nmsUszdiuravesmsmaudinglueiaisiegldmedaeiiounis

AunuatetdBuuuLaUNIe898 2895075 KNN

EVALUATION OF INDOOR LOCAUZAT!ON BY USING UWB
FINGERPRINTING TECHNIQUE WITH KNN ALGORITHM

e avae

RATTIYA UPPAHAD

“’Swmﬁwus’iﬂudqwﬁaﬂaamsﬁﬂmmwé’ngﬁﬁﬁmuaujﬁmnssmmaasumﬁ’mﬁa
d@uivTianssuinsauuiay
AMEIANTIUAENT
aortumalulagwszaaundndnummsaianssla
W.Aé. 2559
KMITL-2016-EN-M-010-157




n15UssliunavaIngmandaniglusinisiasldimaliaeiiaunis
AUNUAEUILDRUURAUNINNEIA835115 KNN

EVALUATION OF INDOOR LOCALIZATION BY USING UWB
FINGERPRINTING TECHNIQUE WITH KNN ALGORITHM

FaRen auan
RATTIYA UPPAHAD

¥

ngdnusiifudiuvilavasmsAnunundngnsusyyrinnssumansamidadin
#1013 3ANTIUINIANUIAY
AMZIAINTINANANS
dordumalulagnszaauinaidnaunmsainnseds
W.A. 2559
KMITL-2016-EN-M-010-157



EVALUATION OF INDOOR LOCALIZATION BY USING UWB
FINGERPRINTING TECHNIQUE WITH KNN ALGORITHM

RATTIYA UPPAHAD

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN TELECOMMUNICATIONS ENGINEERING
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2016
KMITL-2016-EN-M-010-157



COPYRIGHT 2016
FACULTY OF ENGINEERING
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



AREIAINTIUANENS
dortumaluladnszasuinandiaunimsainnszus
TuSusasmentinus

Wtednendnud  msUsullunavesmsmsuvsngluanansiagldinaiaaiiounsaunuaneinie
WUURaUN319B 983515 KNN

Thesis Title Evaluation of Indoor Localization by Using UWB Fingerprinting Technique
with KNN Algorithm

unAnw wnaninden ausnn

SHEUTZA07 50611843

USeyeun AN TUFNARTUNU e

#1917 Amnssulusaunay

2NN Inednug AS.A0INS.~ WINUISA

MNBLaYINYITINUS KMITL-2016-EN-M-010-157
AZNITUNATHDUANGITWUS awilede

HALAT. AYeY gnIInNa W
HPLAT. VD DY UNWIANY /g/“’

A.A3.UT8eNs 9ASLONANGY /W

A
36103838 avs¥inaa // %

AS.A0NS WINUIIA Na “J‘(ﬁj

W/ \dow U figou wiumsn 25 nangaa we 2559 13a1 11.00-13.00 .
dauiidou o ©1A15 A Fu 5 ieauszau 4

AMZIAINTTUAENS SUTDIUED

(399A18M513758 A3, AUFU W1ET)

ARIUR ANZIAINTIUAERS

S |

MWUN 25 NINHIAN W.A. 2559



WadaAnednus AsUsEUNAaTINITITIWUIN1elue1Asineldnatia
VAL AUNNSALNUANITALBLUULAUNINNEIA835N1S KNN

UnAnw weashFen ausn
satnAnen 54611843

USayayn IAINTTUANANTUN TR
GULTaELTY AenssulnANUIAY

N.A. 2559

219159NUSNWINYITANUS A, @DINT WINUA

UNANLD

Hagtunismdumisdadundunuimuaziiniudndusgreds gnimnldeda
unsvanevislunegaavngsy wasndulnsauunauvuds nsmdiumisyananisly
91A3HRINIAIIITIBIn Tagsluanzndouinsinn1s9emevatsidunn ot Tu
Aneninust Fvlddssfiunanismmumisnelusmslegldmeiaaiiounsawnuasiiile
wuuuaund1sBs (Uttra Wideband:  UWB)  saufiuiSnisqalndidesiigadiuiu k
(K-Nearest neighbor: KNN) LwﬂﬁﬂﬁﬁﬂamLL@Jus]'ngqﬁm%’UmsmﬁTﬂmemdumm'ﬁ%qLﬁ“flu
AavanURvesdya s UWB lavinisindesdyminluannizwingeunisluoiais anaisan
Fyin UWB  illmanudeglugisssning 3.1-10.6  GHz, 3.244-4742 GHz uay
5.944-10.234 GHz mmmwmé’aumunmﬁ%’ulé’uaznmﬂsz’%agﬂﬁmﬂﬁﬁumsa%’wLaﬂé’ﬂwai
funuukaziendneaimaaet Manwaudiemsdumentes dwsunisAnwanailemss
Tauanaflsndunistaniiasdzgay (Cumulative Distribution Function: CDF) 983A1A273
AANAIASEEENIe NHATLE AauRenainsregmnaundedandu 148 m, 050 m uae
0.49 m dv¥Ur9ALA 3.1-10.6 GHz, 3.244-4.742 GHz Uag 5.944-10.234 GHz snuddiu



Thesis Title Evaluation of Indoor Localization by Using UWB
Fingerprinting Technique with KNN Algorithm

Student Miss Rattiya Uppahad

Student ID. 54611843

Degree Master of Engineering

Program Telecommunications Engineering

Year 2016

Thesis Advisor Dr. Sathaporn Promwong
ABSTRACT

Currently, the localization, which has a role and a critical need, is widely used
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qzyl,?wL%ﬁﬁLLazmiﬂiz‘ianawaqé’zgfyﬂmﬁ%uléﬂuu‘%Lamﬁuﬁﬁﬁaqmimﬁ%mmﬁwmm
a%ﬁaL‘TJuLaﬂé’ﬂmiLaww@i’wLmﬁwaqé’mapml,l,mﬂ%a?}qLﬁuLﬂugmﬁagadau‘lmiumnﬁu
mwwmﬁma%ﬁu%ﬁmmwé’iymmﬁﬁmwmmqqq@ Mniuleldnsdinseidanesiiuwuy
KNN ”Lumﬁa%’wgﬂqum'ﬁmﬁ'}Lmu'qG’haé’igzymmm%a@'ﬁw LLaﬂusﬁgumauqmﬁw%
WATIENUTEANTAINAINUNUT LA UTLLUNATDINITUIR TN UIA Y AIAITURANA A
TEEYN YRR

1.5 ?JE]UL‘U@]‘UENﬂ']‘JﬁﬂU'T%{]JEJ

Tuinerfinusatuidlddnvinmsmiumimeluonsineldmadaeiiounisauny
aeiaflowvukauniiede Tngldians Tatedyanaeeswauniidausinamaiunielu
2115 levinsialu 3 999A9nud luA 3.1-10.6  GHz, - 3.244-4.742 GHz @y
5.944-10.234 GHz Tneldiededdneilasaiewuuinnmes lunisindesdya amauniebs
Tneluinerfnusdazuvnisineenidu 2 dau laaludiuusnyinisianuinvuzves
Fosdyaaluuinaiifesnsmmumlsioms wagihmauAnfiwesfeninisgeyde
L%ﬁﬁLLazmiUsziqnmmaﬁaﬁgmﬁ%’uﬁqqqm uasraduendnwaldunuu (Training)
Guaamims‘mmu'qﬁwé’@apmmuﬂ%@aﬂugmsﬁagmﬁuﬁ wazludruiiaesiinisin
Andnuazvesesdyaiifeinsluendnvainaaoy (Testing FsAmsdinosnsgade
L%ﬁﬁLLazmﬁUsﬁanmsuaﬂé’zyﬁmmﬁ%ulﬁgmmmﬁwmnﬂ%’wL‘ﬁauﬂﬁzmmmﬁwLmﬁﬂmﬂ%
NTIATIZRDANDITLLUY KNN 1azias1znusz@nsninanuuiugnuaan1smisnmieeie
AAnuAawaAsEeEIgAaLFoy hiuansraveIn s anssluguvesileddunisuasuas
dvay (Cumulative distribution function: CDF)
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dnfuiunounisinyiluineriinusasud luduwsnmagdavildvhnsfnwuunfa
uaznguiianeg Fafatesfunuisy ndmnldundonds lududeunialdinseeniuy
nsdransmamidiunianisluetans  lasviinisesnuuuiuuaeantunguiild
yhmsinu GEnsmdwmishemedeaaiiounsaunuatsiaie) Tnsuvady 2 wwusiaes
laua wuvdtaesdmiuntsigiuteys wazwuuinaeddmsunsmadeu Tusudaun vhns
Audeyansuuudiaesisaes Inglfiedosiinneilasidouuunneaes naaeunsmdums
felusunsumeuianes lutudeninsmaaeunismeumissn 21ntdy innsieses
wazdsuifiunafildanmameunisnnelueasdieisng KN Satuneusanann Tiviinis
wanafuudenlaozunsy fagui 1
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WagaUM T IEILELS
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Amanshwazlszdivag

ISR AN

UM 1.1 dumeulunisfnuiveding1iinus

Inginusasuilduiatomennidu 6 undeiufe

undl 1 namdsenudunuazanudifyuesnuide anummneuar nguszasd
YINMIANY ARgILYINIANY NeuivEonunAnililunuite voulnvesside was
%gumaumiﬁﬂm

unfi 2 ﬂmfgmmﬂiuiammmfmmLLamqwgwuﬁmlumimmme Tuduves
LwﬂiuiaaLmumwawuﬂm’smmmLﬂum MANNSAUGIU Tornun WaEALAUYBITEUUNIS
Aomsuvuununiieds warluduaninesnandmguiiuglunsmiumisdagnanis



Uszinnaesszuuntsniswiiiniglueinns sauludunataiugiunldlunismdiumiadn
Ae
a | e a Y] a & YY) | Y a o
Unil 3 nandmgefiaznannisiasisintdlunuide dygindauuiauninesn
Tluruidey Fyaransuld NMsnIsiuRUIngdyIULUULAUNINEY KAENITIATIZIAN
AUNYIRT

1 [ 1%

unil 4 namniamsinnudnuaztesdygauuuounings gunsandnildlunis
0 wuushansnstanldlumided LLas&’aaﬂwﬁayjaﬁlﬁmﬂmi"j’miaqé’cyapm

Undl 5 Natanan1VAaesive TneawanINaTeINIINIRI WL ed AU
nf1sda Mufansieneiuszansaimanuuiugdivesnsmdumisiigainnuianain
JLYENNYARALY

unil 6 namdsunasunansisouazdelausuus



uni 2

nauquasnannslun1sive

2.1 uni

Tutlagtuszuumsmdunisnslueiasiinsidefuegisunsvareiesainainy
nanvagludunsidau wu ssuuavaueunsallulssnueeamnssy (1], [4] ssuui
nansidaluviossnda [51-6] waznsinnugtaglulsmeuia [7] wewndladuieu
ANTuNnslut unIetuseases [8]-110] nistiusnisludiuauvasnds [11] way
9uq weluladliaodrnunnaansatanldlussuunsmdumis 1wy nmsszysanuie
Arwiiing (RFID) Aduidssmnufige indetiefiuiiiesdulians (WLAN) 8T ugys wasuay
n¥98e (UWB)

Tusguumameuvisildeglutiigtuduldldinadiafg q wu fasananuaives
duaauunds (Time of arrival: TOA) masdudayaiafisuls (Received signal strength:
RSS) LLasgmaaf@apmﬁmﬁa (Angle of arrival: AOA)S] lnousazisavtlunisAiuim
wsimesvesdaaluiinsaiiefiansanvndunisiigndes widegluanizindond
Aan1sanemevatsitunassiliitivaidiauinnatauintu deifu Salinsien
Fryanaumauniieda (Ulra wideband: UWB) 11usegndlddmiussuunismiiumis 3
Buni1 “dSmsawnuaneihilenuuuauntde” (UWB. Fingerprinting ) tilasanndayeyios
UWB  ustaddisiaanunistiessin siliianuazidaamanangs aunsauenmidauay
nanvesdaausasitlaie TnedunsnaldmalivefiduwarnsusElsaa ey
fsuldlusinaiud Adesntsumisisuaumihasisfiefudugiudoyaieu 9ndu
Tnimesmduas n3vssdwesdyaiad uldininmsaunuanetdloiieseudiou
Uszanamsunismasduaadisuliiu deswin S3nsaunuaneihdeuvuuaunteds 1¢
forsanldmsfiweimangitudnamdumietie faiu Seeusatunldidussuuns
yeuwsluusndi nsenenatedfunnle

