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ABSTRACT

For indoor localization there are several techniques that are used to estimate a
location including the received signal strength (RSS), the time of arrival (TOA), the time
difference of arrival (TDOA) and the angle of arrival (AOA). However, all above
techniques consider only direct path signal. Therefore, they cause more error in dense
multipath fading channels such as indoor environments. The ultra wideband (UWB)
fingerprinting-liked is developed for this purpose. The indoor localization system has
entered the realm of consumer applications. The popular application of indoor
localization system is used to find location of objects or personnel, which require high
accuracy in dense multipath fading environments. This paper studies indoor
localization scheme by UWB fingerprinting. The channel frequency transfer functions of
corridor environment were measured at the frequency ranging from 3 to 11 GHz. The
biconical antennas were used as both transmitter (Tx) and receiver (Rx) antennas.
Finally, the accuracy of estimated distances is studied and shown in the terms of

cumulative distribution function (CDF) of distance errors.
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gfinusaduiiladnwinismisunisnleisiadounisainuals dafiovesdyyie
waun11984 Inglatasoiiasnzrlassnguuuinaes (Vector network analyzer: VNA) 911
nMsinmIdudszansnisasiurestesdyaia (Transmission coefficient) n3ew1918tm93
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funounisfinu

unil 2 nanfaveluladuouniieds uagnsmidumianiglueians deludiuves
walulafuaunfebeagnanianudumn vdnmsiugiu dofmua uazgasuvesszuuns
doansuuuunun’neds



unil 3 ndnfemguiuazndnnisiiasedildlunuide nguitugiulunism
Frumils Tnsaznandssunnvesssuunismiduninislueras suludanaiaitugnd
T lunsmiunidndig dyaiadwuusauniedafildlunuide dygransuldlaen
PaessuLuUaEnduuS Aadleuntsaunuansinilevesdyanauauniieds wazns ATy
MATEIR5

unil 4 nandanisnaassidelaensingudnyuzesdyyiauuukaunebad

[ ag >}
¥
v A

Uszneu gunsaindniililunisin uazuuudiassnsindililunuided
unfl 5 nanfanismaaesideuazniseivaiena lagazuaninavesnisaiisans
dnwalvosuaunineds Muiamslinssinavesanuisanssosuuiians
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unii 2
walulaguaundduasngunugiulunismiaiunus

2.1 UNi

lugafimeluladnisdeansuuuldaeliimutuegemaig Sniadududadedis
unumegaunlun1 s Blalasiauiusena agaieanauauiiniaeiggves
weluladuaunineds (Ultra wideband: UWB) Viﬁmmzaﬂwmwéfm WU @1ANs0doya
mennuisigalasdeusomesnnisdsdoyaiigsuszana 110 Mo/s Tuszesnis 10 w3
wazlidnanisastoyaiigiulussesnsiiduadaednsinisdegeiis 480 Mb/s fiszosnis
Usganal 2 wns desnnsmdanvlumisduindsiidigeanlaiiu -41.3 dBm sadudefivua
yesidsnuiidseeninangunsaldidnnseding (Part 15 timit) vinlsilaifinansenufusyuy
Juqiifleg maluladuuunaunieds (Ultra wideband; UWB) fluunlifudnasdinistian
Uszgnaldlulaseinelfaisdiuynaa (Wireless personal area network; WPAN)3 N1
walulaBuounirsdsldnanefunildumaluladildfuauaulamalutiogiu dduunias
nandanaluladuauniieds Feusznevlusme anuduinvsanaluladuaunineg s ndnms
fugruvennaluladuauniieds darmuaesszuunisioasuuurnunings aiduves
sTUULUN 9B LagmsUszgndldnumaluladuouning

2.2 wnlulaguwauninggs

wialula8n15d9a715uuukouni1984 (Ultra-wideband : UWB) diA2711uaN#19910

a A = « =~ v A &g aa o
walulagnldlunsdeansuszanauq lngmalulaguaunindeilidumealulagngniamuiun
INTTUULIA ST UAIUN1IN1T9s wagladnsdnndaualgluszuuliatefsesnis
anuslumssudadayagedmiunasou annuldimaluladuauninedeliinisiuddoya
o Y] v eal i Y} a ~ o A v ag a a
medyyriadnuauinlagaglussaiuuluiung (Nano second: ns) n3afisgaulaIuIi

(Pico second: ps) Inanisiidldgyiaiadniivgrianunitwesiadiavuinlunisaiuazsu

aa

Fuaa Failidyaaiideluuuiianiniiwnn dwalifianuaiunsely n55uU-dadayandl
‘U'%mmmﬂLLawumuﬁiamsgﬂé’mmmmw'%ammﬁq (Jamming) Jagtumalulaguauning
Baldgnihuldlussuuniseasunntuiesienudnvussuresnunidailiannse
spafusEuuNIsAeatswuUTai e %aﬂmwuﬁﬁmmiﬂ%mmﬂ13%’%@6&’1’@3\1}@@@ way
‘uaﬂf\]’lﬂﬁ’wlﬁiuiagmigaﬁﬁLLUULLﬂUﬂ}JIN?JI\‘igﬂgﬂﬂﬁﬁﬂ“ﬂu%UULiﬂﬁ swlufeszuunism
FLUIDNAIY



2.3 audunnvaaunalulaguauniness

=

wialuladuaunirsdadumeluladidesemnainmnaasudidyaaniuing lag
Houndululud a.e. 1894 fin1sdunimaasuisfuaduudmanlnidatuduadusn
Tnedmnsligndnna 113lad (Guglielmo Marconi) ndaniaulud e.e. 1895 unslaiily
¥msairaeseddainnldlunmsmeasdunsadyyanuulEaadundusn é’fﬂgﬂ‘ﬁ 2.1
Tuln.7.1897 andladdnhnsUssivsiaiesdsingnsiartunasvhmamasosddinginsiaaly
aerug NG IdyauIngassadsiuuld wazluld aa 1901 wnfladldvinig
dednyanunauing ielddeansiesianasa (Morse code) Fammaymsuanuaudinlagly
w3earuiindaanameaUnsauiiu (Spark gap generator) FavhanulagrsasitliAnusady
qqmmwdmﬁaqd’]waqﬁaﬁwﬁmmwm?ﬁL‘%&Jﬂd’ﬂiaqdwmiaﬂﬁﬂ (Spark gap) vinlwone
Wnatuuand wasnseidlndhaaisaiumsiernidld GuSeniinszuaadaga (1]
wazviliiAndnyaunauIngsuitad tielflunisdsteyaddnuslumsdeans Ssieldindu
fuguneiianisioasuaunineds

UWB applications

= L

Digital camera

JUN 2.1 insesdslunisnaassdsdygrauuulians [2]

dennnafianisasdyraiadldiiaun wazthanldlunudunismmsdenisldeu
Taonluthanldnudmsugunsainisdeasimeisamideiliaunsouansnmvesingdign
unta sensdsdynueauingiidnvusduiod negiugUasiafnunaudu savingg
NuRundedfions (Ground penetration radar: GPR) [3] sunseiamaluladniadiuieas
didnnseinduazgunsaiansfsfthldmandvilinaluladuouniiedslddnnstium
UszgndldlugunsaldidnnsedndlunisdearsiBamndudlasianigluszuudeasiias



foanuainsalunisdteyaliiuuuuuin wWelflunisdearsieyanvudeussan
(Multimedia communications) Fafasn1sdnsinisastoyags dnnsldndsnusiuaziisin
gn st lumsmsusisingifianuusiugigs wasnumusedyyasunau
2.3.1 winnsiugiuveaneluladuaunineds
weluladuounidaudunaluladnisieansliaefunndisannisdeansniendy
muiinguuudy 9 Tnggaduvesszuunuulauniudeife iussuudeasilideddndu
wmg (Radio frequency, RF) wvileuluszuudu dygavesszuunuunirebeasdudya o
Wad (Pulse signal) Tnaziduwaduaus auim Ussuna 0.2 urluwiuid 3evilvdiaanu
yu LUk UAWE (Spectral density) fin‘1ann daduTausnszaraseunqudisaudle
nflusedu GHz wasiilosessuudiuuudasifinanndsilfamisofiazsesudanm
msdsdayaldaddie 110 Mb/s luszaemnaszana 10 s Snviosuedudnnnudsdsnuued
TndiAgsruiudyyralugauniniFonindnaiuduiad (mpulse signal) nsszuunnuning
Belunmsdazsuduanaduldldnduni (Carerless) lunsuaudyanamiloulussuunis
Aoansuuuuauauiuay udanlumsdsdyaraiisunrduvesiadnisunduddiideides
Tumsnandednsnsdaiad lussdudiuiunanedesduwaddenisiunilunisdaagziu
doyaya sﬁw‘fﬂﬁwﬁwmmé’zyggmgﬂmzmaagﬂmmLmummﬁﬁﬂ*ﬁmm ﬁ’qgﬂﬁ 2.2 &

<

Wunuvesdanouniede [1]

% 3 =\

Laan 3 10 GHz

ATND

5UN 2.2 dyraununinga@adluauanuinenlunisiaiwaganud (3]

