixed reference
sensors and move target semsor placed at known
positions to generate a precise signal propagation model.
The performance of the system is evaluated using the
experimental data. The exXperiments were done by
increasing the number of reference sensors in the system.
Results show that the increasing number of reference
sensors can reduce the object location error as expected.

Index Terms-- Wireless Sensor Network; Localizanon;
RSSI; Maxinnem Likelihood Estimation

1. INTRODUCTION

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 mam factors
required. Nevertheless. the relarively simple and low cost
system 1S  also preferable. To deal with these
requirements. many localization techniques related with
the recent technologies have been proposed in the
literature. The localization techniques can be mainly
categorized as range-based and proximity-based [1]. The
former is defined by algorithms that use absolute point-
to-point estimated distance (range) or estimated angle for
calculating the target location. The latter makes no
assumption about the availability or validity of such
wmformation. Instead. the unknown location of the target
is inferred from the references with known locations. The
range-based technique can be generaily divided into: (i)
time based. e.g.. time of arrival (TOA). time difference of
arrival (TDOA). (it) angle based, i.e.. angle of arrival
(AOA), and (i) received signal strength indicator
(RSSI). Among these techniques, RSSI-based approaches
are widely applied due to its well tradeoff between
hardware cost and Iocalization accuracy.

NCIT 2010

Wireless sensor networks {WSNs) are networks
composed of numerous smwll independent. self-
contained. often battery-powered nodes including a
wireless transceiver. sensors. and micro-controller which
are capable to self-organize in a communication setwork.
The most common modern WSN applications are the
area of surveillance and monitoring. home control,
logistics. as well as office and industrial automation.
Localization in WSN often uses the RSSI-based
localization system. Some nodes are placed at known
locations and referred to as beacon nodes (sometime
called anchor nodes). By measuring the signal strength
between beacon nodes and other non-beacon nodes
(called unknown nodes). the system can then calculate
the locations of unknown nodes based on radio signal
propagation models.

ZigBes [2]. {3] is the standard which follows the
rules of IEEE 802.15.4. Moreover, for ZigBee. the
distance between nodes can be calculated from RSSI. Itis
a challenge to propose a new localization algorithm based
on the RSSI parameter. Furthermore. ZigBee technology
has a good number of advantages such as originally lower
cost than other wireless technologies, low data transfer.
easily covers wide range and able to be any netwoark
topology e.g star. mesh. ad-hoc. and hybrid forms.
Comparing to other wireless technologies such as
Bluetooth. Zigbee has not only a low-power oufput but
also a short latency time. Therefore. we would like to
propose a relatively simple method for the localization
system  using ZigBee-based WSNs. The maximum
liketihood estimation is utilized to support estimating the
location of the object. To evaluate the performance of the
proposed method. the experiments are conducted and
used for location estimation.

2. DESCRIPTION OF ALGORITHNMS MODEL
2.1. RSSIK and distance

The relationship between and distance and RSSI
can be determined according to the following formmlar
based on Fruis transmission equation

RSSI[dBm]= -[10-n-log,o(d }+ 4] .
where n is the path loss exponent.

d is the Distance from sender and
4 is the Received signal at 1 meter distance.

0
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2.2. Maximum likelihood estination localization
algorithm
In this section. we show the localization

algorithm using the maxinmm likelihood estimation.

which s based on transmitter-receiver RSSI
measurement. Node distance related information is

obtained through measurement of the RSSI under the
circumstance without additional node hardware design.
Figure 1 illustrates the flow diagram of the classical
location estimation algorithm using the Zigbee system.
while fignre 2 iflustrates the flow diagram of the location
estimation algorithm applied by the maximum likelihood
algorithm and using the Zigbee system.

Eocate & host RESTvalues

Phstantee Fstmation

RSST = ~{10nlog,, D+ 4}

Pasition Estimation

(S A

Figure 1. Classical Location Estimanon Algenithm

nodes
and

Suppose  coordinates of  beacon
BUx,. v, L B2(xy. v3 ) Bnlx, .v,).
coordinate of unmknown node with position to be
determined O{x. v), distance between unknown node
and the beacon nodes are d,..........d,, respectively. 4
group of non-linear equation [1)-[5] can be obtained

according to the calculation formmla for distance in a
two-dumensional space. as shown biy Eq. (2)

(-"_xn)z +(,"_.V1 ,)2 = xz

(x_xl)z*(}'_."l y =d; %)

-5, Y +(v-r,V =d?