2.2 waluladuaund1eds (Ultra wideband technology)

szuumeluladuvy UWB  Hunsdsteyalasldfadiitannuniiadumnn vilid
LuuAIeAnIen Feinsannisdsdeyanuuuauuay  vivliannsadedoyalduinniilu
srovnaiviiiu lnemelulad Uws dldgninuldafauslud a.a 1980 Feldanlussuy
sfifundn aunsgiedagtuldidiiuneluladd uws wildlussuunisdearsuiniy
fudlosnnananuaulafaviunltlussuudeansuvuiaffiie ssuvdeasidesnissn
ms3udstoyaiige T SEPRTRE e

UWB §sléunmansiunishugiugmeluladfannsalduszansnmussuauaiiud
IdiduAiign TnsanznssuiBnisnisdearsuianigeluin1  (Federal Communications
Commission::FCO) Wtanmunliinualulad UWB, agldnundagantliyninaaivinkaaues



wauprwifiossistuluewian esinnisudsasstrsanuiludagtuladnstinueld
wauANaliuds widuaa UWB  fseduainunuiutudsainndu (Power  spectral
density: PSD) fisunn vlduaia UWB wWisuadeudyaiasuniuluszsuunisdeans
wauuAy Feilinalulad UWB aunsalduauanuideuriuiussuunisdoasuauwaulé(s]

221 WATFIUVBITTUUMTABASULULLAUNASB

Fuonamaunidududyanafiiuvuuiiariniadewieufisuiudygiasaueay
AnuznssuMInaiiuguaianisdeasldvinisimunnasgu IEEES02.15 3a T Tnsuny
nBeazenuenuiinoud 3.1 Ansidaed wule 106 Ansdsnd gunsaifldinaluladuau
n¥19Bvazdesdsdneidanus TnemnunuwiuaUnasuidsuaiedosliiu -41.3 103
walladTddewnzidsnd dyanauaunitedduuudiniidaavdinuannndt 0.2 viowuus
Anviagdesliidounin 500 Wneldsnd naonszuzlIaweInsds [12]-[14]

A1mSUN13AANITRNENSEEAN UL RILAUNAS I E s ud T unsAedns
nelunazn1eusneIAs ﬁQLLamﬂugﬂﬁ 2.1 1arn159NANITENINTLAAITURUILUY
awnpduidsnudniunisdeansuuusaunitieniglusazaieuenaasiininunlag FCC
WARIFIANTeT 2.1

A
-41.3 dBm/MHz
-40
-~ -45 -
p
=
E -50T WLAN oo
= 1]
|
5
S 80+
w ' - - > -
©
g Low band High band
m  B2or 3.1-4.8GHz 6- 10,6 GHz
5
=70
— FCC Indoor Limit
75 || FCC Qutdoor Limit
asol D S 1~ S [ EYE SRl 1 L__ ol &, L 1 —

1 2 3 4 S 6 7 8 2] 10 11 12 13
Frequency [GHz]

JUN 2.1 alnasuansadmun1sdninnIsunsNIEeANUNUIRINL UMAIWEmSY
nsaeansneluwazneueneInsiiimualag FCC [12]-[14]



A15197 2.1 N1SINANITHNINTLANYANUAUUUALUNASUNAIUAINSUNITEDEITHUY
wauNINeBINelukazNeusneIAsRAUALAg FCC [14]

o aagluainns AMPUNBIATT
AU
EIRP EIRP
960 MHz - 1.61 GHz -75.3 dBm -75.3 dBm
1.61 GHz - 1.99 GHz -53.3 dBm -63.3 dBm
1.99 GHz - 3.1 GHz -51.3 dBm -61.3 dBm
3.1 GHz - 10.6 GHz -41.3 dBm -41.3 dBm
4191 10.6 GHz -51.3 dBm -51.3 dBm

2.2.2 arudunveamaluladuaunineds

fugrunisdearsuounitsdaiuuiataudlainismaaesldruadausnufaudge
wsniduvasnisdeansifane Tneludl . 1901 (w.a. 2444) unslail (Guglielmo Marconi) I
yhmsdsdnanunduing Wislideamasnesiauesa (Morse code) frammaunsuonuauin
Tneldiadearndndyanamdeauisauiu (Spark gap generator) Favhaulagiaasiliin
Lmﬁuqqmﬂizmwasﬁaadwwméffaﬁwé’mmwm%qSaﬂdwsdaqiwmiaﬂﬁﬂ (Spark gap) vinlw
9INALTAEUUANG warnsenaliihannsadumnsihuemeld dudeniinszuaauiia
[1] wazvihlAndaunnduingguitad weldlunsdsdeyasadnuslunisdoas dudu
flugumaiansdomsuauninety

naINTuAS s Fyan ltmadanisdsdayaraiadigniam wagiunldl
ssunssaensidanlaeialy eszgnldendinivgunsainisieasmetsanidaili
annsaLansnnesagignuath Mensdsdyanarduineifdnuneiduiad neqritu
gUassAfArIATY LiAinyaiiuiAy wio3fiens (Ground Penetration Radar: GPR) [2]
nsyiameluladnsinastidnnsednduazgunssimsisinildfameilinelulad
waunaddlafimaiunvssendlflugunsaiBidnnsedndlunisdemsidmndudlaianzlu
szuvdeansliiane semwaninsolunmsdseyalmiuuiinann wWeldlunisdeasioya
wuudeUsyay (Multimedia communications) #asmsdnsinisdedoyags Insldndanuy
Auazisinign iwﬁgamsﬁwlﬂiﬂumsmﬁwLmﬂﬁmqﬁ'ﬁmmuﬁus}’wqq LALNUNIUAD
dyusuniu

2.2.3 winnsugiuveawaluladuaunineds

weluladuaunineds (UWB technology) Wunsdeanswuusauanudnine duasld
& ymwmﬁﬁgﬂﬂﬁuﬁ@mmﬂﬁﬂgLﬂaﬁwmzﬁaLﬁuﬁaéﬁﬁmmﬂ*ﬁquuaqéi’igﬁgwmiuqunm
fuauann [1] Tasegluszduunluiund (Nano second: ns) udefiszduRlaiund (Pico
second:  ps)  HdnwarilndiAssduiudyaralugaueiiiionindygyrnuduiad
(Impulse signal) TagszuunauniredslumsdaasSudaanasiulildndunsi (Carrierless)
Tunsuandaramiiouluszuunsdeansuuuwaumiuiuay uizifunisdsdyyiaid
sUnAuvesiadnisUnduTslisaidedlummaesnnsdsiad Tuszduswiuvaieies



v

Suitadsoniiunilunisduaziudygn Soilindsnuvesdyyrugnnszatseglutg
uwauUALATIN N

dewnmaluladnisdeans Uwe 4 fnslduovaruiitiadentutussuunisdeans
woukAy wazifiedestulmnisunsnaenaindyyias UWB 19 FCC Seldmvunta
arudvounalulad UWB Tiilaufidoust 3.1 GHz 81 10.6 GHz Tnefluundiavigaaavind
7.5 GHz wenaniiu M9 FCC Saldmmualiduaia UWB ﬁgﬂdqaaﬂmé}’mﬁ PSD (Power
spectral  density)  #ignninvniewindusedunssifadyamsuniudiud 15 vie -41.3
dBm/MHz fegufl 2.2 uansnisUisuiiisudygiauaunind swadunisdeasuvunay
mmﬁlﬂ%ﬁaﬁmsﬂizmEJﬁwé’amumaqé’@@maeﬂmfaqLmummﬁlﬂimmﬂiuszﬁuﬁﬂzL%im?
Lﬁauﬁ’ua“’wmﬂmﬁisﬂumi?iaammmmum’m?ﬁmuﬁﬁmsmzmaﬁwé’mummé’igzgmagj
Tt aUALALAUYTARIL

ﬂ'J"I%J‘s-‘iU"I:L‘IJ‘LJ © /Bluetooth, B K/ 802.11a
drdnnsuy Q 802.11b )
o s ]l
ANAI91U ‘[i“‘
(FSD) —v:t:
[l “Part 15 Limit”
413 dBoyMHz | = — — AP HaAg i ANELE T R
==
45T UWB
1.6 2.4 - NA\'P (0 10.6
A2710 (GHz)

sUN 2.2 1fSguigunsldaulauauivesnIsaeaIsaun gty
NSHEAITHUUKAUAINALAY [12]

2.2.4 HeiuavasszuumsieasuuuLaunineds

Avddyesnamilsilégninnuatuluntsfeasuuuwnunidsifufonisdnassaniud
TunsT¥ausslatingurinuluanigewss sldmensnihmsidndoimuslunsldanutag
audveaunaluladuaunitebeainngdotaduiinuetnnugnssunsnisn1saoansums
anfseiin nenduauiiesiuegnafunisnisiagldiedn (Ultra Wideband Working
Group: UWBWG) ilevhnsiasandennassiuiu FCC wuidierfufuluglsuléiinigm
fomnasnisdinassmauaminaznisaeaunsnvosaudingdsludagudalifinisdmun
woupuddmdunsldauluszuuuauniidduaodufvunuinsgiuniansauunauuis
annnglsy (European Telecommunications Standards Institute: ETSI)  #5@ anius
IN3ANUIALTENINNUIENA (International Telecommunication Union: ITU)
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2241 dorfvuaressruunseansuuuiouniedsluanigoinini

Tud A.A. 1998 FCC ldoeanUseniAiisafunisnsiadeunse
(Notice of Inquiry: NOI) Tnefeusiinagldmanisaidesesumdenuildlunisdeihvdyagioi
fisgfusmnn 9 udfnu Selnduifafvayuluszuufuifdautuegldinsdesunis
thszuuwaunsdanldaudmiunisiearsvemasoudadendedasunanfeadas funis
AAnsaitsnsfisduressyiuntsasausnlukaumuinteges1esin orfitu uaunud
Tunsnszaedyaailnsvimd wouanudidiseslidmiueduingnemmaniuas sy
GPS Tnoflasdnsuimensdunisanigeluinivide (Federal aviation administration: FAA)
THuanspnuduisionisunsnaenvesdayaafifdessuuanuvasndelufanisnisuuas
fermdlunsiuainiietuedesddlussuuuauneadegui

Tutuit 14 iWeununvius U a.a. 2002 FCC Idpanngdmiumaluladuauning
84 FudunsfvunteulunreINITENINSEANEYRIA I TIINE e St uatuiinds
dwsumealulaBuauniieds uazdeygnlidumaluladildludnuazyenismande Tag
MenuagnvesiUsznmalagsedounsatuiivisldinsunssearsisusuluiui 22 oy
awien T a.a. 2002 dsluionansldnanfismseugaldrlussuunisdeasuauninebais
4 Uszhay Lazn1sANUATauIANITENINTZAN8YBIANNRUIL LA NATUAdsud Sy
msldanuludsannsngg Wngldsmuelrduaianaunfedaduuudiavilidosnin 500 MHz
w3oldnsndruveIwULFIAY (Fractional bandwidth) litfesndn 0.2 Tnefiuvudiani f,

[ 1 fa 6 aa [
WALONIIFIULUUAIN B, Adendu

et (2.1)
2, — )
B —2 G (2.2)
A\ gt £

= - fa ¢ o ' & fa ¢ = a0
e B, Mauuusiniiliurwdiy B Aswuudiai f_ uay f, Aeadiuddgn
wazAUdgeEn wag f, AeAdudaudna1s auaey

2.2.0.2 UafMMUAYRITEUUMIARASHUTLAUNIBaluglsy

v

Hagulassssvestoimuassuuuuuiouniadslunivylsy egludiase
foyamamaiaiiAsaiunansznuresszuukaunidsuussuuduifinngldtiuey Tngmng
glsvtuunsdiuresdornuniginnuniivesanszeinn isemeiuglsiuludiues
walulaBlmidosandiifiuindmansenutiosniolideadomeseszuuiduiiiog lnonns
F1fansunsnszateauvuLtuaUne fuidsnudmiunsdearsniglusazniguen
oransfinvualagansiusinsauuiAusEnitsseng viean1tuimuauATgIUNIg

Inspuunauuvisarameglsy wandlilumsem 2.2
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A5199 2.2 NINANITENTNTLANEAMUAUNLUUALUNATUAAIUF NS UNSERANS ATy
LALNNEUBNDIANTNMNUALAE ETSI [4]

§29A248 (GHZ)
f<31 31<f<106 £>106
nelueias -51.3+87log(f / 3.1) -41.3 -51.3+8710¢(10.6 / f)
NYUBNDIANT -61.3+87log(f / 3.1) -41.3 -61.3+8700g(10.6 / f)

225 JaAuYBITTULLAUNTSE

fraznandeszuusaunedmiesiuieduiad (mpulse) Waduau (Short-pulse)
foyauitlilldloywesd (Non-sinusoidal) dyanaudiusiaainadumwi(Carrierless) uauning
69083 (Super wideband) nsdawaduuuieiuegnusy (fast frequency chirp) uazwad
wuulailu (Mono = pulse) [6) Faduszuuifaasuiiialadwmiumaihludssgndldly
syuUdeasonfiy