U ¥

JUT 2.3 wamsnsiseuiisudyarawaunineddadunisdeansuuusauaiiud
n1e@edinInsEatemdwuvesdyy1veglurlwauaunnInnluseauing §sndiu
doyarauiildlunisdeansuuvuwauanuiuauniinisnssaemdsnuvesdygyueglugiauay
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H 802.11a
ANUTIWUY Bluetooth,
milnnTumas 802.11b Wireless
(PSD)
“Part 15 Limit”
A13dBm/MHzF-F - - _ _ B _ _ _ _ T _ S ___ .
UWB

1.6 1.9 24 31 5 10.6

149 (GHz)
SUN 2.3 MsUSufiguY9ALDLaYIEAUAINNUILLNMAINUYDINTADATUUULAY
NINBINUNITEAITLUVLAULAUDUE [1]

[ 1% [

azyzymLLUULmumwﬁﬂaﬂﬁgmi’ﬁmawwﬁ’ua@apmiugﬂLLUUSNﬂ’aéﬁmaUﬂqu
muddavaiziiniraunneiiy waluladuaunirdeinsonUeendusuuiauainud
{83 (Single band approach) wazWUUTANELaUALE (Multiband approach) [1] sausale
Sonwefiansidndunrigesilisuniutusinauannlunsnaudyaio ERIREHRIBLY
wuuiisenintafnuudlaeniby (MB-OFDM: Multiband OFDM (Orthogonal frequency
division multiplexing)) Fafudninaiaiaseuagumslianuduauniten tngdseyndld
Tumsdsdoyamednnmudigasuioiu dyarauaunheduuuduiaduassiafuuudlo
BiAdulasunisiosuiei lUlddmivinaspueietsldaediuynnarenguai
silelafiie (WiMedia alliance) Inelfidumeluladiiugiudmivgunsaidouselusuuuy
gLaaﬁmm%qqﬁma (High speed wireless universal serial bus (USB) interface) [4]
2.3.2 FOMAUATRITIUUNITADEITUULLAUN 9B
1‘14?{‘1/1%)26Lm%mlﬁﬁmadaé"ﬂﬂfjm’mﬁ%adﬂ (Ultra wideband working group:

UWBWG) Hiaiinisnsamidennassauiu FCC Tunisdnassnasldaudasninuives
wealuladuounineds wuderdudvluglsy guu invd uagdsalus ssildeandeimun
Wosessunisidaumaluladuouniiedauds Tnsluiadedasvenaniermusvesssuy
msFomsuauuauniabdluanigeniing warluglsuvindy

2.3.2.1 fafvuavasssuunisiaansuuunaundeddduanigonsni

Tl a.a. 1998 FCC ldaanUszniaAsaiunisnsindeunse Notice of
Inquiry (NOI) LﬁmmﬂﬁmmLﬂuvi:;a'mzﬁmJm'amsLmnaamaqa@zgwmﬁﬁﬁiaizuuﬁﬁagj
dunagsruuaulasadeluianisnisunaziienislunisduainfefunissddussuy
waUNS 9By

Tutudl 14 nuanius U am. 2002 FCC Idoanngdmiuszuuuauninededs
Jumsimusveuiwareanisunsnszaeidsnuatuiivilsdmiussuuuauniies uazss
oy nlidumeluladildludnvaznianisddndie Tnesenuaigauesiiuseniauay
sudsunisatuiindldmsunsaoarsisuvuluiud 22 Wewuwiou U a.a. 2002 Fsly

nanslinanfiniseugnldnulussuuiauninegans 4 Ussinnuasnsiimuauaunnis



unsnszenasuamsunsidlulseianeng o lnganfdemdrsaulaiinisanainissnie
B, 11 lailvieinin 0.25 uazdesrfnnisunsnszaneiidanulae Fec dwmsuldlunisdeans
%’agaﬁgamaiuLLazﬂwauaﬂaWﬂWi

Someluladuaunirsdsldgniauedmiunisiunldlufanisnisdeasves
wadeu edlulldinnstvunlag dmsusnvardyaiaiiavinnld Sddinhenuniive
11 DARPA (Defense advanced research project agency) ”Lﬂmmiaaﬂsuammmwwm
mmuammmwuLLmJfmqmmawuwumuamﬂmmwummw B, vosdgyaalnesiosd
AN 25%

f,=f,—f, (2.1)
BAS 2y 7 1) (2.2)
fl4/EA L

e f, uog f, ﬁammﬁqaqmLLazmmﬁﬁﬁqmmuﬁﬁu

wenaniu FCC Sallmsimunaiunndiunda (Spectral mask) d1m5uns
$rfnNIsUNINIEINeAINL IRl ua na U § s udmTunsAeansangluskarateuen
0115 [5] fauanslungisil 2.1 wazsuil 2.4 padndu

A15197 2.1 NI5AINANISHNTNSEANYAMUARUILUUALUNAS LA U MSUNISERAT U
kaUNIBINelukazN1euaneImIsRnInualae FCC

o aeluanns NYUBNBIAIT
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
’sj\‘iﬂ’j’l 10.6 GHz -51.3 dBm -51.3 dBm
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-41.3 B

=513 b ooeoeef oo — ]
~53.3 oo . | ]

613 P ' s [ndOOT
—63.3 T = = = =Qutdoor

PSD [dBm/MHz]

-75.3 et § E .

1 L i I I I I 'i
0 0.96 1.611.99 3.1 4 6 8 10 106 12
Frequency [GHz]

PUININAUNATUAINSUNITINANITUNI NTEINEAMUAUIBUUAUNHSUA 59971
o U ‘ﬂl -d‘ o
dusumsaeansnislutaznieuanaimsiiiuunlae FCC [4]

€an
[l
=D.
N
B

2.3.2.2 fermunvasszuunsdeasuuunauniredluglsy

Inelud p.a. 2003 avanglsulauaunuiely ETSI Avuauinsgiula
Asoungunsldeuresmaluladununiieds ndsandulud a.a 2004 1de CEPT 14
yhnsAnudsadnasulunisldeureanaluladuaunireduataiu TSI Iiviinsuiuuss
unsgrufudegitonsldnugunsallimeiliinaluladuaunineds sunseiislud a.e.
2005 AnlznssNIEMsvesglsUlsueunngld CEPT vihnisnsradeuteyamamaiaiiiofiay
Guldmmaluladuauniedduannmglsy uarlunuussg@edatuivssmaiuuaus 39
wiifetuuadnsugunsaifldmaluladununisdedmivnteluonisvindy dsaanu

Aean s NeuUwmelind msugUnsalnldivaluladuauningaludi suansiindi 10.6 GHz

'
=

Feegnelitoulyved ECC uanifianisned 2.2 uasgui 2.5 lnedarinunlunisunsnszae
AaUYBId ey ke UNIBluglsUTANEeINgT FCC AIT8AumasvaInIswnsnszaney
ARULIALYINTY AegUN 2.6

a o v o g ) &g v a Y a | A
A1319% 2.2 ANNARINIIIINEMATiad mSUgUnsalnltmalulaguauninedslugisanud
191131 10.6 GHz luglsy

Aud AafeanuuIwLY EIRP
N1 1.6 GHz -90 dBm/MHz
1.6 GHz - 3.8 GHz -85 dBm/MHz
3.8 GHz - 4.8 GHz -70 dBm/MHz
4.8 GHz - 6 GHz -70 dBm/MHz
6 GHz — 8.5 GHz -41.3 dBm/MHz
8.5 GHz - 10.6 GHz -65 dBm/MHz
9191 10.6 GHz -85 dBm/MHz
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sUN 2.5 mihnnawnesudmsunisdeansuauniteesluglsy [2]

I R A | G R =\ Y\ d
—41.3 : . E e ECC Indoor Mask
. . = = = FCC Indoor Mask
513 --Fa = & R I e R L L R

-533 -ty : E

PSD [dBrm/MHz]
1
[=}]
(4]
T

-85 —]—
_o¥ P i i
0

16 38 48 8 85 10.6 25
Frequency [GHz]

sUN 2.6 1WiguwsunthnnawWaasunisaeasuauninedsluglsuazansgosni 2]

1'% a

233 n LAUYDITEUURAUNINNE

v 6 [ A

syuULUNi19Basandesndeduiad (Impulse), Waduay (Short - pulse), deyayedyl
lail#loywonst (Non - sinusoidal), dyaaiiusiaanaaunnii (Carrierless), wnunnaeInds
(Super wideband), n138aRaduuutoNiBua8157 (Fast frequency chirp) wasWadiien
(Mono - pulse) [6] iluszuunifidnwazisuihauladmiunisilussgndldluszuunis
doanslianeldnasusznis wu ANuvesYasdyy g, daududeurssszuuiesy,
AN, Sszduidsmesdynasilndifssiudyausuny, fnnudunudendunansis,
fianuazenglulamuan Jusu
- fAnugvesdyayugs
{losnsruunsdeansuauniedadussuuifivuuddaiiinieunnds 7.5
GHz Fevhlsfiauquestesdyanaanniumulude Swuaamugssuunisieasuauning
fudulumugnsvosusuuay (Hartley-Shannon) faaun1si 2.3 Insagifiuindiaugues
Fesdyanaaiidnivtuiiouuusianiiinniy lndldnnsdsdeyaluszduvateiosiuns
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TaroIud (Mops) Jeitlimaluladuaunindadulasuanudeuluszuunisaeansiiane

srpzduniausIge wu laseneliaediuyana (WPANS)