‘When the last equation was subtracted from the
other equations in turn beginning from the first equation.
equation (2) becomes
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Linear equation in 2quation (3) can be shown
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Ay -x1  20n-3,)
4= : :
2Ax,y =x,) 2y —32)
[} =x2 + ) —v) —d} +d}

N

2 3,2 $. WL 2
| Xt — X T Ve ¥ _dn-l +dn

T
ol 7 }
_"l

The error of the node estimated location can be obtained
by applying standard minimum mean square emror as
shown by equation {4) as

X =(£4) £b. )
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3. RESULT AND DISCUSSION

3.1. Experiment Setup

For the experiment, the ZigBee modules used are
the XBee and XBee-PRO OEM RF Modules with
frequency of 2.4 GHz. Localization systems of this paper
were designed to estimate the location of target where
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reference sensors are installed in different areas. The
reference sensor receiving the request message will send
value of the intensity of the signal to the target sensor.
The target sensor will then collect all data (RSSI) from
reference sensors and forward data to the computer for
estimating the target sensor location. Equipment for
localization system is shown in figure 3.

Figure 3. Equipment setup for localizaton system

Experiments were conducted on the sample
locations by moving the target sensor and then displaying
results from the developed location estimation algenthin.
Three conditions of experiments wese considered. Each
condition is different from one another by a number of
reference nodes that are 3.4 and § reference nodes for
each condition. The sample observed locations are 30
locations by moving the unknown node o each observed
location for each measurentenit. The siznal intensity
received from each reference node will be recorded and
then used ro caleulate the location of target node; Then.
the location estimatiou erross at each observed location
are caleulared.

R o B e s B o R re v
@ W @ E
S\E. B @ e A
’@@zﬂ@
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&

Figure 4 The lavout of the experment setup of 3 reference sensor nodes.
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Fagure § The lavout of the experiment setup of 4 reference sensor nodes.
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Figure 6 The layout of the experunent setup of 5 reference sensor nodes.

The layouts of experiment setup of 3.4 and 5
noedes are shown in Figure 4.5 and 6. respectively. These
reference nodes thus ferm a rectangular test area with
physical dimension of 4.8m x 3m. During the
experiment. we carry the target node and walk from an
indoor starting point with coordinare (0.0) to an ending
point-with coordinate (300,480). The experiment was
conducted at a time when the interference from human
activities” was mininial. Before the experiment was
carried out, the available radio frequency channels were
scaned to avoid inferference from wireless LAN art the
area.

The accuracy of the propose system with refining
algorithm was found by comparimg the position estimated
by this system with the predicted position calculated
mathematically.

The experiments were conducted in the seminar
rooth with relatively mot many obsfracles. Figure 7
demonstrates the Zighee node which can be used as
reference ‘sensors and target semsor. Figure 8 also
dexmonstrates the Zigbee node and shows the layout of the
observed locations. marked on the floor.

Figure 7 Zighee Reference Sensor & Target sensor.

Figure 8. The marks of observed locanions an the floar.
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3.2. Experiment Result

The objective of this work 15 to esimate the
location of the target node in the indoor environment
using the proposed method. The intensity of the signal
from each reference sensor is measured and used to
estimate the target location. It is well known that i
indoor environment: it is difficult to analyze the siznal
intensity because it is much flucrated. To help
improving this. a munber of reference nodes may be nsed
as the space diversiry. It can be found from the results
that the more number of reference nodes. the berer
location estimarion accuracy.

Figure 9 demonstrates the relaionship between
the measured RSSI and the distance fog-rthe condinon of
three reference nodes. It follows the theory that when the
node is far. the RSSI value 15 small. Figurald) compares
the location estimarion esror berween conditions of 3.4, §
reference node. Itds found for the most observed location
that when the pumber of reference nodes incredse. the
location estimation errors decrease.

Radio Signal Propagation

RES(m)

o5HELEEY

oa7 00400 115028 LIEIET T30 IS0 AT 100 4 4P <2 £
Distancainy
[~ Retrecs o T ichmi - Gelear tod (de — Rewiece ol cae)

Y »ot

Figure 9 Relai

p aCe and RSSI valge for
the 3 reference node condihon.