2251 Wussuuiifirmududeunaydiumue

AU uLazduuimvesssuuLun B AnTuanJaTenednuae
LUALUUS (Base band) vesnsdsdynnnislsiiviioufussuunsdsdyyainguuudu 9
Tnefipsodasrhnmsasdyaaiadisianunivesdygiaioomnn 4 Tulamumaa
FaanunsaiazunsnszareaduseniulagUsianinasiinaudingnioadunvisandily
LLaﬂua"msuaamﬁamé’igtym%qﬁ?u%L’fJumi'ﬁ’wLmé’z:yzymwaquﬁﬁ’;m%’wlﬂﬁmﬁuwwﬁ
detedyaaluuounmivsinudnunglunmsuninsznendumudosnsaedyauas
gnunsnszarelddlasusimannanudesnislunisifiunisulasaauiligedy
(Up - conversion) LLﬁ%ﬂTﬁLﬁuﬁ’]ﬁﬂﬁ%ﬁﬁ‘ﬁu (Amplification) laglunszuiunrsnauiunis
uwUasaudias (Down - conversion) wadmdnAanud (Local oscillator) Fslsidndulu
\3esfulvuLaunadseuiy ilvananududeuresssuulariuyulunimanasly
unnidlefisuiumaluladuvusavuay fgud 2.3 aede-nmasuvesmaluladuauniisdsdl
Tnssadeiinenitssuuiauuay esinnsdearsuauniedefildwadifiddedesaylyl
Fududeaiifiveneds (Power Amplifier, PA) luniads warannnisiinisdeansuauning
Sluifnslddua v lilusududeddinees (Mixen) wazosadaiamad (Oscillators)
Tunswlasmuindludusaumnuifisesnisisluniausasanads
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e AL

9

Toyadum o3 RIS UMM fined toyaonina

@—> vogiantoya
Hlawo$ Hlawe$
a I4 a [4
DONHAANDT DONHAANDT
(a)
ATV YR
a ! 4
doyaduna SUAIUAT doyaoing
. - 1ATOIT ULV
— N@ﬂ!aﬁﬂl@ﬂqﬁ TR e s E—
" anduuT
ay 4 ) 4
Hawes Hawos

A o A o o
ATNNIUUANAA

HOUNINE

(b)

JUN 2.3 1WSeuiieulasas19ueeseninassuulaun IR usTUULa ULAY [6]
(a) vaanlpazknsuniads-nipsuraamalulaguauLAy
(b) vdanlazunsuniads-n1asuramaluladLaunINesa

o

2252 Hszevresdgaralndifssiudyaimsuniu (Noise)

A

W99 INAIUNUIRUUYBINF I UAwasdn wasanzlunsduiay
(Pseudo = random)  vesdgMdRIWIN Ay IMLUTLIUNTSEIlTdnvuzAd AU
doyrusuniugailinisasaamdgygravilaeintazdusingluenasnienisidednnis

- 1%

dsdygraiuusauninsBsiuldneliiananisunsnaenuesdyyiundnessuuaauaud

YU 9 LHDIINFYYIAVOITHFUULAUNINBINUTN TN AZAef1duluszdualay

9

b

aglusziuvasdygiasuniu (Noise floor) F9VNIHTEUUDUNDIIFYYIULUULAUNTINENT

Y
% o

B?{QJJQJﬂﬂﬁUﬂ’J‘HLﬁEJQﬂﬂ?ﬁﬂ@@ﬂﬁ]’]ﬂﬂﬁ]’ﬁmﬂsﬂﬁlﬂﬁz‘UU

o))

2.253 fpnusunusioresdygyianaiein (Multipath )

LﬁuﬁiﬁudwmiLﬁmﬁaaﬁmmwmwawaiﬁﬂu?ﬁﬁwﬁﬂLﬁﬂﬂﬂé‘hﬂﬁ%ﬁﬁﬁﬁﬂﬂ
Fadunaunanmsasviouvesdnygaunisdeatsainvany o Aeeiiansne 9 Wy 1A
iz wanu wsogunsaldinau WWudu dunisainaiseiniaddludiasainiasulaenss
138077 LdUsEduanen (Line of sight: LOS) aiaué’zgﬁgmﬁLﬁmmﬂﬂ'ﬁazﬁauafmﬁuﬁﬁa@
ane ez liiduduseauanem (Non line of sight: NLOS)

éﬁ’qgﬂﬁ 2.4 maﬁumﬁdaaé’zyﬁgmuma’iﬁﬁm%’ué’mmmuaumemﬁmﬁuﬁau%’w

'
o =

11NN YYIULAUNTNEN 1HUD991NN1TTINAULUUAILWE (Out of phase) Veed QNN

A7}

[

910 LOS uag NLOS vihlszduvasiaunagaanauin uilumalulaguguninedensdeiad

o
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fifldasraruauuing wldmaluladilésunansenuantdesdyaiamaieiatesnin
He991ngrna1nsdesiIuvesvaduesuauni1edegrnaardunitualuiuni
(Nano second, ns) vilsiwagmanainnisazvieuilonatesunniiagludmseufunadmiu
LOS

2.2.5.4 fimnuazidgagelulauunadmun1sMruaiILiaRanIs
Uszgnaldluszuuiamy (tracking)

Freadnfidnvasmslauunatiivauinn o wiserananlasndenileindy
Wadiflauniravesdyndesunn 9 dunnefassuuaduinguuuiounitadeiian
Bululsflazannsamunuisnzuazduinnanldegnsgniosutiugunnninssuunadioy
uaniinm (Global positioning system: GPS) LLﬁzizUUﬂ§u3WQLLUUgu 9 Sﬂﬁgﬂﬁwﬂmamﬁ’a
Tumsnzqenuianlsfiuihlfdyginuuusaunideisinmsegaamanaignianldenmly
szuusmiszerdu wWulunstiswdeTinuarufuRnistesfuoma nssuduieniunsld

Tuanudranaglugnamnssumsvhmiisadusiu

LOS

TX RX
(@

| LOS

NLOS

Amplilude

LOS + NLOS

. R B L E B B B e

(b) Time (sec)

(c)

SUN 2.4 HaveYRsdya 1A IRl USTUULOULAULAZLAUN 9B

o

o

(a) MsiAnvesdyaumateinlunsdeanslias

o

(b) NAVDIVDIFUUIUNAIYID MU UULDULAU

T o

[

() NAYDIYDIFUQUIUMAIYID MUTLUURDUNINGE S

oY
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2255 ﬁmmwavﬁaﬁ EUEUNN

A7}

A (% 1Y

ﬂ’J’]QJ"DGUENSUE]\‘I?IEUiU’]iu‘VIiE)’e]613'1ﬂ’]ii‘U?N‘UE]llaGDZUE]ﬂOQGUUWG]‘U@\TGU@NaVNWNWW

Y

ﬁ']ll’ﬁﬂ?i\‘iﬁxi’]‘L!‘UE)\‘iai’UﬂJ’]ﬂJﬂ’]iﬁE]ﬁ’ﬁﬁ@ViUﬂ’JUTVl ﬁﬁJﬁJ’]mLLUULLﬂUﬂ’J’NENiJLLU‘NWJ@VWIH’J’N

A
[

mmﬂwmmmu ﬂam31/1’flmmmwuawaqawﬁmmmﬂsuu swumWuaqm’mwaaawmm“uaa
ivwmsaaamwmmumwawymmsawammlmmﬂamsuaumuuau (Hartley-Shannon)
8] mammi‘m 2.3

C =Blog, (1+SNR) (2.3)

e C fis AMAIINURIYBIdaya 6
B A9 LuumIni

v

SNR #8 9R31dIUTRId Y aFOFYIUTUNIY

IINAUNITILNUIIAIAIIN VDI Y U HANNUTUTDUUUAIA ML T

& o Y A aAa fa ¢ ° Vo1
INT1EEUUFYYINMUULIUNITBNTRUUAIANINNGEY 7.5 GHz  2e¥lirA1AI1198s
Yosdgygyainn uazlidnsnssudwoyalusyduvangseewnzdnsaduni (Mbps) uioesls
Aoy WesnaNenIIUISNITNITAaTWsanSTaEn lad1Aamdsde unaluladuay

Y A vy = o § v | v & & 4 o9 w = Y a &
ne8ely Jevhlvanansedsdoyalatuszesdu 9 Wil Fwilinaluladuuuuauninedadu

nsdeasszezlnannuiigs

M13199 2.3 aiauiazyselevivesnisdeansiaunineg (6]

ALAY Useleail

Yod YRy 1dIAINNIN TosdnIANTnNINaNInTeITUNS
nandlwdinloitienuazidengs

Tdidadesi TulusunIufuszuudu 1

flemaiias andnfleniensiafulaenn WinpUasnste wngdunsldlunesinway
nufuaTLiuag

JAUFIUNILIINATTYNTUNIUF YU firnuindedoldetluldluannzwindoud
fingunlainisd

flassassilidudou vibitlvwedn addlade uazisiagn

HAusuUNIURTed A In Iﬁé’zgapmﬁﬁﬁwé’aqmdw Tuannewindouiil
NANTAEVIDUNN

2.3 wadansianiunldlussuumduns
dufunmamumislussuunisieansliametuasiiegansdnunzdeiu lufnvue
wsnazidunismdunialaensaandyyiufifunieseniteiuniadaazidendn Direct
positioning  [16]  wadndnwaeuilaazidunisuiinismsuniseandy 2 Funou
(Two-step- positioning). [17] Iaeluduneuusnasdunisfuamsfineandyaaud
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sonntufiagimadsznasiurdsnamdiweivandu Tasnsmsuneisaes
dnuwaznansledisgunl 2.5 Taevluudrezdenldnmsmeumisiuy Two-step annides
Fremsmeuvtauuy Direct Saugennunnnidnitainismsdumisuuy Two-step 891
WaAnINEnse

Received Position Position
signals estimation estimate
(n)
Received Estimation of position- Position Position
. —> > : g — .
signals related parameters estimation estimate
()

gﬂﬁ 2.5 5ULARINNTUTENIUN TS [17]
(n) Direct positioning
() Two-step positioning
2.3.1 Received signal strength (RSS) [10]
RSS - 1HuASnsiatansumnualne a1 5A1 AN S0 Q1T NAROUAY

v U
=

esannsgadeludd (Path loss attenuation) TneldmIsaiuvesisnaudaiulenandiil
aslvhuszernisiianaiuegraainaatigiu tiannsamssazmalasnisdiuamain
AT IvBI Ty aisuly fae3snnsiadeddrinanegiaies 3 anfatuiieldls
fuvtsiiuidn dauandluguil 2.6 sgilsAnmunismiumlslaeiadiruussesdayao
9zlAsUNANIENUAINUIINGNITUNITINMIENAI8ID (Multipath fading) kazn1sanAVouYas
Fyayaudlosanndsinuane (Shadowing) BsaziinansenusioiaImLswesdnyynvilinng
mumilaeisminnaueainndould

-
,’ e \\
7 A Y
¥ \
T |
I 1
LodoB, b
- -
1 R o
- A N
RN %
/7 \*'g” '
’ 1
/ A , H
] ‘ ] C
i ds « B l 1 ‘,'
\ v ]
\ d. /
\\ ,” “ € ,I
~ -7 "\ P

5UM 2.6 MsmdunidalagiIinsiasanAmuks e
(Received signal strength: RSS), [9]
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2.3.2 Angle of arrival (AOA) [9]
AOA lunswisuntslneg irnevadyanalaen1sruiuauuangd 19 a

[

vosdyaaunluismeeiniausaziinldeglugnsudyain lnglunsmedunisiudesdyn

A

a 1

awemalinnumilauiuynuszn1sduiuniledasendt Phase array antenna agnsies
2 fsauandluguil 2.7 asmuldinnismdunisagds AOA ildunuazidedildaneasdn

[
v

mederparedymanuranaInanusngnsain1snseiads (Scattering) vYaIAGUINGBNAIEY

=

" & aa Yo 6 ° ' 0y
aldmpelunDeuleisdlunnsmanunusunndn

CI)‘_

JUN 2.7 Maviunidlagisn1sinsanianslunsuidavesdayayo
(Angle of arrival: AOA) [9]

2.3.3 Time of arrival (TOA) [9]

TOA axiidnwaurnsfiansamiumisads RSS easiuasumsIlinesifiansan
Hunaidygruanaaiuifunmendandsu umsfinsandumnis Taeldnmsdaiu
YesMNaNUAIAY RSS Fadwsnauiififafiviniussesneiininiuegisainaniiigiu
Tnganansnvmszozmildlagnsdnnaannafidgeiaeanniaiuifumneanianidgu
FreFBnstiagseddnanauesietien 3 asndafusuReatu RSS waneiesuil 2.6 eagld
Fuvdafiuddn fedsnsiisldsndufeadudrezlsdludgunsainisiuniauus
#94n3 Hardware uay Software dwiuaanilgiu egslsinumaiia TOA ety
aeluemsiifsvermeiidu nafldlumssudsdygransiosunnilienlunmsionsan
meuvidlasldinednail