C =Blog, (1+ SNR) (2.3)
e C  AefiANquesasdayayo
B Aewuumian

SNR  Aesnsdyerusadygiusuniu

- Huszuuidmnududeunas fususm

esannisdeansuaunindsldwadfiamsdewndslisndudesdisves
& (Amplifier, PA) lunieds wazannnisfinsdeansuaunineBalaifnisldmaunvisarile
lisndudeddfinees (Mixer) wazosadalawas (Oscillators) Tun1sulasanudvesndunin
Ufuuaunrmiidosnisidluniaiuuasaiads :nguil 2.7 auduilassadaianinds-
AASUTITEUUNTABETUUULIUNT 9B lassas T s outioanInsEuUN A 9ENSHUY
LaULAY

CEGELER
Feyaya
dayadumnm Duod TUNIU e deyaaniiim
I~ et
uanrandaya o~ — 2 | Ausguaadoya '—-)
Flanad Slamad Flamad
saadaiamad saadaianad

(a) ‘U’S’e]ﬂ1®EJ‘?dLLﬂillﬂ']ﬂﬂlﬂ-ﬂ?ﬂ%U?JEJQi%UU%EJaTﬁLLﬂULLﬂ‘U

doyaduim FUAINA =
~ ICECERFIIIM]
uoquandaua ~ . R ==
~| , anduius
Hamad Flanad

E NP
lAdadantdayviaa

&
LA 38 JuEnd

EGILT Y

Touaiing
4 1

¥
Haun3Inaes

(b) Ugé)ﬂl@@%LLﬂillﬂWﬂﬂlﬁ-ﬂ’]ﬁ%UsU’eNigUUﬁ@a’ﬁLLﬂUﬂ’gJINQQ

JUM 2.7 WisuieulasaaineuessyuudeasuuuiaunIedeiuseuudeansuausau [7]
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[y o

- fszdufdwesdyasiindifsaiudyainsuniu (Noise)

Fynauuuaunisbeiiidnvasadre fudyaiasuniu (Noise) osan
day UWEWZJEN?JU‘ULLﬂUﬂ%WQgﬂﬁuﬁﬂ’]iLwaﬂi emdsnuluse é’wﬁl’ﬂmaasﬂuiuﬁwaq
Foyey 10452 UUNIY (Noise floor) muumimammmuwLLaUﬂmaaﬂuuaﬂmﬂmﬂGmami
unsnasnvesdayguiifieszuudy 4 lesaingnuesindudyaasunmuasgnitdnesn
91NAINATUIVDITZUY

- fiauduniusdendunatsdd (Multipath) wazn155UNIUTEIE Y0
InalAgsluszuunisuen@mn1aial (Time modulation)

Tuanmzunedeunislueansinifnadunansdd Fadunaunainnisasiiou
VIFYYIUINTAAFN) 19U U Uses Lig 1w u wiownsaddneluormslumansy
AiAna Imé’zyapzu‘ﬁLﬁm'mﬂmsasﬁaumnﬁuﬁwaﬁaa&hq6‘] aglailduduseiuarann (Non
line of sight: NLOS) YenaInd lusyuumsaeansuauni1aBeugsnansa W uYesad
waunireBaivranarduluseduuluiuadl (Nano second: ns) Seialviadiiinainnas
axtouilenmatesuiniivglufmieusuiadiiu LOS Snitnisiisyuumsdeasuauning
Seufluuumaniini o liReanuuanmameeaaiethann s Aunsdsd LUy
im'm'aLﬁaﬁﬂﬁﬂﬁé’m@muwLLaUﬂ”J'N@'ﬂ?faﬁﬂﬁua@JLammﬂnmﬁ?uﬁmméhumusiama
uNsNTENVBIAAUNAIIIATULTI LazNTTUNUYS BN INERINd YA A LRI A A ULA
I

- fianuazdeagelulamuiaidmsunisimuaiiumiawazn s ssendldly
JEUURAANY (Tracking)

S2UUNIFABAITRAUNT DT Wadfifidnuasnialmuunaifinauuing 3ad
anudululdiozanunsarunuienzuazduanaildegigadesusiuguinninszuy
AAUIMEUULAYY Bnviedvanutsangqriutanlddsilidyanuuuwnunieiiifinisueg
arnanagninanldeilussuusnsazerdn

2.3.4 msuszgndldauvesmaluladuauninea (8]
MNNAMENBALIAUTessEUUNSAeansuauneddildnd 1 lusdeiiuds vinlsily
tagtufinsthszuunisdeansuaunhadsludssgndlialdegnamainmas Tasamnsauts
Uszannisldenudu 3 Ussaumdnadsd nshadedearsuaziouesy, a0, n1sm
FUNUILAENTAARY
23.4.1 nsAndedeasuaziULYDS
welulaBuaunirsdaiuvudiavinin S ldannsnvilisesiufuszsuy
fadtifendesnsaulumsdsioyaias iesnidnsuilumsdstoyagdlusysumany
Yoy dnsoTundl JuAauunaniasiinaluladuaunaddultlusunsindedeansuio
myuditoyaifeszutlasstiglimediuyana dsenmanfiumsivdadoyasevinegunsal
Bidnseiindsinag aeluthurdedineu Tueransulndiisrazannsagaimainndesdne
Alowuunnmriumeninaevesnimilaviuiilaglddewihnsreanedyann \Dudu
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uananidnistmeluladuounidanldoulussuuduees Tasdinng
thiewaluladuauniredeiiluldaulumanisunmd wu msiadnsnmisdiuvesiila uie
Buq ﬁLﬂué’auJapmé’umwwiaQﬂw Fartounni gf’)L"Zdi‘uL%@%ﬁ]zﬁﬁ’]ﬂlﬂﬁ%@mEJLﬂLﬁaa@’e)‘;J:ﬁU
fifthevtlliazainlunisadoudrevionisnsaveummd fuudledinimeluladua
nheBanuszendldiailiAnauasmnauiesoaulifiumniy

2.3.4.2 13015

Tuednszuuisnfldgnitamiieldlunimms uiluewansulnddszuy
afazgnihuliludendedinntudony Wesnnssuuiaun b adumalulad sl
unsdsldgninluyszgndldtuszuuisasfifiauannsodiniu Tnefinisiinaluladioy
phedsluldlussuuduwessasudiilondnidesnisvuiudsguil 2.8 wagiwiuszendldly
nMsnsavaeunzanuianiliviheormsen laf 85 8sufion lihues wanadnuazaeunin delu
ofnszuuLsnsldgnita el lumanmns uwiluewansulndlszuusadasgninalily
Femdlvdunntutes

Yehichs in detection fiskd

Froct.side Precrash Safety
Systen detection fiekd
L of ford .oty rade

JUN 2.8 N139T9TUNSBUALVRITALWA [9)]

2.3.4.3 NMSMIAUNUILAZIZUAIUALUS

wallaBuauntedsaunsalddumdundadefifaseg vulanld Snvt
waluladuauniedaiinnumanzandulunisinldnufvannznndeunislueinis
desanannsaszydumislfuiugluseduimuiuns 3sannsoiluldlsslovilunis
Fumausedeingg I 1wy miizw‘hLmu'wmﬁﬂwmgL‘waq{ﬁ'Lﬁﬁwlﬂﬁumﬁﬂismﬁaﬁam
ogluormsiignlulvl viemsszyiumisithelulsmeuna duandlusud 2.9
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UM 2.9 msszysiniagUaelulsmeauia [10]

2.4 unagy

TuuniildnandsUseiRanudunnduseinmuistiagiuresszuumaluladuuuuay
N3 wargaiiuiaulavesmaluladuuunaunieds anelddermungunsninisdoans
szuuuaunedalag FCC uagmisUsegnaldinaluladuvuuaunineds Wudu edoyaly
Desduveanaluladuounirsdesifunuamensfinunideliiszuuiivszansnmunuas
annsolfrndldnanuaisnienisussgndldanuldunniu



unil 3
VOB UASUANNITIATISRNITVIATUIAUS
InglydaednyaranisdaniuLaund1ees

3.1 UNi

nniinanBludhsduredineninusatull sufiuiinismiumidasitatiounis
aunuateiaflovesdyainuaunineds awnsatuldaoulds fussuunismsundaly
Whaiiimsnonenaisitun wu annzwedeunigluensly warlidnednusunias
nandmquiuazndnniiesgiiililunismdundidagitiadounisaunuaisiafieves
Fyanamauninebs fwsenevlumenguiiugiulunismdumds Ingluideilasnanis
Uszinnvasszuunisiidiunidasaludanedaildluntsmdunds Fadednluaznands
FuaudsuuwauneBa Imiuﬁa%’aﬁ%ﬂdnﬁaé’ﬂwmwmgﬂﬂﬁuLmumuﬁm?{wﬁiﬁu
Anendnugatuil deunaznanBinsimsdmduainisuls fduinednudaduies
fsanduyanaisuldlulaumuaun wazdidednlvezndnddnaieunisaunuaisiaile
vesdynamauniuddaglurdetaslfesueiduneu wasmdnmsrnuesBiaiiouns
aunuaneislevesdaaamauninedwildlunsussanamiiums wazludugnyneves
Inerdnusuniaznaatinsiinszdanuiie mssesisaieunisaunuateiafeves
Funauuaunings