12345673 9BNMNBUHBRNTRNINDANSSINER

|t o) st el Er-ose |

Figure 10 Locaton estimation Error for the condinions of 3, 4, 5 reference
sensors ivolved in localization.

Average Ermror .

Figore 11. Average

eTos conp sensor
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Table |. Locabzanon emror satisucs table:

Number Min Max Error | AVG Error
of Sensor | Error (m) (m) (m)

3 Node 0.115 0.763 0.418

4 Node 0.031 0.445 0.237

5 Node 0.0134 0.404 0.169

Figure 11 shows the results of the average
location estimation error calculated from all observed
location. It is also found that when the number of
reference nodes increase. the average location estimation
errors ‘decrease. - Table 1 sununarizes the minimun.
maximumn and average location estimation errors for
three conditions of 3, 4.3 reference nodes. respectively.

I A5 also observed from figure 11 and Table 1 that the
average location-&Stimation orror 45 less than 50 cm
which i¢ an applicable range in practica,

4. CONCLUSIONS

This paper presents a method of calculating the
location of the target seusor using the maximum
likelihood algorithm. The proposed method is evaluate
vsing ilie experimental data. The results show that the
more number of the reference nodes, the better accuracy
of the location estimation. - Moreover. it is observed that
the average location estimation eryor-is less than 50 cm
which'is an apphcable range w practice.. Therefore, the
proposad method using in the indoor envifonment can be
practical used in the real [ocation estimation systam.
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A Comparative Study on Indoor Localization based
on RSSI Measurement in Wireless Sensor Network
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Abstract— This paper studics on the localization techniguey using
in wireless sensor network (WSN) for an indoor environinent. We
compare twe main gories of locali hnig range-
based and fingerprinting-based techaiques on 2 single
experimental environment. The received signal strength indicator
(RSS1) received at seasor sodes are uwsed for all localization
techuiques.  For the range-base techniques, the location
estimation approach based on the lateration estimation and the
min-max approach are emiployed. For the fingerprinting based
techniques, twa pattern matching approaches are used: one is the
simple nearest neighbor algorithm and ancther one is the k-
nearcst-nearest  neighbor  algorithm. The cxperimenty  ave
conducted in a mceting room where is & small sumber of
obstacles inside to evaluate the performance of cach techaique.
The resalts d rate that the locath tion algerithim
using lateration estimation gives the best accuracy and also less
1p ionsl time pared to other technis

.l

Keywords-component; Locali
RSSI Introduction

Wircless Sensor Network,

I INTRODWCTION

Radio localization has been extensively researched because
of 1ts fmportance to many wireless apphcations. The accuracy
of the location estimation and the reliable localization system
are the main factors required. Nevertheless. the relatnvely
simple and low cost system is also preferable. To deal with
these requirements, many localization techniques related with
the recent technologres have been proposed in the lirerature.
The localization techniques can be mamly categorized as
range-based and proximity-based [L]. The former 1s defined by
algorithms that use absolute poini-to-point cstimated distance
(range) or estimated angle for calculating the target location.
The latter makes po assumption sbout the availability or
validity of such information. Instead, the unknown location of
the target is inferred from the references with known locations.
The range-based technique can be g ily divided imo: (i3
time based, e.g. time of arrival {TOA), time difference of
arrival (TDOA), (ii) angle based, 1.e, angle of arrival (AOA).
and {iii) reccived signal strength indicator (RSSI). Among
these techniques, RSSkbased approaches are widely applied
due to its well wadeoff between hard cost and localization
accuracy.

Panarat Cherntanomwong
Department of Computer Engincering,
Faculty of Engineering
King Mongkut's Institute of Technology Ladkrabang
1 So1 Chalongkrung 1, Ladkrabang Bangkok 10520,
Thailand. Tel. 0-2329-8329,

Email: krpanara@kmitlac.th

Wireless sensor networks (WSNs) are networks composed
of numerous small. independent. setf-contained, often battery-
powered nodes including a wircless transceiver, sensors, and
micro-controller which are capable to self-organize in 2
communication network. The most common modern WSN
applications are the area of surverllance and itoring, heme
control, logistics, as well as office and industrial automation.
Localization in WSN often uscs the RSSI-based localization
systema. Some nodes are placed at known locations and referred
to as beacon nodes (sometime called anchor nodes). By
measuring the signal strength between beacon nodes and other
non-beacon nodes (called unknown nodes), the system can then
calculate the locations of unknown nodes based on radio signal
propagation models.