2.3.4 Time difference of arrival (TDOA) [9]

BnsdumisiieiTues TDOA Tdnwazadioduidues TOA 1flesan TOA
fsannaidyaraddlunsifunsesusiazaniigiu 3% TDOA axiamusnves
nanluusiazgandgiuudrninniBewdunsmiues Hyperbolic Fausnissvazvinssening
amilgnu dadudlelldmumisisesnsTafedidunsmogaios 2 dundatu Tafnan
annfigiuedietion 3 anidifwuandlusud 2.8 AidAgresisifeudaranifigiudesiinis
Synchronicity fiu aghalsAmuduieatumain TOA Wethuldnelueirsfidssesmsd
du nanildlunmssudeduanassdesnniienlunsinsamdudasldmaded
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5UN 2.8 Mavurialagisn1siarsananuisasIa tunsunfesdyyiu
(Time difference of arrival: TDOA) [9]

2.3.5 Fingerprinting Technique (Anuduendnualro i)

Wnsiasananuduendnwalvsaiiunis (Position pattern or Fingerprinting)
wiidnwuradnefuiBnsaunuatsiafiovesuyss Ssui 29 laeflasfudmnsinesi
FasmsinanfiasanuarihiniUsuiisunnuduendnvalessumaiy o fildinsiu
Awiwosiy 4 Blugiudeyateunthug: vdsanduwihnisuansiuisiiuisuiie
uilndiAesiianlneisnsilisndufeddandnuunmieuisty q Wewadiaondgiu
othton 1 ffaansamsumdld dodpsvanisliisilumamdunisdeseddinaiuin
Tumaifiuamnsiiweindesnisiinsanilugndosa asdfivinnidesnismdumad
vwalg Ffuisnistifdeuhuidlussuumiumniglueimsnnnissuumsius
aguaneIms annsailudsegndldlunisiumiau viedswesine o 1 Wy mansiaaey
duluadsdudn msszyduviisesdnuagndsitilufumfussaudeifnegluaiasi
gl

Training Path loss
ANANBMIAUUL
Delay time
- s .
. - . . . Database
. Ll - Ll L d
@ Testjng Path loss
ANANHUNAFD m Compare
'y Delay time
....Q.............

. - - . - . . . -
. . . . - - . - -

UM 2.9 wanmsawnuaigiiaiia e @ pL kAU 98
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2.4 msuszgndldaruvasszuuuauninas
walulaBuuuuaunirsdegnihunldlussuunisdearssserduseninsaeufinnes
gunsalflegmeluenansdrinem waglassoneluthuinends fflaudesnsanuiiigs
fedyanignasooninananseniatueiassgnanvouidsu (Power attenuation) Ing
Hadesng 9 19U gnasmeulnendsdeiunswesoias antanaunsaliedesldsing 4 feglu
vinalnalAss ﬁdwmﬁlﬁﬂdnmﬁé’auué’aLwia'amaﬂssmﬂ,mamiqﬁa@mﬂwwmaaﬁmmwmﬁ
yaduadosiy malulauounfebeiuannsailuvssgndldnuldanssuuuy
msUszgndldsunismeumis 5U 2.10 Wudnvaznsldaulunsmdundag
flnnsananmsgaudeiBain uazaUseds wioneazitadevaredisiidsuansynusionis
doansluannzwindensilivinliAnnsienanslunsvnfiansanduvisle

serfSorfiode Y\ Y fusion center V
sensor ,—-{’ ADC H" ansoelver}j/ ’ processing unit l'_ LraanjsvgeBiver - N\ _
data acquisition R %, fusion
data processing communimnon / _,l center

” physical field /
sansor node array

5U#1 2.10 msmuniddlagltinalulaguaunineds [12]

dwiuiluusvendldlunismdiwnidlagldmalulaguavnireaiunsaiily
Uszgndldlunisfumen viedawessing 9 18 1wy msﬁzqﬁflLmﬂwaaﬁfﬂmaujmﬁqﬁﬁﬂﬂ
Aumguszauseanogluaiaisiignllvg - nisthanldmiefulnsauuinuvuds n1g
AyIvasUAuATlundaduA faguil 2.11 uay 2.12



Scattered /
. _signal Transmitter
s — (firefighter)

Transmitter/
receiver
(fire truck)

Incident commander’s
tactical display

(a) NMsszyiunisvetnuagndsiidllrumgussaudenfnegluaasngnlnlng

(C) NSATIVADUAUANLUARIAUAT
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(d) M3Uszgnaldanunsmeuisyaraniglueinisdninny

JUN 2.11 nsussendldmalulaguuuiaunislumsmsundaniglueais [14]

ey,
—
Google maps

A
% Worid Wind '
1.4

>

Cougle earth ) 7
\ S

~—

. ",

o N -\ H 1%
" A 3021542 UNB -
NI Guvstoatm AT Tt
¥ UG NS M|
’ pmme SRS 1“-..’“'
| lomqride.
L
S P 3 The Tyndall Location,
! % = Activity and Weliness Aware
ognp \s . Wearable System i
A\ / P edvonde ottt ™ | §
o] e el DOF
Ny b { wit mentonty - BCG, Sp02
i “"\* E7 < Envronge oyl consaon =
¥ [ Teerparitate humity amteent Yt
Heterogeneous UWE o)
Wireless Sensor Network Rapit tramp o Betwesn indoor anc

§. | ouer rackng

UM 2.12 nsdszendldimalulaguuuiaunislunmsniunianigluenais
HazWaNB1AIT [14]

2.5 walalumMsdaszivasussiuag

Data mining LunszUILN1TY8ININAUNTOIANTAUINA (Information) Tidevselu
grudeyalug) evhueuunliuwagnginss lnvordedoyaluein uazileldansaume
wianilunauayunsiadulanisgsi

wmeafiafildlunisvih Data mining WUV Classification WLag Regression il
AR gAY Data mining Tulagtu laun

2.5.1 Decision tree
< a dl % LY % ¥ U a o ¥
Jumallanlvnaansludnvauzvadlasiasisulilasunfidinusznaumenglu
JUUY-“ 07 Ul way naans i
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“If Income = High and Married = No THEN Risk = Poor”
“If Income = High and Married = Yes THEN Risk = Good”
Decision tree Lumailafideudrsunivats 1iesangldanunsarih anudila

wadnsliie mafla Decision tree agdrfindoyaildusuusmu (Dependent variable) 1
fafe 1 WUUIa8d 190INISVINUIEFILUIAINNGNY o) A1 9XADIASNLUUTIADIEINSURN
uUsIsLsaEs algorithm veawaTiALUY Decision tree @aulngjlisosutoyauvudeiilos
(Continuous data) azsesiinsuislidudeyauuulaiseiios (Discrete data) \derou
Sanosiumandulaou Chi-squared automatic interaction detection (CHAID),
Classification and Regression trees (CART), C4.5 uay C5.0 algorithm g aaungn
winngAutymuuu classification algorithm ussusulwlglanulamiuuu regression 1w
Classification and Regression trees (CART) %ﬂi@ﬁuwz\‘lﬁiw’ﬂmwu classification  Wa¥
regression ueniniigesasiudeyalunuuiineiiiasdnie

2.5.2 Neural networks

ﬁﬁugmmwmﬂLLUUﬁwaaamﬁv‘hmmmammwwé waghausaldlaanutym
classification, regression Wag clustering Lwﬂﬁﬂﬁﬁﬂgﬂt§8ﬂi7 “Black box” Lfl491nn13
Vumesiuflaududournniinaiady 4 Aeudiuin wadwsfilaRendenisviay
wWla wu lusuuanswaansvesnsldnaiiauuu Neural networks Tun15aiasIeviunuea
wUsnufte enuides (Risk) wazduaviimiveganundugnasiie Adadimin (Weight) 1u
P

feumadatazdhenldanutlam classification, resression waw clustering f
oy uatudumedinfireudrdudouninnafindu arududousaznisidannsosuels
vowmadns snvlildvandsanaied sgndlsiany inedalffdeniddyilddlumada
Sue ffe wadalkifdesdmiarturiinvesrudiuiug Wy wadiawuu Neural networks
annsaasanuusaesrRduRussnIduUsay fudndruvesiiuusdase 2 fald dui
1¥o1n El¥ivadauuy Decision tree 58 Naive-Bayes uonannil wnadauuyu Neural
networks §3lfidaymfuanuduiusiduwuunsinadid (Trigonometric) W38 Logarithmic
e lumsldnuaseiu waliauuu Decision tree e Naive-Bayes mﬂﬁwaé’wéﬁgﬂﬁm
WBIWDAUAIINABINIT  LANIABINITAINULUENIING U WATlALUU Neural networks
orafuvumsiiafign madeafiaziinesliinadauuy Neural networks viels Adonis
Wisuiiisumnuiisanseweswuudiassiumaiandu (Decision tree 3o Naive-Bayes) &1
Wldnifuegradiulddn fasdenmaiindy  widwadnsaildnuuusiaesveanaie
Neural networks fimniissnseandtegraiiulddn dueiamneis isdesinsuuss
WUUI180URNNALA Decision tree 3e UNTINSIdmALALUYU Neural networks 813
wngaudnsutiyminniiandls Flaguil 2.13
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JUT 2.13 uansnadnsveansldinaiauuy Neural networks [6]

2.5.3 Naive-Bayes

Lﬂumﬂﬁﬂﬁgﬂ&gﬁamm Thomas Bayes (1702-1761) inatiALuuNaive-Bayes 1df
vaw) Bayes Theorem 1ums¢i’wmmmmm%Lﬁu%agﬂﬁlsﬂumiﬁwmsma dlovinng
Ainswinsdiivd msvhunesaildlaenssiunavasiiulsBase (Independent variable)
HeosuUsniy  (Dependent variable) Naive-Bayes LﬂuLMﬂﬁﬂiuﬂWSLLﬁﬂmwﬁLLUU
classification Tinsanunsanianisainadnslduazannsassuiglamne fuaerin msiasees
AuduRuSsEIeRLUsdassusastusuUsauiieldlunisadadeulamiuanduy
dmiuudazaudniug lummguiainsviuignares Naive-Bayes 3zgnaodisinys
sasvnanndudasydatu liduiuiulssassiladnis ddduaduasudailliinndn

'
LY

fisulsdassiomndudasesiotiu fogratu deyafeafulsziiyana Sainusznoude
seandeagesiining a1 twidn mafinu eld i anduimeasBenmadin
Juogfuay lunsdlinsld Naive-Bayes azdasiilviiamnaasorglviuing wenaniivada
wUU Naive-Bayes §sliisassutoyaiiiudoyaseiiion (Continuous data) fae Frdusauys
faszvsesuUsauiiandudsioidesardesgnuvadudiady Silsuusdassmdudves
mqﬁmﬂLLUaﬂﬂ'wmdwﬁ?ﬂﬁﬁu%ﬁammu 9 017 “dnin 20 U7, “20-4007, “40 Yy 1O
fiu Famsuvstasiu dudslivngan fdinadenmnmussuuudaesiiadtu usdnll
filsfadosiniuds walauvy Naive-Bayes ansalinadnsfinuazsansilsd anude
wazanuiswilimadaidifueiesdefiflunisaduuuasuasmgluuuauduriusill
Fudeu

2.5.4 KNN (K-nearest neighbor: K-NN)
a %% a 4 Yy A A [ a Y
nsiAsIEsaemata KNN 38 k gadiafediian umadanmangiulymuuy
classification wmefiaduansaaninatadunseisiuldlalideyainia (Training data) Tuns
asnuwuudnaes unglitoyatunnduduuudrasuas Tunisldeu KNN algorithm Wiisn
AosszyAdavIIuAnUIniiiy k sy Beedazdudivendiuiuvensdl (Case) 9
QzAesAunIlunsIuIensalud algorithm wuu KNN 1awa 1-NN, 2-NN, 3-NN, ... k-NN
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[

g9 k WA IUALUIN 19U 4-NN ud1e5ie algorithm HagAumn 4 nsdififlanuay
IndiAgariunsallyal (4 nearest cases) lumsvinunensdllval dsgui 2.14

Classify as green Classify as red
X X W x w

(@) (b)

UM 2.14 watianslieszikaryseiiunalagldinata KNN

2.6  mymemadslunsaifitaadiulussduaienn (Line of sight: LOS) was
nsalnuasliviuluseauaisni (Non-line of sight: NLOS)