Y

3.2 nguugiulunsvadumie [11] - [13]

Tuthguinisiermalulagindqunldsiudussuunsmiduniiniglueiaseens
Wnsuate enfeg1aigy Mavdktsesgtienigluenaisisainguia, nsmdiurves
Unuagymdenidnludremdedussandoniglueins wasnismdiwntsvesinyausiiogly

IS ' [ ¥
Winodls [14] Wuau

3.2.1 USSENVBITTUUMIALAUINTE TUBIANS
L BWUIAINUSENNVBWNALULAEN LY IUNNTATIIU FLAUITOLUITEUUNITUN
aumianiglueimslandu 3 Ussianfe Bunsuse [15), anuding [16]-19] wazdansn
2 1 = = U dy
97199 [20] LneLAaLUTLNALLTUALLDUARNIT
3.2.1.1 3uWssa (Infrared) [21]
Wesandygrudunsisaldaiuisaiunisdiuniunansed sinuaisle 39

a

Andeindnvesszeznsidanuluanimundeunislueims uregslsinudygradunsise

o

= v

= < [ 8 v 5 [ a
frnasalunisunsdyaaas Ussana 3x10° m/s detiuseuudyaadunsisndewaenis
gUnIalNuINNINTEUUdansIgIn nvkatainaniglueiasdlinadeanisnsiad udy i
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yosszUuBuNlsIIndnme seuudunsusalaemluagiiszognsldawogfivszanm 5 was
[15]

3.2.1.2 mm?ﬁwq (Radio frequency: RF) [21]

sruvdnaunuding iuszuuiiamnsaldoldfluannzundounelu
91A3 Lﬁ'aqmﬂé’aujzgmmmﬁ%m (Radio Frequency) aunsatauniad1uiannielueinis
166 I@&Jéf@mmmmﬁ%mﬁmmL%’ﬂ,uﬂml,ws'é’ﬁgzyﬂmﬁqaﬁa Uszanm 3x10° m/s Bnids
Huszuuiildanudaisisue wasdszoznsldnuiinfaniissuuilddunsisawasdans
Y4126

3.2.1.3 8ans19176 (Ultrasound) [21]

3zuué’amwezmﬁﬁmmLLﬂuéwﬁW%’wﬁL.Lmiﬁmm%’uﬁﬁmmL%’maqmi
uWnSEuanas (343 m/s) wlidnegvhaufigmueanudsn (4o kHz) Ana defvessvuusansd
gndie euarsialdune Tneszuusansieariidsseznsldaudszana 3 wesd 10
wns uagiinuagiBen 1 wuluesvosnisinszey SnisgunnifinadeUsydnsninnis
MTITUVDITZUUTANTIVIIA

322 wadanisiafiihunldlussuumsuitidasniossunuuaidunug

dnunmasiunisluszuunisieansldautursiodassdnunsdoiu ludnuue
LLima‘vLﬁuﬂwswwG?WLLmiﬂﬂamqmﬂé’mmzu‘ﬁLaumﬂiwdwﬁ‘mmﬁﬁmvL'%*am'ﬂ Direct
positioning [22] uaw sBndnvazndedaduiifenldeumnnida azdunisudsnisnisums
sandu 2 Junau (Two- -step positioning) Tnedunaunsnasilunisifiudmnfimesann
dryey oy INTYATUSEINAE s IN AN ITRe Sivai [23] Tnannswsuvitste
amé’ﬂwmmamiéﬁqgﬂﬁ 3.1

Tx-antenna Rx-antenna
)Y7 N\

() > |
| | d Vr(t) >®_. J‘ (k Vo(f) -
nput J/\_

waveform
Template
7 wavefarm

5UT 3.1 ufienlaezunsuveamsdsinuuaunidsdmsussuunsmeunus [24]

TunsmidunmdsfuAmisiineseneg Avin1sinazduegiuainudeinisniual
g9 azd911nu9ATe95unIalnTe9denaae TagniluudiAwisndinesniee ves
dyaaaunsatiunldlalnglundasdygrunsulatuazsiansumisdne siieesiaine
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iy agdlsinulutagiuinisfiansamsmfivwesvesdyaiaunnii 1 yiiadiiowfinay
Wesmsshunsmeumidias ety

3.2.2.1 NISWRITUIAIAINLTIVRIE R (RSS) [24]

RSS L?;Iu%%'miﬂﬁ]ﬂmw‘f']LmﬂﬂmaﬂﬁmmmmmLLiqmaqﬁ@@wm%qgﬂ
anneuasioninnsgnydeludi (Path Loss attenuation) Ineldnisiafurennandaiy
2nauif§asiviiuszsgmaiiniaueginsainaniigiu aansam szogmalaensAiuan
MNANLLS VO AU FredSnstisededddrnaneteios 3 dandafuiiolile
funsiiuidadaioninaiiad Trilateration dauanslusuil 3.2 sgslsfimunismsiumis
TngdnA1A1uE 5919998 Y Y10z bAsUNaNIZNUaINYIINHNITAINITINNIERA187D
(Multipath fading) LLazmiawaumaqé’zgﬁgﬁmﬁaamﬂﬁqﬁmmw (Shadowing) Fe9ed
NansETIUREAATILS Ty snsmeuwidee S ianeunanaadeuls

&

U 3.2 msmsumslagds Trilateration [18)

[

3.2.2.2 A1SNA5UNANI9NISUNDIVa9a I (AOA) [24]

Y]

& o 1 a [ N o 1
AOA LIJ“IJﬂ']ﬁ‘M'IG]']LL‘VTUQI@EJQVIFW]'N?J@QE‘?EUZU’]WI@EJﬂ'lﬁﬂ']U'JﬂJﬂ'NZJLLG]ﬂG]’N

o

o

vounavasdyyunlvdsaeeniaudaziinldodluyn Sudyyins nglunismdunaly

=4

Fesilyaangeniafiinnumiieuduynuszn1ssiuiuviadasendt Phase array antenna
otstion 2 fdsuandlugud 3.3 sguiiulsinnmsmsumisneds AOA ideidedegsnuas
\deeinldineg aﬁﬂﬁgﬁqﬁmLﬁ]@‘ﬂigmmmﬂmwammﬂﬂﬁﬂgmidmiﬂizL%ﬁ (Scattering)
vesnauingdnsny Jdliidestduiifesniunldlunsmdumiannty
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(xp )

(x,»)

(x5 ¥y
U 3.3 mMavmsuniislags Angle of arrival (AOA) [18]

3.2.2.3 N15WAITANIAINITUNDNVBNEYRYIaL (TOA) [24]

TOA AefidnuaiznsRAsaIEIUILIRE1E RSS ieuiiUdsumsiinesd
Asandunafidyyinanaaiudunianieaniigm Wunsiansandums Taeld
MsfnfuvenaNITURsIfy RSS Fadursnandisiiaiiviafusseznisiianasuegunsain
anilgnu Tnganunsnagmszezmsldlas nsdunnnnaidggraana e uiumnend
aonilgu daeTimsilazdeddnanedisiay 3 2andatuduioatu RSS wanafgui 3.2
Fearlddunsiiuuga sgaslsinumaia ToA Wetnnldaelueiasifisvesnsiidy
nanfldlunssuddnamesosmniinldennlunisisrsamsumidaeldineidai

3.2.2.4 NISNATANANUANVDIIAINITUDIVBE I (TDOA) [24]

ABnsvmdiunieine3Tues TDOA fidnwazadioiuisves TOA iesann
TOA ﬁﬁmmmmﬁé’aﬁgwzuiﬂums@umwaqLwiazamﬁgm @115 TDOA 92 InANUF
vosnalunsazgandguudninnideudunsmves Hyperbolic Fauenisszarneszning
fanigiu dedudelilddunisisomnisisfeddidunsmedielion 2 dusndindu dufa
naaniigiuedwiies 3 andfandlugud 3.4 dsfidfueisifendavanilgudosd
nsadasludiu edlsimuduiotumain TOA devurldnieluensiidssesmadidu
nanldlunsdudsdyananedosunniilrernlunisfiansanmsus

;51]17; 3.4 MALAUalagds Time difference of arrival (TDOA) [18]
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3.2.2.5 Location Pattern or Fingerprinting

Ansiarsuianuidulenanvalaosdiiunus (Location pattemn or
Fingerprinting) %ﬁé’wmmé’wﬁ’ﬁ%miaLmuawﬁ’aﬁamaqué Tnefiasifuamisines
ﬁé}’aqmiﬁwmﬂmimLLaxﬁ’]mLﬂ%auLﬁaumwmﬂmaﬂé’ﬂwa}uaaﬁﬂLLMQSM Flgvinisiiu
Awsiwesiug Hlugdoyarouniuds viminduinmawanshumisdiuieuie
udilndiResitanlaeisnstlisuiudoddanidsunnuiienisuy Wswedandgueds
Tow 1 fhafiaunsamdumisld dedesvesnslitadlumsmmunisdedoddnanunlums
AuAmnsfimesfidesnsinnsanlilugiudeya nsdifivinuidesnsmeiumisdvunelvg
Foasnsiisedonnldlussuummunianngluenisunnniissuumswmanieuen
91A15