ZigBee |21. {3} 1s the standard which follows the rules of
IEEE 802.15.4. Moreover, for ZigBee, the distance between
nodes can be calculated from RSSL The main conaibution of
our work in this paper is to compare the performance of
localization techniques which arc mainly categorizes into
range-based and fingerprinting-based techniques. The rest of
the paper is organized as foliows. In section II, location
estunation  techniques are briefly explained. Secuon [
desenibes measurement system and setup. Section IV gives the
results and discussion. Finally, the conclusion is given in
Section V.

11 LOCATION ESTIMATION TECHNIQUES

There are a number of methods to calculate the focation of
the target. It depends on how the system s designed and what
the available data used for localization is. In this paper, the
localization system deploys the wireless sensor node based on
ZigBee standard. ZigBee provides useful parameters for
location estimation, iec. received signal stremgth indicator
(RSS]) and link quality indicator (LQf). In this paper, RSSi is
used for location estimation.

The relationship between and distance and RSSJ can be
determined according to the following formula based on Fras
transmission eguation

RSSI[dBm] —10-n-log,(d)+ 4, m

978-1-4577-0687-5/11:526.00 €201 1 IEEE
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where  # is the path loss exponenit.
d is the distance from sender (m) and

A is the received signal at L-mvdisiance.

The RSSI between sensor nodes can be automatically
measured as shown in figure 1.

Reference sensor hode 2
R < . Reference sensor node I

Viositor Nensor
Reference sensor node3 ™« lonitor

Reference sensor node{_x""

Reference sensor node §
Figure 1. The tagel sensor can measure RSSs frum af! reference noces
Both  range-based and ftingerprint-based localization
methods are used and the accuracy of location estimation
based on these techniques is compared. There are many

approaches for each type of lecalization methods which are
brictly explained in the following subsections.

A, Range-Based Locolization Techniques

1) Lareration

Suppose coordinates of reference (beacon) odes B, (x‘ WV ),
and coordinate of target (unknown) node with position w0 be
determaned O(x,y) . distance between target node and
reference nodes are d, . A group of non-linear equation {4]-{5]
can be obtained accordmng w the calculation formula for
distance in a two-dimensional space. shown as

r—x)f +(p-nf=df

(e brosf=di q
(=x) ~G-y) =d}.

When the last equation was subtracted from the other

equations in turn begianing from the first equation. equation
{2) becomes

5 —x! 2 - e o
- )’3 - 2(.V1 —Va )y = ds: - df

: %))
2= = 2x, —x e+ y

v Uy -y, y=dl —di
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Lincar equation in cquation (3) can be shown as

Xb=2a
wherte
2(7‘1 X, ) Ay, - v, )
X = : : 5
2Ax,-x,) 200 -5.)

[ X =X+ —y —dl vd]
a= :

2 2 2 2 2 2
o =X PV ¥, —d td,

a-1

The error of the node esumated Jocation can be obtained by
applying standard minimum mean square error as

b=(X"XJ"X"a. @

2} Min-Max

The concept is to construct the bounding box of each
reference node using its coordinate and the distance between
target node and uself, then determine the intersection of these
boundmg boxes using the concept of selecting the min-max
coordinates [4]. Figure 2 and figure 3 demonstrate the Min-
nax method by using three reference nodes. The bounding
boxes of all reference nodes are shown in Figuwre 1. Each
bounding box is created by adding and subtractng the distance
«, from the reference node coordinate{x,, ), i.e.

(x,—d,y,—d)and (x, +d,.y, +d).

Then, the intersection of the bounding boxes is obtained by
taking the maximum of all coordinate minimums for X axis
and y axis and the n of all coordi maximums for
X axis and y axis. Therefore. according to figure 1, the
coordinates of the intersected box are

(x,~d,, y,~d,) and (x; +d,, v, +d;)

as shown in figure 2. The location of the target node i3
cafculated from the central of gravity of the intersected box.
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B.  Fingerprint

Ry using the fingerprint localization. the location of the
target can be estimated by comparmg its information with a
previously recorded database of known information-location
data through pattern maiching algorithms as shown in figure.
4