2.6.1 gﬂtwummwins:maﬂﬁu (Propagation model)

a 1

nsAnesynIvanIisnunazanniignity awnsaluluglivuresnisdeansie

o a

Nan3e Aednyindasodearsseniteantigiufuaniignaie 9zu191AMI9mss (Direct
path) windulaeUsiaandsinaandle 9 dsinvansesviliiianisanneuvesdyaiaauld
annsadoasiuld uasdnsuuuunilsie msdemsiiamsden  aniiigiutvaniiigning
ansadeansfuldfasinesidsinung fygiuisuldazananmansinms fasufl 2.15

[ < [ ~ a a o w 4 [y Ay 1 a a
Lidnzludyanangnasinvinaaveuriaasty (Absorption) dysyiaigeuriudeinuing

(Diffraction) wazdyqufiazviou (Reflection) dyaraainauaziansaziinauUanig

T o
(%

NEAMLANAN V9 AULIIVOIAYQ18d (Signal strength) wWawuaadaygyau Polarization
waz Delay ey easldmalulagniinnududouiisnuaunsnininsy (Receiver)
JRgaNTTULAsRENLUE A MNTINIAINALRETiFneille AuaudR LOS uag NLOS
~ Y} g v aa PN ! 2 ! a
anungdleaiuaudnldonu lunsainaudguinnit 11 GHz n1sdeanssening aandl
= ' Y ) | a6 ! | a o
FIULAzan1lgNYIeRBINTT LOS Wil duauddindt 11 GHz laganiggiuanudiem
N1 6 GHz anligusazanigniiganunsafasowuy NLOS laauaud® NLOS vilvilin
anugangulunisinasiazldnuaunsalgnine (CPE) [9]
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LOS

/ Base
4 Station

Station

gﬂﬁ 2.15 uansRuanURYed Line of sight uag Non-line of sight
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NOBAUATUENNITIATIZN

3.1 uni
Tuunilaznamimguiuazndnmsieseiildlumsmiumidasiuuugusumis
Fedyamaunineds felsznevlufedyaaduuusaunieddaineinusatuile
ﬁmuﬂﬁﬂugﬂﬂﬁlwaumuﬁmﬁw Mntuanfunsimssimduaaisuly washite
faluagndnieisuuususumissdyarauauniieds Inglusdetiasndnfonaiimes
uazsilflunsadanuuguiumisfunuuesdyanauaunineds uazdina1niaisuuugy
Auntasnedyaauouninduielflunsuszanamidumis Mmegadunsiiesngian
Lﬁaqmwaﬁ%uuugﬂ&ﬁmeﬁaaﬁ'zgig’lmLLaUﬂﬁN?ia

3.2 Sy IaIUULAUNINNES

sURdudy adwuuiaundInBdmiulassnud ladwualiddnwasduguaiu

o

v

wouRUEmaeNauandlusUn 3.1 lnensuaduuaurudivaeslulamial (Time domain)
waglusui 3.2 flanduanuvuisiuaidnadululaunaud (Frequency. domain) @156
wanslugyaunslaned

v,(t)= fﬁ[fH sinc(2f,t)~ f, sinc(2f,t)] 3.1
b
<2
V,(f) = 2f f2 (3.2)
0
o A P9 LOUNTYAGNEN

f, Ao wuuAInn
f

f="f —-f/2 e mmﬁfﬁ’la

. Ao ATuinans

fo="1,—f,/2 Ao anud gqqm

sunduLauudwdsidaunuwiuaneSudugudmasursluiuauauan

d‘ 1 [ IS d' [ i ! d'gj !
warAufay lnganuvukiuanasuasivuaasivindu AN2f,) eglurieanudnsus
—f, 00 = f war f_ 8 f, uazaslinalugud sUrduliaslimnuanunsuuuilandug

s

wardldruuszneunssuanss (Direct current: DC) 1ugue
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© o ©
= o
I
|

Amplitude (V)
s 5 o
Y [+ [—] [ ]
I I 1
| | 1

0.6 -

0.8 1 1 1
-1 -0.5 0 0.5 1

Time {ns)

5U# 3.1 suaduuesdaadwuulauniedslulaguial (18]

-100 I I I I I I I

120 .

140 -

-160f .

-1g0fl X

Magnitude (dBm/MHz)

6 7 8 9 10 11
Frequency (GHz)

-200
3

oy
wn

sUT 3.2 awnaduvesdyyraduwuunaundsgdulamuninu [18]

/

3.3 dueurunsule

v v
o [

dusudyarunsulalulawuanudvieanunuiuaiUnasuvesdygansulatu

'
o
(Y]

anansadasgimiaannsiiilduanumnuivaiUnafuvesdyaadinuiuileidunis

angloumudvestesdygin dygransulalulawunudnsornunuiniuresauna iy
o Aoy vy a vo &

vosdyey1unsule Vr(f)mmaavuaulugﬂammﬂmmu
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V. (f)=V,(f)-H.(f) (3.3)

ﬂl = 1 U U
de  V,(f) Ao mnuvwuduainaiuvesdyg s

o

H.(f) #o flasdunsaneloumudvesesdyyraidsidannisin

T o

a

dmSudygransulalulauunaity ansamlalasldnisudasiesdoundu
(Inverse Fourier Transform) aasAnnuuniiuuainasuvesdygiansuld dygiransulaly

Taua v, (t) anansadeuluglaunis ladad

vJO=IM(Uéwa 5

3.4 wisfimesildlunisadednuasianizduiisvesduninuauniiebs

wdwesildlumsadsdnvasansiumdwesdygnasauniibaiuazUssney
lUeren1sgaydeliald (Path loss) wee NMsUsEAIaN (Delay time) Inglun1siiatsaneins
z;iauu,?laL%ﬁﬁﬁ?u%mmsamlﬁmamﬁﬂé’waaé’mmmﬁ%ﬂé’ Tneidwasdyanansulaly
e dB anunsemlaannaunis

R (0[dB] =20log | v, (1) | (3.5)

PL=—P (3.6)

b4

Wesnindyurataunindadudyaafiiniazideanaiaiann vnliaiunss

dunamideanuvesguadununndanieg o lulassnutiasiansansuaauinninidauin
gn dawaneldlugun 3.3 madmesnldlunisasisdnuvasanizduniesdyayiuuay

niegatuazysEnaulUmentTandudiaid wagn1suseianal 31n3UN 3.3 aglansand

Afvedian fendu PL=-P dumsdszimafianiu t lnemsfiwesivaiiazgniiv
uanwazlamziukuuresdygrauauninBadundasduniua ziivlilugiudeya 14

AGIAU (X, Y ) WNUANARLMLILAY x uazlY Y
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wianduezinnimesvevendnvainagevluiuioudisufunisfimesves
enanwalfukUUTUYNEUYL IRgATIAMIAINANYDINISINE T NI oNaNBalAULUY
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[PLCY) -PLT | [t(x,y) -t ]’ G.D
ef (X’ y): { 2 Lt + 2 :
OpL Oy
e o, Ao dhueauunnsgiuveansgadeidad

o, Ao dmpauunasguvesnsuUsyisnan

PL Ae nsagdeidddnlunisaiednuaziangiuiuy
PL, fe msgauidedaidlumsasdnuazianiznagasy
t  As MmyUvszlaranlumsaiednuazianiziuluy
t, A9 nsusElwmlunisaivanvuzanIznagey

WA LrnUIinIaAzIulaaInNTa5 198N YL LA NIEVOIF YU LAUNT198 S
(X, Y,) anunsafienulaaniinadiuriaidaiaiunisveddnuusaniziosiian 4a1u1se
deudugunslacdl

Kk
Z(arg min efj
j j

’ j=1 X,y
(Xe’ ye)k e k (38)
3.6 A15ATITHNIAMULNYINTIVDINTISHIAILNAUIAIYAIAITNAANATA
STUZNNYARAYY

MeTATIERANITEmsweInsasIdn e T T ke Un 1B afuas
fa1sanlumenvesAAuRANaInTeITEEENIsEAalAeY (Euclidean distance error) [19]
Ingdmualdfiiasiums (X, , Y, ) Dusdadumiaildanmsaiaendnuninaaeuves
Funauaundneds wagdmualiRindiuns (x,, y,) Wufitavesendnualdunuy
ANARANAINTBITELEIN €, ALAWITOAILINLNDIN

&, =\/(xc—xek)2+(yc—yek)2 (3.9)

Lﬁa k=1, 2 oy 3

Toglulassauiagltn19insigiuuu KNN (K-nearest neighbor) @ k AadnuIu
Inalesivgaiisanla azideniengeiliananuiinnainiesiign
ARana1nszeznadaziiunsimesnldlunisimsgiteanuiieansavesnism

Anuslnglgisn1 TS 9aNYAULIANIZYOIF YA UNINEY F9aziinusInTIuInied
ANAURANAINTDITEUEN DY
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3.7 &3
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Tlunshnsgidumissuusaunieds anduldnanddyyaisuld fainannisi
éi’zgig']meiﬂuiﬂLuumm?{@m%ﬁ’uszj'aaéi’igfgm%alé’mﬂmﬁmaqLwiaw‘f"]Lmu'q Fadoyuoudi
ldarludeuloadhiunmsaiiamnsiiwes Sdliiluduwalitunsmdundaniglueiens
Faldun misfwefnsgdodaitvesitusniiuns mimesnisseianaivesidnsn
wmfneinsgudedad dwhogavesunazidunmsiinseinnanudionsewesnism
fummisuauneds Fadunismenanufianainserinadumisendnvainaaeuiudiums
Feldanmsmsumis Geazgrldlunsiesssiuasysuliunasioly



unii 4
N1SANLAZVYUNDUNITNAADINAY

4.1 uni

Uw’fﬂd’nﬁqmaazLSEJ@LLaz%y’umauiumii’m@mauﬁ’mawaaé’iuﬁgm Tngldindos
Ainszilasanenuunnees (Vector network analyzer: VNA) 8adunisinlulauuainud
lngyhmsiamitaidunisarelouvesosdyminmionsidines |S,,| uazglumsliasziiae

a 3 & v 1 1 [ 1 o 1 [ 1
WmizmL‘Uuﬁﬂﬂﬁuumimaiauﬁuawaaaigﬁywm Taglulsagiuuinasasuusnmsineandy 2

(%
A v

fumeudneiu Ao dumeunsnanfunisinaudnvusaestesdyyuiietinaiwuugy
AUV IF Y QI UBUUBAUN 1B LLaziu%umauﬁaaaazLﬁuﬂﬂii’m@mé’ﬂwmmaq
sﬁaaé’mapmﬁaﬁmwa%ﬁaLL‘UU;UG‘]’WLmu'wmaawmé’mmml,am”m'E“Jq %qgmwmﬁmam
annsauandldfaudonlaesunsuzuil 4.1

( start )

Y

Model Design

Y

Calibration

Y

Channel transfer

function measurement

was covered by VNA

A

- Path loss Data processing by -K-nearest

- Delay time using MATLAB -Fingerprinting

|

Result and

evaluation

End

5UM 4.1 uuuununsialunsmdusmedyaauwaunineds
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¢ o o o
4.2 aunsavanildlunisia
4.2.1 1A329ATIZALATIUNBUUULINADS
Tunisneassidednisindesdygyranaunindsduazldiaiosdiodagyildin

wa | L = lﬂ' a 1 (3 o U L a
AanUATodyaIuAe LATBIIATIZILASIIBLULLINGDS VNA Tagvinn1sinmdudssdns
nsdesuvestesdyyia (Transmission  coefficient)  ¥3eM1313A0T [S,,| uazluns

3Lﬂiﬁsﬁ%ﬁmimLﬂuﬂqﬁ%’umidwiauvﬂamﬁ'sﬂawaqé’mmmﬁaLLamiugﬂﬁ 42 du
Usznouluse in3eslinngilasstngluunnaediu HP-8510C mmaa‘uwws’]ﬁma%mi
N5¥AANIA8 (S-Parameter test set) su HP-8514B uazfduAs1evianmd (Frequency
synthesized sweeper) su HP-83620A @dwummmumuﬂammLmaimumﬂa (PO) i
Hourtorunasn GPIB (General Purpose Interface Bus) lnsgunsaiwintasiignianiid
ansansratadyanalulasiienimesaniodemedn  dvlunsmnasidasfunisia
Fosdmauuuanmesalnenesnfinilsfenasafildlunsdsdyain (Tx) Tuvasiinesnd
avsazlalunissudyea (RY) Imaﬁ‘da’]maﬂwa%mﬁgﬂaawzgﬂﬁiaL%’ﬂﬁ’umammmwumw@j
(Biconical antenna) Faagldnaiiaulurvedawunnyduazillinseinaneold