3.3 Sy udaiuunaunineds

madansaunuaneiaflonvuiauniedddddyarmuauniideuiuisnsauny
awiinile dwfudyanauuuuaunitiisuaduwnuiudimvdsugninnlduaduiign
dsluvesdyyranaunineds duandlusuil 3.6 Inefisuadunavsiudivasslulamuna,
(Time domain) uanalugu# 3.5 Laziledduainunuinduaaniululawuaiiud
(Frequency domain) mamaLLam”Lugﬂaumﬂﬁﬁqﬁ

v, (t)= fﬁ[stinc(Zth)— f sinc(2f,t)] (3.1)
b
i Hf|—fc‘Si
Vo (f)y=42T 2 (3.2)
t ~ .I: .
0 Hf|_ fc‘ >7b
o A fB UBUNAINEIER
f, Ao wuusian
f. fla  ewdinans

c

fo="f—f,/2 fia aruddan

]
a

A
fo="f,+f,/2 7 anudgewn

a A o % N N 1 1Y) = =
sUamdsualusuaudvInkaraNiay TnganuvuwiuaUne Suas dvunasd
windu Al2f,) egludiaanudidaus — f, 89 — f way f_ 89 f, wasesiiladumud

v
a v v A

folddnguadusuadunauniiudmasniiiuguadunwauninedslugaund Snnsdadininy
auymswuuilandug weslidiulsznounssuanss (Direct current: DC) 1ugue

Y
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0.5

Amplitude (V)

-0.5
-1

Time (ns)

5UN 3.5 sUAduvada 1 avdanaun I

]
o
=

]
n
[
1
I

'
-3
=)

1

1

'
-3
o

1

1

| | I I
7 8 9 10 11

Frequency (GHz)

]
-
=

Spectral density (dBm/MHz)

@
S
o
Y

5UN 3.6 awlanSuvesdyindununinegs
o Aou vy
3.4 deygyreunule
dmsumnununduanesuesdy yunsulaiu awisanilaainnisiiaaig

nnuwiuaansuvesdyaadunuindunsasleuanudvasesdya tnedaaiud
Suldlulamuanud vieaunukiuYesanasuveasdygansula V. (£) fsaunisi (3.3)

Vi (F) =Vi(f)-H.(f) (3.3)

dio V() e Amnuvuinduaiunnsuvesdgeiuds way H (f) de fsidunisarelou
AMUDDBIRYYIUTLAAINNITTR

Pnuudygransulalulawunar aansanalalaeniswlasFiesdounduves
AU UUaNasuvesdyIunsule v (t) daunisi (3.4)

v, (t) = j V. (f)ei2®df (3.4)
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as A L~ o Yy a
3.5 QFLEUDUNTALNUA1YUIUDVDY EUEUIEULLOUNINEN

U ¥

TWaloun1saunuateiilevosdyy1auauninedaly aguuNugIuAIUANYaINTT

g7

vy

FPUMUMUIALUURNIBANEAdlaensIdTayaanunsauansdaiuvaluls Felldnuvagadiy

a

funsaunuaneiifievesuywd Tnedeyafiunndstuanmsalflunisadrsanedafed il
ansadianiziediunnsquesiuiivunld fetiailountsaunuatsinilovedyyauay
nsBsduiivdnnisvieuey 2 @ nanfeludiunsnandunismunudeyauaziden
wisfiwesiivnzaulunisadisansdnealfusuuresdyanauaunineds amfmmﬁuﬁaga
waniulilugiudeya werluduiiaosandunniasdnvainaaeuuiuisuiisuiuas
dnwalfunuuiiomsumisiisdesns

3.5.1 wisdwesildlunisairearsdnuaivesdyminuauningds

Tuinerinugaduilfvusldnisfwesildlunisaisansdhuaivesdygrauay
ﬂ%ﬂ@ﬁﬁuwﬂizﬂauiﬂé’wmiq@Lﬁw‘?ﬁﬁﬁ (Path loss) wag n13U5E3419a7 (Delay time)
Ima‘LumsﬁmimmmﬁqmLﬁaL%ﬁﬁﬁ?u%mmiamiﬁmmﬂﬁwé’waaé’zyaunmﬁ%’ulﬁ JCELN

'
o P

fdanuisuld P.(t) lunhewndia (dB) awnsovldannaunisi (3.5)
P.(t)[dB]=20log | v, (t) | (3.5)

NnaaEulivesdyynwaunIBindudyyunlsundudyyinsingiie
Tuzvsoduiadniianunitwesdyanadunianaiiuavinn vlvlinuavideanianan
a9 Jsansadunniifaauresguadunuainiani e olaedg deluinerinusiag
fiansangumdunvan 3 38 1n5UR 3.7 asulainnsgadedaifveddan 1, 2 uay 3 fie
PL =—P,, PL, =—P, uaz PL, =—-P, aaua1du wazluvinusanieadiunisusziwnaives
aaa a1 < [ - & 1 a 3 ¥y & =3
309 1, 2 uay 3 FAawdu t,, t, way te1uddu nduAndiwesinadazgniaulily

grudeyaieldiduarednualduwuuresdyaamounindsluwsaziuns lnsagldeddv
(X,Y) WAUNARAILALLAY X LazhalY Y



23

iy

b

dB
Uw ( , L

Received Power

2 Time (ns)

sUN 3.7 suaaulunisiiansanmsniwesnldlunisaimednualvesdyaauauninegs

Y

3.5.2 Asadearednuaifunuuvedyninuaunings

1umia’§wLLUUgﬂmimﬁ"nmmﬁmwuﬁaaé’ayapmmuﬂﬁwaéqﬁguuaﬂmmﬂ%
wsfimestasznevlifenisgaidodaituaznisuszisiands Sildvdnnsvesnis
Uszanaa1luaig (Interpolation) Ingldnguinisuseuiaalugefleiduiadeunyuiy
(Spline Interpolation) [25] , NawN1TUsTHIUATIUGINTEY (Linear Interpolation) wag
ngunsUszuarlugsusualndiAganngs (Nearest Neighbor Interpolation) Tun1s
assanednwalfuLUuMgY

3.5.2.1 ngeinisuszuruarludladanduiaiisunyuay (Spline
Interpolation)

Junisfiansangadoya N +199 (x;, y;) e i=01,...,N uasiduluau
aunTs

a=X, <X, <..<Xy =b (3.6)

FetayafiswoinisAefiandu S(x) Nlle1uuu ¢ PazaenndasiuleulurainIsussauea
Tur9R 983013

S(x) =Y., i=01...,N (3.7)

waz SO(x), i=04...,n—1 Juilsiduseiiies Inefl n Juindves S(x) Tufedouls
ausuBsuTues aduitd S(x) Wuitsidurinleflaiaenndostuidoulafinarundradu
usidhulvg fenldfaddunmuining 1 uay 3 whiu Ssnsussanaalugidnglinguia
TWavtuaswuugeseanldduaevinie
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- MsUszanalutsaiioun gy (Linear spline interpolation)

- MyUszanaalusaiisunuuida (Cubic spline interpolation)

Feluruitedlaldmsussanualutsatiounyuuideany Tnefifleidui
anndesfudoulvinsiudivareileidundifenldfumniiaalullagiufe Natural cubic
spline function Hfliflesunnguautfieumuniafeaftsddutufoaunson Natural
cubic spline function lefaieaminduiidenndestuildovlefiiimuadidulnefifeidu
S(x) 9£gni38n11 Natural cubic spline function d1wiuyadaya (x;,y;), i=01...,N
e S(x) aenmdesiudouludeluil

1. S(x) u polynomial degree Lsitfiu 3 dmSuudardivgeon |x X,

i=12,..,N tfe

s, (%), X € |Xq, X,
500 s, (X), X & |Xi %, | 58)
sy (%), X € |Xng Xy

Tned] s,(x), i=12...,N t8u polynomial degree laitiiu 3
2. S(x),S'(x), S (x) Juilsridunedissuutnda [a,b] tude

@ s (x)=s.,(x), i=12..,N-1
()% (%) =8" (X)) T =02, .0, N—
@S 860 ST, TR 27 L DR L

3. S"(X,)=S"(Xy)=0

3.5.2.2 qefn1sUszanA UYLy (Linear interpolation)

Lﬁaﬁmmé’mﬁuéivw’m 2 U318l (x AU y) AUSTTUIA 7L5IH0IN1TNTIU
muualridu ﬁqmu ) witlesaindeyannmsmaasseanisnda Liwmwmwam
Wea2 ﬁmm'mu AD 90 (Xo , Yo) MU (X, , Y,) ianTeaaNnTdunsed unique
muqmmaaqu | aunswdunseiisnle smualiduenms v = P.(x) Nfenuluag

X €[Xy, X, ] 1101319 83n15NT10ANU0IHIATY F(X,) NF1LAUS x Tn
o Y @ % d' aa 1 | a v v v 4:911 A
Avualdu X, AegUil 5.4 TunfisnasnuIngnmIee UuuaY x Seeianuaal fe X, < X;<

v

* = | a a I v PN
Xy <Xy Luaﬂﬁl’]ﬂLiﬂlmwiWU f(x) IUﬁiﬁﬂJﬁUq@ Li’]LWfNLLﬂ@J"Uq@GUE];JUa 2 f'\]ﬁl LLASHENNTITLEUAIIN

iy 2 9oty L513sinsUssnailsiduatdlusssued dedlaidunioaunindunseiiin
a¥svu f(x) ~ P, (X) azdurvesileituiisnaule f(x,) AaeUszanailddie P, (x,) Huied

aun1sman (key function) fil¥esurensnidunsssiiuge 2 9a fe aunis
Funse wieauns Polynomial Susiumils 1Wevldsaunis (3.9)
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f (X)) - (Xo)