Fingerpriat Database

Known Location ; Fingerprint luformatien

Locatron ©

nfouration |
, Information 2

1
3

Locaton / -1  Informatios £.-1
locauonl | Infornuation £,
Ruceived \‘VL Estimated
Shignal " alching § T _
Recerver Puwtern Natching }_EH“M_‘_‘P“
Algorthm |

Fygre 4. Fagerprat focalization

Construction of Fingerprint Database

As shown in tigure 2, the RSSI between sensor nodes can be
automatically measured. For simplicity, the fingerprint can be
defined as a set of measured RSSls from all reference sensor
nodes. Let number of reference nodes placed at fixed locations

be N, number of fingerprint locations be M and D be
fingerprints at positions D, {1 =1,...,M}. Thercfore. the
fingerprint database can be illustrated as Table 1.

TABLE L. FINGERPRINT DATABASE
Fingerprint Fingerprint
Location
F{x.p) D= {r“iu, S TSSEy g oo PSS 4 }
£ (% 3) D, = Ysst oy, s rssiy,
- T N —
Fylxy,¥y) Dy —PSSis, 1881y g oeen 1SS g }

There are many patiern matching algorithms. In this paper,
two simple algorithms are employed and s briefly explained
as follow

73 Nearest Neighhor 4lgorthm

When the target node is in the fingerprint area, it collects the
R$SIs from all reforence nodes which can be expressed as

T={rsst,_,.rsszu.....rsstw}. (3)

The location of the target node is then calculated based on the
Euclidean distance estimation. ), apd T are two points in
Euclidean N -space, then the distance from T 1o D, is
given by

e - - .

dist (x,y)= \’5 (rssiu_ £ —rssi, ,)2 . ®

=}

By using the nearest neighbor algarithm, the fingerprint
location in which its fingerprint provides the smatlest disv, is
returned as the location of the target node.

2)  k-Nearest Neighbor Algorithm

In the similar way of the nearcst neighbor algorithm, the
location of the target node can be estimated based on the
average of k nearest points n the fingerprint database.

L. MEASUREMFNT SYSTEM AND SETUP

For the experiment, the ZigBee modules used ate the XBee
and XBee-PRO OEM RF Modules with frequency of 2.4 GHz.
Figure 5 demonstrates the Zigbee node which can be used as
reference sensors and target sensor. Localization systems of
this paper were designed to estimate the location of the target
node using the range-based and  fingerprinting-based
techniques. The experiments were conducted in the typically
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blank room (no! many obstacles). The effective area is 3 m x
3 m The experiment environment can be shown in figure 6.

For the fingerprinting-based technique, the effective area is
divided into 36 grids of fingerprint locations which inter-gnd
spacing is 60 cm as shown in Figure 7. The 36 fingerprint
locations are represented by F, Fa. ., F36 respectively  The
experiments were conducted for 3 cases ol different aumber of
reference nodes: cases of 3, 4 and 5 reference nodes. The
expenment environment can be shown in figure 6 and sctup
for cases of 3, 3 and § reference nodes can be shown.in figure
8-10. respectively. To construct the fingerprint dalabase, the
test node 15 used to measure RSSI values from all reference
nodes at cach fingerprint locauon. From cach node, 100 RSSI
values are collected, then further averaged, and stoved @5
fingerprint.  The observed locations 15 samipled im0, 20
locations and represented by the circle with the number wn it in
figure 8-10. During the cxperiment, the target mode. was
carmed and moved from the staning poinm with coordinate (0,
) 1w an ending point with coardinate (300,3001. The
experimient was conducted at a time when the interference
from human activities 'was minimal. Before conducting the
experiment, the available radio frequency channels. were
scanned 10 avoid interference from wireless LAN at the areu,
For cach obscrved location, 100 RSSI values recerved by the
target are collected from each reference node. For each
reference node, measured RSS1 values are averaged to be used
10 find the location of the targel node.

Figure &, ZigBee snodule used 35 rolerence md ttger nodes.

Figure 6. The marks of sbscrved locsnivns on the floor.