JUN 4.2 Ieserinszilasaiiguuuinmesnidlunisnaas iy

4.2.2 @@ INALUUNTIEA (Biconical Antenna)

arwenianvunegiduaisoiniaiigninunldlunismeasslnefiquantinns
wnsnszanerduLuUseUiirdlugunie (Azimuth) §asinsvens (Gain) aglutas 1.5 dBi
89 15.0 dBi fivasauAmsusnsEefinersouAquIANATLYe Snuuzveaatio
dudadufiunn Ssnsmeaesiiayldasoinauuune gvemadiuunasdiuds U7 4.3
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wanlasaaieeaseInIAkuUnTIgaldlun1maass Fasiiduruaudnalangiuves
wraznIeLdu 65.34 Tadwns szazreseminegunseisaendy 37 Jadwns

29 June 2003

- Takada-Lab
Biconical Antenna : Tokyo Tech.

sUM 4.3 lpssaevesatgonauuniegnlslunmsmaaeide [11]

JUN 4.4 uansdsrduusgavsnisagvioundu (Reflection  coefficient) |S,,| ves

Y

'
I =2

A18971N1ANTIVA FInanlm LI luY19ANAveUAUNI B IRDY IR 3.1 GHz D9 10.6

]
< %

GHz eduUszdnSnisasyieunduiiA1iinds -10 dB FwandliiiuinaienniAuuunsieg

aunsavunlglaeenadiuseansanlug ua U LU UL UNINGE

T A T
1

ST T T TSP T =T

=
=

o 5 10 15 20
Frequency (GHz)

o

JUN 4.4 dudsgavsmsagvioundu [S,| vesageniALUUNTILe
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AudnvuzdAyvaaseInNIAndAyuenaInAduUsEanSNsaYT eunduudiffe
vnauazilavasilindunsdeinuvetsaneeInie JU 4.5 uansdevuauazinavasileidunis
dernuvesangenAkuunTIeanldlunmaaeivy

;g_ 0
8
m-2
e
T -4
£
< -6 ] 1 1 1 ] 1 1
3 4 S ] 7 8 9 10 1
Frequency (GHz)
-1500 T U T T T ™ T
(]
4
g
<
b4
o
£
4000 1 1 1 1 1 1 1
3 4 5 3 7 8 9 10 11
Frequency (GHz)

JUN 4.5 yunauazinavesiliidunisaelauvedaseMALuUNT o

LL‘U‘UEUﬂ’]SLLWiIﬂﬁzfﬂ’]EJﬂguGUENﬁWEJEJ’]ﬂ’]ﬂﬂS’JEij AU 6.85 GHz gﬂﬁ 4.6 (n)
wansfenisinanlsduuass asfuindnumennaunsnsyanenauasiifienanisunsnszas
LUUTBUTiAMNG SUR 4.6 (9) wamaiienisiwanlsduuoueu aufiuindnwaznisuninszane
pAuazifiaensuIsnIEETUITLAL A UMAY
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4.3 WUUT1@0INTINYoId M

Tunsmaaedifedmsuinerinusi ldinisldudwuusiassnsing osdyan
ponilu 2 wuudrassdeiu ludiunsnazdunsianuandivesteaiietnnaiaiy
maﬁaﬁaé’uuuw‘%agmsﬁagmaﬁmmmmm%a@'q wagluduiaesaziiunsinnmandd
suaw'aaLﬂ'aﬁwma%ﬁaL“ﬁJumaﬁaﬁamaawmé’zy@mmuﬂ"iwéq il

Tunuusaest 151ldvinnsiaftenans E12 $ufi12 Wes E12-1207 wazldvinnnsialu
3 %190 16uA 3.1-106 GHz, 3.244-0.742 GHz uay 5.944-10.234 GHz Tagldduaugn
A1ud 801 90 wuUsIaesildatseinALuUNTIBdTNRudazei LTy Tagang
apomanasudiasfulunundgs Tnglutuudiassiiuuanismeengenmaguasayinnig
TNAEINALIUTINANANVDIN LAY Imaﬁmmqwaqmammmﬁu 1 lnsanadua
Lazd sy Famnsiiwesildluluunaassiinanslismnsed 4.1

a a 5 o a v
M1919% 4.1 ‘wwmmaamﬁ’ﬂuuwmaam%

NI5IAADS A ldnagau

%39AU8

Full Band 3.1-10.6 GHz

Low Band 3.244 -4.742 GHz

Hish Band 5.944-10.234 GHz
IUIUAAIID 801 n
YUAF1LBINF n53ee, Llulna
A19319818DINIAN A TURILAL NP 1USY WUIF
mmqwaﬂmﬂmmﬂé’mdqLLaz'%'u (Tx,Rx) 1m
IUIUYAVBINITIA

- lananwaliuiuy (Training) 1590

- Lndnvalnagay (Testing) 45 90

ﬁ’m%’umﬁmmauﬁ’ﬁﬁaaﬁaﬁmmﬁaﬁwma%ﬁuﬁuqugﬂﬁumm&fmwwm
foyqrauaunneds aevhnisTavianua 15 9a Tngluusazqaeaiiuluuuiunu x uas y 1y
FLULNIN 1 LUAT Immaméﬁ’qgﬂﬁ 4.7 Iudaumﬁm@mﬁuﬁaﬂimé’ﬁymmﬁaﬁwma%ﬁqLﬁuLL‘U‘U
'gﬂs‘hLmu'wmaausuaqﬁ@@nmLLaUﬂiwqéqgﬂﬁ 4.8 TnevhnsTavavan 45 90 Ineluusazyn
metulunwnnu x uay v 1Wusseena 0.5 1Wns
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4.3.1 WUUINABINTITINYDIFYsYrauNaI1anaNwaldukUY

v
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dmsumsinauantitesdygraiiodiunaiiaduendanvalfuwuy 3o Training

o

[

Yoy IukaunIeEs lagvinisiniavan 15 9a ngluidazgavineiulukuiwnu x uas y
Duszeens 1 m lnuanadsgui 4.7
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| |
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P | |
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osmM (W) el
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=

JUN 4.7 wuudasamsiatesdyanasiiotinasnduendnualfubuy

o

%390 Training

4.3.2 wuudnanansintesdynniieadisendnuainagey

Iuﬂ"mﬂwﬁﬂamamﬁﬁﬁiaaé’agmmﬁaﬁwma%ﬁqLﬁuLaﬂé’ﬂwaiwmaausuaq STTRIIIESNY
n$aBaguil .8 Tasvinsiadanun 45 9a Tnsluudazgavineduluduiunu x  wag y 1By
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5.1 UniI

Iu‘ﬂﬂaaﬂ‘\]EJUI@]ﬂ'WM@ﬂMﬁﬁUEUWﬂJﬂQLﬂuiﬂﬂauLLﬂ‘UB\I’l‘uaLﬁﬁﬂﬂ%ﬂﬂ’]ﬂ’liﬂﬂi’]ﬂl@‘\]’lﬂ

T

a

aun1s (3.1) waz (3.2) Iﬂwuauwawqqamummu 1V mwddildvinsied 3 dasmnud
peiu loun 3.1-10.6 GHz, 3.244-4.742 GHz Way 5.944-10.234 GHz
Tuunillfuansuavesnsfivtoya Aldvinsiadefvdmisiimesmgadedaia
wazn1sUsEisnavesdygrafisuliluutnanuiiifesnismdunidaiunmnadadu
endnwalianizdiunidsvesdyginuaunitedafuidugiudeyanoulaglunisifu
r’h‘wqiﬁﬁma%ﬁ?u%ﬂmimé’mﬁmmﬁﬁmmLmqﬂqm Mniulal¥nsiesesidanesiuwuy
KNN Iumia%ﬁﬂg‘dqumimcﬁ’wmeé”mé’&ujmmmmi’wﬁﬂﬁw LL@SIU%U@@UQ@%WEJ%%
WATIENUTZANT A IWAINULLUT AL UTZLTUNAVOINITUIA LN UIAILAIAIURANAA
3883%1@%@5@814 LLazLLamwaiugﬂLLUU CDF vBiAAItAANa N33 8EefildannnIs

ATILILUU KNN

5.2 waannisaszinazlssdiunalagldmatda KNN

é’m%"uquaﬁamﬁléfﬁwﬂmnmaaﬁ%’ai’mﬂmé’ﬂwmww&mé’@mmﬁaﬁwma%’w
Sneasanzvasnsmsurtaiisduanamauniieds FaagvhansienidlaeldiEuun
gﬂmime‘hmeé’aaé’@mmuauﬁwéq TngazdinisnsangeniALuI AN Iedud LAz
PUSU (Vertical Polarization) USLaun9LAU

5.2.1 wan15mnaesluyaea Ul Low Band 3.244-4.742 GHz
MngUANsgATRuarnsUsEIaants Low Band 1 3.244-4.742 GHz Fagu
5.1 (a) uanarnnsgaydedad andeyamsgadaitininld agiaeglutae a6 dB fa
60 dB 3U7 5.1 (b) wansteyanisUsEianan Mndeyanisuszianandiinld axiaregludas
20 ns 14 70 ns



Distance along y axis (m)

Distance along y axis {m)
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| 56 - 82
4 (1.4) (2,4) (3,4) (4,4) 53]
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a) Path loss (dB)

7

6 150
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. LT R

1 1.5 2 25 3 3.5 4 4.5 5
Distance along x axis (m)

b) Delay Time (ns)

sUM 5.1 Annsgayidedicinuarnsusyiaiaiye Low Band
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gﬂﬁ 5.2 wan CDF vasauiianainszasyaiiiatuanmemeunisagldineda
afleumsaunuansiiiiouuuuauniuBeufuiing KNN ainsamvaaesidoagnuing
k =1 fiFedsvesnnuRanaind 0.31 m uasdAAuianainaniigail 2.00 m
k =2 fianadvesmuiananni 0.49 m uazliAAuianaInfigni 1.16 m
k =3 fiFndsvesnuRanannd 051 m uasdAAuianainunniigail 1.21 m
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i
i 2 25 3
Distance error (m)
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> |

N N YR 4
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|78
G o5
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I
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b) NAN1SAATIERAMRANAIAIDRANTUIN K=2



42

0 | 1 | I I
0 0.5 1 1.5 2 25 3

Distance error (m)

a € 1 a A a al
€) WANITAATITRANNANAIALUDNINTUIN K=3

JUN 5.2 uana CDF vesanuianaInsesn1aiinduluygae Low Band

wazluzuil 5.3 uang COF veannuRamaInszasyafiAnduannsiumslagly
wadaadiounisaunuaisihienuuununtedesiufuisng KN agulédn Tudisaad
Low Band 3.244-6.742 GHz 1 k =1 Sanafevesruiianaiamiianfon 0.31 m uazdien
ANLAANAIAINNTIgAT 2.00 m uag k=3 dAnadevesmnuianaianiigad 0.58 m uawdl
AmLAnNaINNTigaR 1.16 m

] — K=1
K=2
— K=3

| | |
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Distance error (m) x 10

L =

=]

25 3 35

]
6 1

gﬂﬁ 5.3 {aNISAATIZRAIRANAINYI Low Band 1 k = 1,2 wag 3



5.2.2 Wan15NAaasluYAINE High Band 5.944-10.234 GHz
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9ngUAIMTgEIBATLazN13UsEANA1Y9 High Band UT 5.4 (a) uansAinis
adei3aid ndeyanisgudeidaidniald sxfidieglutie a6 9B e 58 dB uay
UM 5.4 (b) uansdeyanisuszianan mﬂsuauamiﬂiymnmmﬂlm eilAnagludie 6 ns
418 ns

D) €N

U 5.5 uas CDF suaqmmmmwmmummwLﬂmsuumﬂmimmLquﬂmﬂmmﬂuﬂ
afleunmsaunuansiiiiouuuuaunieieiufuiinig KN ainsamvaaesidoagnuing
k =1 fiAnadvesmuianaini 0.33 m uazliAAuiawainunfigai 2.00 m
k =2 fiFndsvesnnuRanaind 0.50 m uasdAAuianainandigail 1.10 m
k =3 fiFndsvesnuRanannd 0.49 m uasdAAuRanainundigail 1.24 m
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0.3 I | —
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b) WANITIATIEVATRANAIALLIBNANTUIN K=2
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| ] |
1.5 2 25 3

Distance error (m)

c) WANSIASIENATRNANANLIDRANTUNN K=3
5U# 5.5 uane CDF vesnuiana1nszesn1aiinduluge High Band

warlugud 5.6 kans COF B89ANAANAINSEegN1ainduaIn N suiunladagly
wadaaiiounisawnuateialowuuwaundnedesiuiuidsnis  KNN aguladn Tugaeanud
High Band 5.944-10.234 GHz 1 k =1 dA1a88U0IANURANAIRAN@AABT 0.33 m Lwazdlan
a = PN a a a = el' =
ANUEANAIANINTFAN 2.00 m Uavk =2 TA1LRALVIAIUAANGINLINTAT 0.50 m wad]
ANANURANGIANINTERAT 1.24 m
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5UN 5.6 NaNTUATIEVAINANGIAY High Band 91 k = 1,2 Wag 3
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5.2.3 nan1maaadluyaeaud Full Band 3.1-10.6 GHz
ngUAINITA AN ETALAN1TUTEIMIAYS Full Band §U7 5.7 (a) Uanad1n1s
geuduidadl anteyanisanideiaianiald ssliAegluyie 46 dB H958 dB  ua