1 XO

f(xX) = P,(x) =f (Xx,) + (X—X,) (3.9)

3.5.2.3 ngefn1suszuraailugasusiialndifesuingn (Nearest
Neighbor Interpolation)

n1sUssutaantugisusialndiAssuinan (Nearest Neighbor
Interpo ation) n3013undno819lA91 Piecewise interpolation mmmmawmummu X
Wamum ntl ndsaenndosiufouly x < X,< .. <X, Imaﬁmmmmiamwmmq AZNINLT)
aunfnoludnia 1sadflarduauiu k < 0 1@6‘] ué aiduadiounyuinfffindidu k wasd
Ry X, X, ... X, Fofleridu S Afinuaudacd

1. luustazaas [X_y, %] T ferfdu s Fuiladdunmuaiiang < k,

2. Tutiaa [X,, ] #leridu 'S Toyiusiseilosdnom k-1 oyius
nanaBnegrandedeflaidu S 1¥u Piecewise Polynomail 7l AnIasanfe k fifloy ﬁuﬁ"ﬁ
GiaLﬁamﬂaiM’us‘é?ﬂLwié'uﬁUﬁ 1 Badusiud k-1

Feguitsdduiaiiounyuiuiifniilu 0 fe Arnsidutigg (Piecewise
Constants) thutes wasilsiduatoununiniqudi annsadouliegluzunsednmans

Tondu

C,, X €%, Xy|
So(x)y S (3.10)
8] X €|Xy 1, Xy

dle ¢; Aedamsiile Tuvihueadeiu Heidwaounnuufing 1 Aodunisidunsudugaeg

(Piecewise Linear) @1315aseulanadl

a, +bx, X € |[Xq, X
S, (%) a, +b,x, X € |X;, X, | G51)
a, +b,x, X € Xy g, Xy

do a, uay b, AeAIAsNlaY

3.5.3 Faafloumsaunuaneiifiovesdyainuaunined

FRailounisaunuateiaflevesdyyauwauninedadunszuaunisilélunis
ARAZIUAILLAg TN 15IUTIUTE USEHI NN T TIN DSV NWALAULUY AUNIS DS
yesa1ednualnaaouluynaIwml Tnedunauusnasiin1smnsfinesainfidwes
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Y
v IS

Fyaraunsulamiloununismiwesnldlunisadsatsanvalunuy Feluniaziivuali

[
a [ %

wfwesvesdyaransuldifelilunisaiaiednvainaasuiidaos t finduun agld
wmiwesvesaednvaimaseudu PL,, PL, uaz PL, Aensgapdeiisifiuesiai 1, 2
WA 3 MUAIRU ITmest,, t, uay t, WJunsuselanaivediif 1, 2 wag 3 audisu
Mnduasiminfimesvesarsdnuainaaeuluilisuidisutunis finesvosarsdnual
AuwuUlEn ALY TAgEINITAAIUIANIAINAIVINT TN BT TENIa U NBAlAULUY
waranednuainaaevlundagdunis InefiAiausisvesaiednual e (x,y) ludumis

(x,y) Wildanaunisi (3.12)

e (X, y) = Z LR =T . [t (x, y) —t;]

2 2
i=1 Op, Oy

(3.12)

( ] a al

44' & = a4 a ada a
LD O'Pl_l s O-PLZ LA O-PL3 R3] aQUL‘Uﬂ\‘iL“Uu&l']@ﬁiqum@ﬂﬂqiaﬁylﬁﬂLGUQ’JQGUEN'JQV] 1,208y 3

A 1

o, o, Wag o Ao @undrauunnnIguremUsyianatvesing 1, 2 uas 3

2
PL Ao msgydedaiflunisaiisansdnwaliunuuvediai /
A = a a b4 v L3 dd
PL, Ao nisgadeidiiflunisainaiudnualvnaauvedinn i
t, Ao N13U539aluN15A5 1988 NYAIAULUUTEIIAN |
t fo msUsglananlunnsaieaisdnvalnnaounesian i

ti

ﬁﬁ’mﬁwLmu'qﬁﬁmﬂzLuléfmﬂ‘i%LaﬁaumiaLmumaﬁ’gﬁaﬁuaaé’mm wauUnI1eEe (X,,Y,)
annsadewlsnnidadunisisidanuivesats dnvaifidesiign dsanmnsndowdy
aun1slanall

(X.,Y,)=argmin e (X, y) (3.13)
Xy

3.6 N1SIATIZNAUNLINTIVBITLaliaUNITaRNUAI8U LD RUULAUNA1989

nslATIzsimALL e RS e IR iEilounsaunuate i evesdyaauaun i
Tuinerdnugatull sxfiansanlumenvesdiauianainvesszezniedadeldiniy
Arnsdmedfiiauiismsannidieddnnuianainvessseznistes Tnslufidls
sualisasunds (x,, y,) \uiidasundeiildanisiafiounsawnuansiiaiieves

'
a

douauaumauninegs uazmualafidaswmus (x,, y,) ufidafignses daurnuiianais

YOITTHENN €, ansaAnalianaunsi (3.14)
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€y :\/(Xc_xe)2+(yc_ye)2 (3.14)

a v

e (x,,Y,) Ao AdadunusilaaniSialiounisaunuaisiliovesdygranaunings

L2 4

(X, Y,) Ao fifaNgnaos
Aranainsyegn1siagidunisdmesaldlunisinszinemanuis msswean1sn
suvidlaglduuugunismdiunusiedynaumauninegs faslianuiemsinioian

ANURANAIAUBITEEENI DY

3.7 unagy

Tuunilldnaninmmguiuazndnnisiinmezinismsiunis lneld3iaiounis
aunuanotiile uazldiauainiesfunuvanduiusvesdyaanuusauni1eie Tngld
mMsfinsanAmniinesaesznevlufen gy dedaituaznisusziana sudaldld
nauiinieadamansdeusznaulusng nguinsussanuailudeilsduaiiounyuin
(Spline Interpolation), MgufN3UsERIUATILYTAEY (Linear Interpolation) wag e
mMsUszanaArlurasuinalndifissunngn (Nearest Neighbor Interpolation) ievaglunns
asvapansalRuLuume gavinelanantenisiinneiaiusdugilunismdunuslagly
Fyaauaunineds



unii 4
N1SNNADIIVY

4.1 unun

Inerinusatuiifunisineinismidiundsnnslueinslaglditaiiountsauny
awaﬁaﬁauuﬁugm%aﬁmzymt,muﬂ”iN?J'q Tnevhnsiaileidunisaneleunnuivesdayao
YosanmMzIndanUinameiu lngldinierdaszilasaionames (VNA) Tutismiud 3
GHz §i9 11 GHz laglauuanisineanmdu 2 dau laeludruusninnisinaudnvuzves
NG It LwammﬁmumvmmmaiﬂammsammwmaLLavmsUivammmaqmmm
fsuldsuau 3 38 qummwmmmsmmmem‘wm ntthunaaiuanednealves
azy,zmmLLmJﬂfmﬁmwaimﬂugm%aga LLaﬂumumaawnmim@maﬂwmzmawmamﬁgwm
Foamsmsumisazimuammnlnesvesdyyaisuldieldlunisussanamsuis
nmfimodtun ImamaﬁuaammLﬁaqmwmamiugwm CDF Fsdunounisnnans
mmaﬂLLamlé'ﬁwﬁaﬂimammiugﬂﬁ 4.1

20NWUVUIIRBINITVAARIIAlLNSINE L LIelue1AS

ARGIa ﬂﬂsmﬁl“ﬂumﬁmaaam

!