110

B & @

s
o
G;

®

e[ [ﬁ
:,
EE @ @ fﬂw@
8]

&)

®

BEEEIE®E
B GE [EeE @

@%ﬁ] E]
UEIR

7@ A E

o —

Figure 7, The layout of the experiment sefup of fingerpant location &
sampling posiiions.

jg
[

[

5
®
& &
®

@

:
o8
@

o
i

i

Big 3@2@@
=@ [ @
EFrE &

B EEEEE
Chis & E EE

{82

1 @
&ﬁim@@‘ B3 @hv-'
Sensor 1 0 2
ciaiatey [T e T e
Figure 8. The layoul of the sxpermment sctup of 3 reicrence sensar nodos
Rdu;u&urd
S )

g

i
\
®

FNEEEE

]
& [

G

E =R BeR [

(:

E [@eE @‘

EHeE @.§

Reference @

ST'I (Tﬂ - I
—_ - —]

a2i-i20m [

Figure 9. The layua uf the cxpenimeat setisp of 4 reference sensor nodes.



Semord Semsor 3
@I
u-ueua 3 = Eﬁ(&n
fem. (3 (€) ® _ @

{H @&

-
N

DEEEE®
%ﬁ'
$p-

w (@

i B @ @ E

E e
BEH

E @@ @
E};ﬂ @
f

Lelerence

Ipig
Eﬁg

T
By

Figire 10 The lavout of the experiment sctup of § refereénce sengor nales

IV, RESULT AND DISCUSSION

The objective of this wark is 10 estimase the location
of the target node in the indoor envitonment using the
proposed method. The intensity of the signal from cach
reference sensor is measured and used to estimate the target
location. It is well known that in indoor environment: it is
ditficult 1o analyze the signal intensity because it 1s much
fluctuated. To help improving this. a number of reference
nodes may be used as the space diversity, It ean be found
from the resulis that the mare number of reference nodes.
the betler location estmation accuracy. Figure L1 is an
example to demonstrate the | relationship berween  the
measured RSS| and the distance for the condition of a
vanability of a number of reference nodes. It lollows the
theory that the longer the separated distance between nodes.
the smaller the RSSI vahue. Figure 12 compares the Jocation
cstimation ‘error among the range-based techmiques. It
scems that lateration gives betler results than mun-max
techniques. Figure' |3 compares the location estisnation crror
conditions of fingerprint. M is obscrved that the more
number of referenice sensor nodes, the better' cesults of
location cstimation.  Figure: 14 compares- the  location
estimation error betweea sange-based and fingerpunting-
based techniques. Figure 15 shows the true location and the
estimated location sing lateration technique for all samples.
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TABLE i LOUALIZATION ERROR STATISTIC 1ABLE FOR RANGE-BASE
Min-May Lateration
Node
{m) (m)

3 Reference
Nodes 0.597 0.263

4 Reference
Nodes 0.464 0.162

F ifrerence 0.298 0.120
Nodes 3

Table If summarizes the average location estimation error
for range-based technique. The results show that the lateration
method gives the befier accuracy of location estimation,
Moreover, it 1s found that the more number of the reference
sensor podes, the better accuracy of location Ccstimation.

TABLL 1 LOCAUIZATION ERROR STATISTIC TABLL FORINGERPRINT

Nearest Average K-Nearest Neighbor
Node Neighbor {m)
{m) =, K=4 K=5
3
Reference 6.549 0.504 0.478 8.459
Nodes
4
Reference 0.434 0.427 8.391 0.328
Nodes
5
Reference 0.410 8.403 0359 0.312
Nodes

Table 11 sununarizes the average location cstimation error
for fingerprinting-based technique. As mentioned, two patlern
matching methods are used: nearest neighbor and k-ncarest

neighbor techniques. For k- nearest neighbor techniques, three
cases for k of 3. 4 and $ are considered. It is found that the 5-
nearcst neighbor gives the best results among the pattern
matching algorithms.

V.  CONCLUSIONS

This paper presents a method of calculating the location of

the target scnsor using range-based and fingerprinting-based
techniques. The performance of all presented methods is
evaluated using the experimental data. The results show that
for the range-based techmque, the performance of lateration
provides better accuracy of location estimation than min-max
method. For the fingerprinting-based technique, the S-nearest
neighbor ginve the best result. However, to compare between
the range-based and the fingerprinting-based techniques. the
lateration of the range-based gives the best result of location
estimation. Moreovet, it is found that the mare number of the
reference nodes, the betier accuracy of the focation estimation.

For all techniques. ut is found that the average location

estmation (error) is less than 60 cm which 1s an applicable
range in practice. Therefore, the proposed method using in the
indoor environment can be practically used in the real location
estimation system.
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