JUN 5.7 (b) uanstayani1susylanan mndeyanisusyiaianiiale azildregluyie 3 ns fis
18 ns
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a)Path loss (dB)
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5UN 5.7 Annsaayidenieinuasnsusyiaiaidas Full Band
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JU71 5.8 uane CDF vesmnuranaInszeeneiifinguainnsmisunidlagldinaia
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ThG3-5 17:00~17:20  Closed Form Formulas of Correlation Coefficient for Ultra Wideband Impulse
Radio Systems
Pichaya Supanakoon, Sathaporn P g™, and Jun-ichi Takada®, King Mongkut's
Institute of Te dogy Ladkrabang, Th ATokyo Institute of Technology, Japan
Correlation coefficient is a important parameter that indicates the efficiency of correlation receiver for Ultra Wideband Impulse
Radio (UWB-IR) systems. The correlation coefficient is also used to analyze the waveform distortion. In this paper, the closed form
formulas of correlation coefficient are derived using the rectangular passband waveform and the extension of Friss' transmission
formula. The free space and ground reflection channels are considered. The results obtained from proposed formulas are compared

with measurement. For ground reflection channel, the proposed formula of ion efficient coresponds with
ThG3-6 17:20~17:40  UWB Localization with 2-D Interpolation and K-Nearest Neighbor Based on
Measurement Data

Rattiya Uppahad, Jirapat Sangthong, and Sathaporn Promwong, KMITL, Thailand

The indoor localization has several techniques that are used 1o estimate a location such as the received signal strength (RSS),
the time of arrival (TOA), the time difference of arival (TDOA) and the angle of arrival (AQA). Nevertheless, all above techniques
are considered only signal from direct path. Therefore, they cause more error in dense multipath fading channels such as indoor
environments. Now, UWB fingerprinting localization has been developed for this purpose. In this paperwe evaluate the performance
comparison of indoor- localization based ‘o UWB-fingerprinting using 2-D interpolation and K-Nearest Neighbor for building
fingerprint pattems based on measurement data. Using vector network analyzer (VNA) to measure the channel frequency transfer
functions S21 at frequencies ranging from 3 GHz to 11 GHz. Biconical antennas were used as both transmitter (Tx) and receiver (Rx)
antennas with vertical polarization. The accuracy of estimated distances is studied and shown in the terms of cumulative distribution
function (CDF). From the results, we found out that 2-D interpolation gets the best performance with high accuracy and precision,
which the distance erroris very low with the average value is 0.40 m, while the maximum of distance error is 2.00 m.
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UWB Localization with 2-D Interpolation and
K-Nearest Neighbor Based on Measurement Data

“Rattiya Uppahad' Jirapat Sangthong® and Sathaporn Promwong'
'Department  of Telecommunication Engineering. Faculty of Engineering,
“Department of Electrical Engineering, Faculty of Engineering,

King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
E-mail: 's4611843@kmitl.ac th, s4610123@kmitl ac th, 'kpsathap@kmitl ac.th

Abstract

The mndoor localization has several techniques that are used to estimate a location such as
the received signal strength (RSS), the time of arrival (TOA). the time difference of arrival
(TDOA) and the angle of armval (AOA). Nevertheless, all above techniques are considered only
signal from direct path. Therefore, they cause more error in dense multipath fading channels such
as indoor environments. Now, UWB fingerprinting localization has been developed for this
purpose. In this paper we evaluate the performance comparison of indoor localization based on
UWB-fingerprinting using 2-D- interpolation and K-Nearest Neighbor for building fingerprint
patterns based on measurement data. Using vector network analyzer (VNA) to measure the channel
frequency transfer functions S, at frequencies ranging from 3 GHz to 11 GHz. Biconical antennas
were used as both transmitter (Tx) and receiver (Rx) antennas with vertical polarization. The
accuracy of estimated distances is studied and shown in the terms of cumulative distribution
function (CDF). From the results, we found out that 2-D mterpolation gets the best performance
with high accuracy and precision, which the distance error is very low with the average value is
0.40 m, while the maximum of distance error is 2.00 m.

1. Introduction

In recent vears, The UWB localization system can be used logistic in healthcare tracking
industrial and military service [1]. There are several traditional techmques that are used to estimate
a location such as the received signal strength (RSS), the time of arrival (TOA), the time difference
of arrival (TDOA) and the angle of armival (AQA). These techniques are used to estimate the
location by considering from power loss, delay time or angle of received signal [2]. [3].
Nevertheless, all above techniques are considered only signal from direct path. I

Now. the fingerprinting locahization is popularly used to estimate the location. The benefit
of this technique provided highly accurate location estimation [4]. Usually, there are several
algorithms are used to estimate a location using fingerprint concept and UWB signal sush as
K-Nearest Neighbor (K-NN) [5].[6]. However, K-NN algorithm is to give the distance value in
database only. We try to find the algorithm which can be determined the distance out of the
database. Then, we can see that 2-D Interpolation which can be used to solve the problem. It is a
method of constructing new data points within the range of a discrete set of known data points.

In this paper, we discuss about the performance comparison between 2-D Interpolation
algorithm and K-NN algorithm for UWB indoor localization with fingerprinting concept. The VNA
1s used to measure the UWB channel measurement in the frequency response mode at the
frequencies ranging from 3 GHz to 11 GHz. All of the measurements are used the biconical
antennas as both transmitter (Tx) and receiver (Rx) antennas with vertical polarization. The path
loss and delay time of first three-path were investigated to perform the fingerprints and signatures.
Then, the positions were estimated by using 2-D Interpolation algorithm and K-NN algorithm. The
accuracy, of estimated distances is shown in terms of cumulative distribution function (CDF)
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2. UWB —Fingerprinting localization
2.1 Signal model

For UWB signal. the rectangular passband waveform is considered as the UWB transmitted
waveform. This rectangular passband waveform in time domain v(¢) and its spectral density
function V,(f) are represented by:

ve(t) = % [fusinc(2fyt) — fusine(2fL0)]. (1
A /b
= |Ifl-f]<2
V=t | . )

0 Arr=Tl=ia

where A 1s the maximum amplitude, f, is the bandwidth, f. 1s the center frequency, fiand fy are
the mmmmum and maximum frequencies, - respectively. Consequently, the spectral density of
received signal V.(f) can be calculated by using

V() = Vi(F) ~He (). 3)

where H.(f) 1s the frequency transfer function of channel obtained by using measurement scheme
described mn section 3.

Then, the received signal in ime domain v,.(t) is evaluated by using inverse Fourier transform:
v (0 = [ %(f)ye > df. 4)
2.2 Algorithms

A, 2-D Interpolation using spline method

The nterpolation 1s a method of constructing new data points within the range of a discrete
set of known data points. It 1s the approximation of a complicated function by a simple function.
Suppose we know the function but it is too complex to evaluate efficiently. Then we could pick a
few known data points from the complicated function. creating a lookup table. and trv to
mterpolate those data points to construct a simpler function. The data with 1 m space are
interpolated to be 0.01 m space using 2-dimenstonal spling method [7]

B.  K-Nearest Neighbor Algorithm (K-NN Algorithm)

The K-NN is an algorithm for classifving objects based on closest training examples in
the feature space. It is amongst the simplest of all machine learning algorithms: an object is
classified by a majority vote of its neighbors, with the object being assigned to the class most
common amongst its k nearest neighbors (k 1s a positive integer. tvpically small).

2.3 Analysis

The estimated position is considered from the position that has minimum difference
between its signature and fingerprint. The fingerprint error at (x,y) position ef(x,y). which
represents the difference between its signature and fingerprint. is defined as

e (x.y)= \jfj{[”’ )= PLY | [16e) -0, } | )

O, o,

=]
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where PLg(x,y) and tg(x, y) are the path loss and delay time of fingerprint at (x, y) position of
path i". PLg and tg are the path loss and delav time of signature of path i". opL,, and gy, are the
standard deviation of path loss and delay time of fingerprint of path i".

After that, the estimated position (., V) 1s considered as the position with minimum estimated
error and can be written as

(xe: )Ie) = arg min er (x: )’) (6)

The accuracy of UWB fingerprinting 1s considered in the term of distance error. The distance
error e4 can be defined as

ea = /(e — x)Z + (e — Ye)2. (7)

where (x, y,) 1s the correct position.

3. Measurement Description

th

The measurements were done at the cormdor of 12" floor, E-Building, Faculty of
Engineering, King Monkut’s Institute of Technology Ladkrabang. The VNA s used to measure the
UWB channel measurement at the frequencies ranging from 3 GHz to 11 GHz. The biconical
antennas are used with vertical polanzation as both Tx and Rx antennas. The structure and
dimension of biconical antenna and biconical antenna transfer function magnitude and phase shown
m Fig. 1
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Fig. 1 The structure and antenna transfer function (a) Dimension of biconical antenna.
(b) Magnitude and phase of biconical antenna.

First, the measurements were done to collect the data to build the fingerprints. A total of 13
positions with 1 m space are measured. After that. the measurements were done to collect the data
to build the signatures. A total of 45 positiens with 0.5 m space in the same area are measured. The
Experimental setup and measurement model are shown in Fig. 2.
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y

Fig. 2 Experimental setup and measurement model
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4. Experimental Results and Discussion

For 2-D Interpolation, The average of distance error 1s 0.40 m. The maximum of distance
error is 2.00 m. For K-NN Algonthm (K=1). the average of distance error is 1.67 m. The maximum
of distance error is 3.35 m. For K-NN Algonthm (K=2), the average of distance error 1s 1.51 m.
The maximum of distance error 1s 2.55 m. For K-NN Algonthm (K=3). the average of distance
error i 1.48 m. The maximum of distance error is 2.36 m.

1

09} — e
08} T f =
0.7} X, f i

06 e 4

05} e —— .

J [z
04 v'r r—"_r_r B
1
03F !
= | N
02} — f .
; K=2
01} ,.__I'"'_J g ——K=3
T i Interpolation

0 [ 1 1
0 05 . = 2 25

Distance error (m)

Fig. 3 CDF for distance error.

CDF

5. Conclusions

In this paper, we discuss about UWB-fingerprinting localization with 2-D Interpolation and
K-Nearest Neighbor based on measurement data. From the results. we found out that 2-D
interpolation's average distance error is 0.4 m. For the K-Nearest Neighbor. the average distance
error for every casc is at least 1.48 m. We can conclusion that 2-D Interpolation has the better
accurate than K-Nearest Neighbor.

In the future work, we will consider the performance comparison between 2-D
interpolation with other algorithms such as neural networks. probabilistic method and find more
other algorithms for the accuracy improvement.
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Study on Indoor Localization Using Ultra Wideband
Fingerprinting Technique Based On IEEES802.15.4a Standard
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Abstract The localization 1s a gamning interest in home-entertamment applications or smart home, social, commercial,

€mergency services

and military sectors. Then, this paper studies indoor locahzation using ultra wideband (UWB)

fingerprinting technique. This technique is promising for high-accuracy indoor localization due to the characteristic of UWB
signal. The experiments were done n the indoor multipath non-line-of-sight (NLOS) environment under IEEE 802.15.4a
standard. The channel transfer functions were measured using vector network anatvzer (VNA) ranging from 3 to 11 GHz. The

biconical antennas were used as both transmitter (Tx) and receiver (Rx) antennas. The received signal strength and delay time
are mvestigated to build the fingerprints and signatures. The accuracy and precision-are also studied in the term of distance
error. Finally, the cumulative distrnibution function (CDF) of distance error is shown.