NAADIINYDIA QL UVD IR UM UNIWET S,

a ad

PIAWITILAD AN TAQULFLTIIT

@

UG
waynIsYsEAsaBsdanansule

A 4

aianeanualvasdyaalaglivgud] Interpolation

|

murummunulagldinaila Fingerprinting

)

NAN1INAADY (LAAIAIAIUNANAIAVDITLLZNN)

JUN 4.1 vdonlaarunIuueItunauNI ALY
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4.2 aunsalnaniidlunisia

4.2.1 wsesinzilaseinguuunines

TumsfnwmsmisumingluemsiaeiBadounsaunuasihiiovuitugiuves
foynamaunivieiu msveaeveziinisTadlsifumsaieleunnuivesdyanvesanioe
madenuinaumaiu lnsazldiedosdleTmamemsuandusui 6.2 Suuszneuluse

- IpSesiAsAlATInELUUNAETTU HPB510C

- YANAROUNIILABIN1INTLIANTERNY (S-Parameter test set) Ju HP85148

- Frduas1eviaud (Frequency synthesized sweeper) U HP83620A

'Tmaa;dﬂsaiﬁgwumfmzgﬂmuammuﬂauﬂama%dauqﬂﬂa (PC) MiTouderiumein
GPIB (General Purpose Interface Bus) ?efm,ﬂmmqﬂﬂiﬂiﬁﬁ]zﬁ@mauﬁaﬁmmmmaau
Fyanalulasahenilmesaviedemesn dddunmaassiandunisiatesdygauuuaos
wosn Inewesnfinilefie nosniildlunisdedyan () warwesndiaesie nosnildlunissu
Fynras (R 1nedl Imﬁﬂmamaawa%mﬁzﬂﬁm%’uu,azﬁmaia%gﬂ@iaLsﬁﬂﬁuawmmme
nT78¢ (Biconical antenna) n&sa1nHuaziiA1fdalédeaglusuvadamuainuilld
Aaszinasely

JUT 4.2 insedliasgiilassenuunnmesnldlunmensside [26]



30

4.2.2 §18IMALUUNTITA
Tunsdsdygrasuulsaednluliaunsaldfyedramilefe atgeinia Favzegng

<
[

Frudsarnisdiuiu lnevmdafilunisdeudyyraliiiainedesddiniduniuy
wsimdnllit unsnszaeadusinuenaluiiasonaduiuudiasunauudmanludig
SulsiBudyaraladiniuiu Iumu%{faﬁﬁmuﬂﬂ%’mEJmmﬂLLUUﬂswﬁj (Biconical
antenna) fifvuIaveaduRUgUdnasfigIuveaLsaznTeLu 65.30 mm uazsveziig
sgningrunseisasndu 37 mm arsemiauvunsegduaiseiniaiifinuandinig
wnsnszanaauLUUsURirmluyune (Azimuth) Tnefidnsinisuens (Gain) eglutas 1.5
f9 15.0 dBi warfidrananuinisuinszanefininanseuaquiasauddlete Snfedady
awemaiiasisuaziisiagnindae danisvaassiazldarseinmanuunsiegionia
susunaziuds nslassaiswesameeimanuunsiegiililumsvaassuansluguil 4.3

3UN 4.3 lassaiavesavenniawuunsieaildlunisnaaeidy [26]

a1goINIALUUNTIeRliAduUsEAVEN saETieundusIngT -10 dB Feuanslimiiiuin
a1weInaLUuNTIedausaunldlded1iiuseansanlugiuanuvuuauninegs 910
JUN 4.4 Fauanadernduysednsnisagioundu (Reflection coefficient) |S,,| vesanga1ne

n398f awiiudTlugsrudveaLauneBIRetIsius 3.1 GHz 89 10.6 GHz
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5 10 15 20
Frequancy (GHz)

sUN 4.4 fudsyanSnisagvieundu (Reflection coefficient) |S,;| Yetageinie

wuunsaee [27]

mammmuumw@'ﬁL‘V\Iamaqﬁqﬁ%’umidammaqmsmmﬂﬁmwmﬂu@ué’uﬁmﬂ

lngruianazmlavesilendunisdawmiuvesagainiaLuunsganlslunisnaaside wansly
JUN 4.5

|
N (=]

Antenna gain 'dBi)
|
-

wm
-
(%]
wr
-
[e2]
w0
=]
=

:

Phase (degree)
)
g
2

] 1 1
3 4 5 3 7 8 9 10 1

Frequency (GHz)

JUN 4.5 vunuazinaveiendunsamIuveEeeIn1AwuuN e [27]



32
4.3 WUUT1@0INTINYosdyayeu

TunsmaaedidedmsuinerinusilausmsTnooniduaesdiuie ludnusnandu
mﬁmmauﬁaﬂaﬂﬁimLﬁaﬁflma%ﬁaLi‘;JumaJé’ﬂwaié’fuLLUUsuaqa’zgfgmmuﬂ"i’m?iq uagludiu
ﬁaawxL?Jumﬁmqmauﬁ’amawiaaé’igigmﬁaﬁwma%wLﬂuaﬂaé’ﬂmimaawmé’ﬁgigm
wauni1ads Tngluuuusiassd ldvinisTaitaidunisdrele umnuivesdyy e sanie
windeungluein1s UShamaiuvesiin 12 u 01A15 E aadnssuaians anndu
weluladnszasundndiaummsainnszds lugaeaud 3 GHz fis 11 GHz Jenseunqy
Fanuivesdygrawouniedaimun lneldsiuanganinud 801 9a uuusiaesild
mammﬂLLUUﬂiaa@ﬁgﬂwNé’mdqLLazmﬁm%"u waziluanITyaEoIMAT I IaY
sulunuiueu I@ﬁlﬁmmgjwaqmammﬂﬂu’qmqﬁmﬁaLLazé’m%’UmmqqL‘flu 1193 1Ag01
angemaduddlivinaaanawaiy Fanndweiiiiluiuunasosiuandlifming
a1

A15199 4.1 WIAResSNIELUN1SNAADY

n1578Ln83 Ariildnagau
§39A714D 3 GHz - 11 GHz
F1unugaanud 801 99
¥HAEEDINA n378A
NSINENYDINIAN A TUAILAE NIIATUSU WUIUOY
ANENTDIAIBBINIAR WA (TX) 1 LunS
AINGIVBIAIEBINIARIUTU (RX) 1 1um9
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dmsunmsinnuantitesdygyraiioinasraduaednvalfuwuuvesdyayiu

waund98a Tnevinnisiananun 18 9a lagluwsazgaiiszazinalusuiuny x uas v 1y
S28¥N19 1 m lAgUuanasiagun 4.6

dusunsinnuaniRvestosdygraiiodinasialuaednualnaaeuvesdyyiu

o

waunINBegUR 4.7 lngagvinisiaavan 55 90 lngluwsazaaviatuluiwiiny x uag y
Juszeemne 0.5 m

Reg L Lo
T Lo S S
N
I I | | I
I I | I l
R
SN\ | [/ A/ A
Pl M L L L L L
i I | 1 |
| I | 1 I
I I | ! |
A ST
SZAARNA 7wl |
sm ffo A e e
i I | i I
| i | 1 |
e e
| I | 1 1
| I | | I
LUEN S 2 WA SN TAY | YA
| I | | i
[ A \[s
A1 o R\ gy i
i i i i I
Y NOXAIAYDIAWN €
0.5m. A : : : : :
A
el S . S
U 3 (o
R 1m.

WNA  — 4

JUT 4.6 mytanuauTRvesdyaaniiehuiaianduaednvalfuiuy
YIF Yy IULOUNINEY
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Tuunitlananagunsainldlunimaassin Ag 1A399ATILATIVIBLUULIALADS LAy

a891NALUUNTIEE wargninelananisuuianinisinvesdgaadiniunismidiumi

A8lUBIANS TIVLLEAILUUTIABINITNAABIIN ADUNTLTIUNISTNARDIIN LATANWULANTIA

INAYDINF



unii 5
N15NAa9LazN1sanUa8Na

5.1 UnuI

Inednugatuinanimsmiumiinelueaslaeifiadounisaunuansiiafie
Uuﬁugmmaqé’ﬁgmmLLaUﬂ"iN'Eja (UWB fingerprinting-liked) TnoAnuunalidaygiouddl
dnwaidusuadunauindivasnifauieglugag 3.1 GHz uaz 10.6 GHz FeilAueuna
Q@gqﬁ' 1V wazwuusinvivesdyaiadiandu 7.5 GHz luuniazuansdmanisvaasdiag
wuudaedlduansiiansdnuaivesdygrnuaunineds FaUsznouiienisfinesvainis
Q@Lﬁm%ﬁﬁmaﬁﬁﬁ 1, 2 4ag 3 wag NM5UTYINNa1v09InN 1, 2 uaz 3 1ngNavedAlNy
m‘?i&wazLLamasﬂumamJaqmmmﬁmwmmmiwzmq wazlumouvineazuansds COF
YDIAAIUHANAIAVDITLEZN

5.2 WaN139Aa993ULUUIIINTINYD A Yy IUITLadaUNITARNUATIEUIND
VDI EYRYIURAUNINEN

wuUsraesidrhnsiUieuiisuanuiismsdunsnisumiae Hin sl
ImEﬁ‘%mﬁaummaﬂuaw5aﬁamaq§@zyﬂmLLaUﬂ”m@'ﬂ%ﬁ%mmqw{jﬁuaamiﬂizmmm
Tugeifafduaiiounsuiy (Spline Interpolation), ngwfnsuseanaaluyaadadu (Linear
Interpolation) kaz Naufn1sussurniAtugusalndifesningn (Nearest Neighbor
Interpolation) unlglunisussanaidinismisunuesie lunsnaaesazsinnsinauanvae
veresdyanaiiievinadsasdnuaivesdyyiamaun e deludneridnudaduile
Avuadyanadsuuuauneddiidnvaziduguafuuauriudivasuidauioglugag
3.1 GHz uaz 10.6 GHz mm?uﬁwmﬁmLﬁal,ﬁwhwwﬂﬁma%maqw&ﬁ&uﬁﬁﬁLLazmi‘Uiz‘iq
namesdyaaisulsluudnaiidensmeunis Insasfudimsfimesiomn 3 33
ntuhuszinuAdumiseseyaiignin laelinguivesntsuszanmailudisiledidy
@dounyuy (Spline Interpolation), ngwinisuseuraalugiruBaidu (Linear
Interpolation) kag naufn1suszutaalugeuTialndiAgswinan (Nearest Neighbor
Interpolation) 91nifs (FUT1 4.6) fiuniisvesteyaiigninaginafumumisay 1 wns azgn
Uszunaumeondu 0.01 1ues ﬁnﬂﬁ?uﬁﬁmii’@@mﬁmﬁ’ﬁmmﬁmé’m@mmﬁaﬁﬁma%’wL‘fJumsJ
dnwalnaaeuvesdyaauauniieds tminfwesnsgydedaituaznisssiananves
FuaaisulduhnmsSeuiisuUssanamduni warlnenaresnuiisinszwandhy
sUveIenTunIsIasasazay (Cumulative distribution function: CDF)