Keyword Ultra Wideband, Locahzation, Fmgerprinting

1. INTRODUCTION
In recent vears, the positioning system is
based on technologies such as wireless local
(WLAN), frequency
(RFID) .and wideband
(UWB). Precision and ‘accurate positioning in

area network radio

identification ultra
an 1ndoor environment could provide widely
researched because of ats variety services [1]
including position detection people such as
miner 1n mine [2], medical instrumentation,
industrial and manv others.. This
system requires high accuraey in an indoor
multipath. ~The
position estimation techniques are related on
Now, the
localization 1s popularly used to estimate the
benefit of this

SENSOTsS

environments which dense

signal parameters. fingerprinting

location. The technique
provided highly accurate location estimation
[3]. Usually IEEE 802.15.4a has developed an
UWB based on MAC
standards for wireless personal area network
(WPAN). The IEEE 802.15.4a had two signal
formats based on impulse radio (IR) and chirp
spread spectrum (CSS). The IR-UWB signal
have three bands:

and phyvsical laver

sub-gigahertz band uses
frequencies ranging between 230-750 MHz, the
low band uses frequencies ranging between
3.244-4.742 GHZ and the high band uses

5.944-10.234

GHz: whereas the CSS signal use frequencies

ranging between 2.400-2.4835 GHz. [4].
UWB-IR very high precision on position

frequencies ranging  between

estimation 1n Line-of-Sight(LOS) conditions.
However, it has alwavs been a challenge to
achieve reliable and robust position estimation
(NLOS)
conditions. Although many good technologies

while under non-line-of-sight

and algorithms' are available for accurate
positioning, Unfortunately, many practical
applications require position estimation to be
carried out in NLOS conditions

1.1 EQUATIONS

For UWB signal. the rectangular pass band
waveform is considered as the UWB transmitted
waveform. This rectangular pass band
waveform in time domain v (t) and its spectral
density function Vi (f) are represented by:

v (t) = ﬁ [fusine (2fut) — fsine (2fi1)]. (1)

A f
o -rl<2 :
V[(f)= I-hr (2)

o |ifl-£l>2

where A 1s the maximum amplitude. f;, is the

bandwidth, f. 1s the center frequency, fiand fy

are the minimum and maximum frequencies,

respectively.

Consequently, the spectral
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density  of  received signal  Y(f) can  be
calculated bv using

V() = V() - He(). (3)
where H.(f) 1s the frequencyv transfer function
of channel obtained. Then, the received signal
im time domain p(t) 1s evaluated by using

mverse Fouriler transform:
v () = [2 () e"df. )
1.2 K-Nearest Neighbor Algorithm (K-NN)

The K-NN i1s an algorithm
objects based on closest training examples in

for classifving

the feature space. It is amongst the simplest of
all machine learning algorithms: an object is
classified by a majority vote of its neighbers,
with the object being assigned to the eclass
most common amongst its k nearest neighbors
(k 1s a positive integer, typreally small).
2. MEASUREMENT SETUP

The VNA 1is
channel

the UWB
frequency

used to measure
measurement . 1n- the
response mode at three frequencies ranged
based on IEEE 802.15.4a standard. We study
the frequencies ranging from 5.944 GHz to
10.234 GHz, It’s a high band. The experiments
were done 1n the indoor multipath Line-of-
sight (LOS) and non-line-of-sight (NLOS). The
Experimental setup and measurement model

are shown in Fig.1
EEETTEE | ORISR

(b)
Fig. 1. Experimental setup and measurement
model For LOS (a) and NLOS (b)

3. RESULTS
From the results, in LOS environment the
average of distance error when k equal to 1, 2

and 3 1s 0.9013m., 1.0159m and 0.8936m.

66

respectively in NLOS environment the average
of distance error when k equal to 1, 2 and 3 is
2.1131m, 1.7912m, 1.8981m.
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Fig.2 CDF for distance error with LOS
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Fig.3 CDF for distance error with NLOS
4. CONCLUSIONS

This paper., we study on indoor localization
using ultra wideband fingerprinting technique
based on IEEE802.15.4a standard in high band
using K-NN ‘algorithm both LOS and NLOS
environments. From the results, we found that
in. LOS environment k=3 is more accuracy than
another value with average distance error is
0.8936 m. While. in NLOS environment k= 2is
more accuracy than another value with average
distance error is.1.7912 m.
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1. N53AYI9AUS 5.944-10.234 GHz

1.1 dayalendnealiuiuu(Training) 31NN15IAREEYLIMLAUNTNE

Y o

Yefyey
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s 4

W5ALADIAINULTIVDY

o/

WIslinasIaNay I

NARAILARUS doynney ey
bey) isuld (dB) (ns)
(1, 1) -58.4654 18.33
(3, 1) -57.9098 18.03
(5, 1) -59.4451 18.35
(1, 3) -56.1542 15.07
(3, 3) -55.9698 14.7
(5, 3) -56.6503 15.08
(1, 5) -53.7867 11.84
(3, 5) -53.6383 11.35
(5, 5) -53.878 11.86
(1, 7) -50.5107 8.72
(3,7 -49.8059 7.96
GA7) -51.7907 8.74
(1,9) -47.1459 5.94
(3,9) -44.1946 4.64
(5, 9) -047.1163 6.05
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1.2 Yayatenanwainagau(Testing) 3MNN13IARIBHYIALAUNI19ES

68

Aaduds | winfiweddanuussvasdyain | wisdmefnaiidayainunis
%, y) fi5uld (dB) (ns)
(1, 1) -58.4654 18.33
(2, 1) -57.5289 18.07
(3,1) -57.9098 18.03
(4, 1) -58.1982 18.08
(5,1) -59.4451 18.35
(1, 2) -58.0123 16.72
(2, 2) -57.2382 16.42
(3, 2) -56.7156 16.37
4, 2) -57.394 16.42
(5, 2) -57.0367 16.72
(1, 3) -56.1542 15.07
(2, 3) -55.7388 14.78
(3, 3) -55.9698 14.7
(4, 3) -55.8822 14.78
(5, 3) -56.6503 15.08
(1, 4) -54.8983 13.46
(2, 4) -54.4935 13.11
(3,4) -54.3718 13
(4, 1) -504.1092 13.13
(5, 4) -54.4146 13.47
(1, 5) -53.7867 11.84
(2, 5) -53.6758 11.45
(3, 5) -53.6383 11.35
(4, 5) -53.3138 11.49
(5, 5) -53.878 11.86
(1, 6) -52.4887 10.28
(2, 6) -53.0932 9.83
(3, 6) -52.5534 9.67
(4, 6) -52.5756 9.81




1.2 dayalendnwainagau(Testing) 3N
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o 14

dueuULaUNIN98(5iD)

av o WISADIAIAIUKTIVD W']‘s'lﬁl,ﬂa%mmﬁé’zyqy]m

WANATLLKAUY é'zy,iyw &Hﬁ\i
06 ) #i5ul4 (dB) (ns)
(5, 6) -53.1958 10.32
1,7 -50.5107 8.72
(2,7 -49.9526 8.16
(3,7 -49.8059 7.96
4,7 -50.7397 8.18
(5,7 -51.7907 8.74
(1, 8) -49.5277 7.29
(2, 8) -47.9525 6.59
(3, 8) -48.1095 6.33
(4, 8) -48.1719 6.58
(5, 8) -49.9109 73
(1, 9) -47.1459 5.94
(2,9) -45.2351 4.99
(3,9 -44.1946 4.64
(4,9) -44.9608 5.02
(5, 9) -47.1163 6.05

2. 15IAY29AE 3.244-4.742 GHz

2.1 dayaenanealiuluu(Training) 31NN3INALLEYYIUUAUNTINE

'
a

[

NNARTLAUY

WITAADTAIM NIV T YY1

% =

WIsNaIIANAYYIUNE

x,y) 75Ul (dB) (ns)
(1, 1) -59.7739 73.32
(3, 1) -59.6756 72.2
(5, 1) -60.3683 73.36
(1, 3) -57.1598 60.24
(3, 3) -56.7888 58.72
(5, 3) -57.3277 60.28
(1, 5) -54.7526 47.36
(3,5 -54.6367 4536
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2.1 dayaenanealfiuiuu(Training) MNMsindledyrmuaunineg(se)

Afadunds | winfiwesianuuswesdyan | windwefiaiidygyiaanis
x, y) #isulé (dB) (ns)
(5, 5) -55.6692 47.36
(1,7 -51.5844 34.88
(3,7 -50.8644 31.8
(5,7 -52.5862 34.92
(1,9 -47.7875 23.76
(3,9 -45.4344 18.48
(5, 9) -48.6299 24.2

2.2 doyatendnuainaaau(Testing) Innsindaednainuauniie
Afadums | wisfiwedianuussvesdynia | winliwesaiidyyiaunds
(%, y) #isulé (dB) (ns)
(£)1) -59.7739 73.32
2, 1) -59.6209 72.24
(3, 1) -59.6756 12.2
(4, 1) -59.311 72.4
(5,1 -60.3683 73.36
(1, 2) -58.8642 66.88
(2, 2) -58.2097 65.6
(3, 2) -57.9821 65.52
4, 2) -58.8795 65.76
(5, 2) -58.2009 66.88
(1, 3) -57.1598 60.24
(2, 3) -56.7052 59.12
(3, 3) -56.7888 58.72
(4, 3) -56.9404 59.12
(5, 3) -57.3277 60.28
(1, 4) -56.3915 53.8
(2, 4) -55.351 52.44
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2.2 dayatananwainagau(Testing) 3nn1siadiedygyinuauninede(sa)

(3, 4) -55.4046 52

(4, 4) -55.4978 52.48
(5, 4) -56.4387 53.96
(1, 5) -54.7526 47.36
(2, 5) -54.3956 45.8
(3, 5) -54.6367 45.36
(4, 5) -55.31 45.96
(5, 5) -55.6692 47.36
(1, 6) -53.3531 41.12
(2, 6) -54.1672 39.32
(3, 6) -53.2999 38.68
(4, 6) -54.0226 39.16
(5, 6) -54.2356 41.32
(1,7 -51.5844 34.88
2,7 -51.5243 32.64
3,7 -50.8644 31.8
@, 7 -51.8392 32.68
(5,7 -52.5862 34.92
(1, 8) -50.3187 29.12
(2, 8) -48.9341 26.4
(3, 8) -48.5946 25.32
(4, 8) -49.331 26.4
(5, 8) -50.6779 29.28
(1,9 -47.7875 23.76
2,9 -46.3037 20

(3,9 -45.4344 18.48
4,9 -45.8692 20.16
(5,9) -48.6299 24.2
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3.1 dayaenanealiuiuu(Training) 31NN1FINALHYYIULAUNTINE
oo WIFTLADIAIAIULIIVDY winiwefaiidyyin
NAAATNUS P (34

& y) #5uld (dB) (ns)

(1, 1) -47.85 5.94
(3, 1) -51.66 8.72

(5, 1) -54.47 11.85

(1, 3) -56.83 15.07

(3, 3) -58.76 18.33

(5, 3) -44.75 4.64

(1, 5) -50.71 7.96

(3, 5) 54.45 11.35

(5, 5) -56.91 14.69

1,7 -59.13 18.03

(3,7 -48.07 6.05

(5, 7) -52.18 8.74

(1, 9) -54.63 11.86

(3,9) -56.85 15.09

(5, 9) -59.99 18.35

3.2 dayatendnuaiagau(Testing) ann1sinfmedyanamuauning

Afaduvds | windiwesianuusivesdyain | winiwesinaniidyainunis
(%, y) #5U8 (dB) (ns)
(1, 1) -47.72 594
2, 1) -50.16 7.29
3, 1) 51.28 8.72
@, 1) -53.24 10.28
(5, 1) -54.40 11.85
1, 2) -55.70 13.46
2, 2) -56.98 15.07
(3, 2) -58.36 16.72
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3.2 dayaenaneainagau(Testing) 3nn13iadedygyrnuaunined(sa)

faduds | winfiwedAanuussvasdyaia | wisdmefnaiidayainunia
x,y) #i5u18 (dB) (ns)
(4, 2) -59.16 18.33
(5, 2) -45.76 4.99
1, 3) -48.59 6.59
2, 3) -50.83 8.16
3, 3) -53.66 9.83
@, 3) -54.31 11.46
(5, 3) 5588 13.10
(1, 4) -56.43 14.78
(2, 4) -57.94 16.42
(3, 4) -58.58 18.07
4, 4) -44.77 4.64
(5, 4) -48.74 6.32
(1, 5) -50.57 7.96
(2, 5) -53.09 9.67
(3, 5) -54.35 11.35
@, 5) -55.21 13.00
(5, 5) -56.69 14.69
1, 6) -57.65 16.37
(2, 6) -58.64 18.03
(3, 6) -45.68 5.02
(4, 6) -48.81 6.58
(5, 6) -51.28 8.18
A, 7 53.23 9.81
2,7 -54.28 11.49
(3,7 -55.16 13.13
@, 7 -56.63 14.78
(5,7) -58.13 16.43
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Fadunis | winfiweddanuussesdyain | wisfimesnaiidyainanis
%, y) fi5uld (dB) (ns)
(1, 8) -58.99 18.08
(2, 8) -47.78 6.05
(3, 8) -50.53 7.30
(4, 8) -52.33 874
(5, 8) -53.85 10.32
(1,9 -54.65 11.86
(2,9 -55.46 13.47
(3,9 -57.04 15.09
@, 9) -57.83 16.72
(5,9 RO 18.35
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