Y
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o/ 14

5.2.1 anganuwalvasdyunaunineds

v v
=

5.2.1.1 ngufnrsuszurararludralandutadiounyuu (Spline
Interpolation)

o o v

dmsunsadeanednyalvesdyyunauninegaty agviunanteyaves

= aada

N1SELALITINYRINT 1, 2 way 3 uaxdayavredn1sUseIaiaivediny 1, 2 uay 3

] (% [}

o w v { v ! [d 4 a
mudnu tnedeyaigninviieiu 1 wasgnuszanaaieenidu 0.01 wastagldnguinis
Uszanauanludeilaiduiaiiounyuu (Spline Interpolation)

JU7 5.1 uansangdnualvasdy gy 100uauniedeaninu1anteyaveans

A a aa aaa % = ' ! ¢ o = .

geytdegaitveadtn 1 Ineldnguinisussuauailugeilsdduiaiounyuiu (Spline
Interpolation) a1ndayan1sgayideldinninla nsaydedicitveditn 1 sxliAmegluyig
42.83 dB fi3 59.78 dB dfarudssuuninsgniu 51.93 dB

JUM 5.2 wansanednvalvesdyy1auaundnggeiivinunainteyavednis
Usglwnanvedian 1 lngldngulnisuszunnanlugreilanduialisunyuiy (Spline
Interpolation) 3 ndayan1suseisianiidnla n1suseisianvesitn 1 azlidregluyas 4.49

ns 4 21.46 ns TAdudssuunInsgudu 67.05 ns
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5 T T T
B—_——_—“ﬁ
.43‘5_,/—/_’_5 \

=4 -
E 2
w W//,/—ﬁh\s
=
;37/:J -
o
=
£ . 5

2 ¢ _
§ o 52
8 %2
[Z] 50
=ql & 50 -
ail 1 48 %

S N Y
0 1 /“f_'_—l——zfq 6\\!\ P
0 0.5 1 1.5 2

Distance along x axis {m)

JUN 5.1 anednualuasdyasiounineganyinandeyavesnisgadeiticinvesion 1
Ingldnguinisussanaentugislsnduaiiounyiuiy (Spline Interpolation)

5 T T T
| bt AR G 20— — T S
-§-4,—__————15— I —— ————g =
E 16 18 15
]
3 -
= 14 14 14
5
= 12 12 12
o 2 L
Iz} S, o\ P ———
5 AT 10—
7]
AH . SN N g S .
E R e Y
1] 1 | 1
0 0.5 1 1.5 2

Distance along x axis (m)

JUN 5.2 mednualvesdyaauauningaivihaindeyaveansuseiaiaivesinn 1
lngldnguinisuszanuentugieilanduiaiiounyiuiy (Spline Interpolation)

a

JU 5.3 uansangdnualvasdy g 1uuauninedaninunanteyaveans
geudelialifveddan 2 laeldngulnisussuaanlugefilsnduaiiounyuiy (Spline
Interpolation) 3 ndeyani1sgayideiiinniale n1sgeideiitveian 2 aziiaregluyag

55.66 dB 4 63.63 dB Haadudssuumasgiudiu 20.24 dB
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JUT 5.4 wansangdnualvesdygraiauninegaiivinunaindeyavednis
U5839a1989309 2 Wneldnguinisussunaanlugraflanduialiasunyuiy (Spline
Interpolation) a1ntayan1suseieiaitinla n1suseIsiavein 2 aslregluyis 8.63

ns 3 22.53 ns fedrudsauunnsgudu 56.76 ns

5 I<;—/\:£ T T
2__————62’//
§4 i o &1 81 1
s G .
= 58
53 k3 i
g e
L] ot
o 2[ B By 5]
[+ ]
c
=
@ B
alf s e N
y |
2 s 7{"—“‘“ . B ~ &
ol /:____qh | R YT & /_ﬁ(i:
0 0.5 1 1.5 2

Distance along x axis (m])

5UN 5.3 aednualvesdyaauauningeiinnndeyavesnsgaiaeiainvesion 2
Tngldngugnisussanamlugisilnduaiiounyuiu (Spline Interpolation)

ML NN el BT 7 G | P 7|
4___———20— 20 = .Y
E
o 18 18 .
5
=3 16 16 o
o
S
T NS e
S 2k -
o
sl v
3 S
ol .
w———ﬂb\‘\j
»—’—’_/—,4___’_—1 O"_h‘-‘—-
0 1 | 1

0 0.5 1 1.5 2
Distance along x axis {(mj

5UN 5.4 mednualvesdyarauauninganiandeyavein1suseieiaivedinn 2
lagldnguinisussanuatureilanduaiiounyuu (Spline Interpolation)
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Tusudt 5.5 uamsanednualvesdyqnaununideiiviuandeyavesnis
qzyﬁm%ﬁﬁsuaﬁﬁﬁ 3 lngldngumsussanaeitugwilanduaiiounyuiu (Spline
Interpolation) 3ndeyanisgapderdaiiiniald msguidedaifvediad 3 wxilreg
Tutiae 63.24 dB &3 70.54 dB fiFdnudeauumasgudu 17.65 dB

dmsuguil 5.6 wansanednuaivesdyyauauniadeivinanandeyaves

n3UsgAna1vesian 3 laglinguinisuszanadilutieilsiduaiounyuin (Spline
Interpolation) 91ndoyan1sUsyianariiald nsUsyianaivesian 3 sxdidieglutia
15.06 ns 4 25.55 ns fAdudenuunnsgiudu 43.02 ns

X [ N

Distance along y axis (m}

-

0 0.5 1 1.5 2
Distance along x axis {mj)

5UN 5.5 mednualvesdyauuaunindninandeyarenisgaldatainvuesion 3
lngldnguanisuszanaentugaieanduaiiounyuiy (Spline Interpolation)

5
| os— =S R
| <t = Sy M s, L
=g YT\ S o g2
5 21 21 o9
;3' 20 20 R
g 19 19 1‘9
w
- 3—_—18—————___1 —
g’ ]
£
s |
< ]
alf 1
T
L ]
0 1 | 1

0 0.5 1 1.5 2
Distance along x axis {m])

UM 5.6 mednualvesdyarauaunindeiianndeyarenisuseianiaiveian 3
lngldnguinsussanuantugilanduaiiounyuiu (Spline Interpolation)
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5.2.1.2 nqefnsuszanaalugielady (Linear Interpolation)
dmsunsassanednualvesdyaauauninadaiy 8Y1U1NTBYAYDY
ﬂ’]iQQJJL?IEJL%ﬁﬁ"U@ﬁaﬁ 1,2 4@y 3 LLassﬁ@gamaqmaUsﬁqL’Jmmﬁﬁﬁ 1,2 uay 3
awdu Tnsdeyaiigninvinstu 1 wasgnuszanueenidu 0.01 wnslagldnguinng
UsganaAlugiaBaidu (Linear Interpolation)
Ul 5.7 uansanednualvesdyginuauninsdafiviunandeyavesnis
AoiBaidvesian 1 Ineldngquinisussanualugiadadu (Linear Interpolation) 911

=) a

puANTgAegnninld n1sgaydeidaitveditn 1 aslidreglugae 42.84 dB s 59.78

2
—
D

Y
dB fAdudesuunnsgudu 45.98 dB
5UN 5.8 wansarednualvesdy yruuauninedaiivinnanteyavednis
U55391a190930% 1 lagldngenisussuimaitugiadaidu (Linear Interpolation) 910
Poyani1susEiannaniala n13Usriniaveditin 1 avdenaglunag 4.49 ns fi9 21.46 ns
] = [
A lsauunnsgudu 66.32 ns

5 T T T
ﬂr_/_y—xﬁr—ﬂ\xﬁ
- &
%]
=
33 [ 7
o
c
s T
=
32r 5
c A :
- S 55 Y4 17
alr = 2
& IR N iR a2
0 L o i N - Nl
0 0.5 1 1.5 2

Distance along x axis (mj

JUN 5.7 anganualvesdygiauaunindanvinanteyarensgadedaitvesion 1
laglingunisussanaaluyantadu (Linear Interpolation)
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i
1
|

L)
1

Distance along y axis (m)

>

o —— |

0 0.5 1 1.5 2
Distance along x axis {m)

5UN 5.8 aednualvesdyaauauningsiiihaindeyarenisuseiniaivedian 1
Inglinguimsuszanaenltugiadedu (Linear Interpolation)

SUT 5.9 wandanednunlvesdy g 10 unIedeaninu1andeyavednis
a aad

QIR0 Nad 2 lneldnguinisussanaailugiudady (Linear Interpolation) 210
ansadedianiald Msanideaitvenian 2 siiaegluyag 55.99 dB 1 63.63

dB fmeudesuuuasgiudy 16.74 dB
JUM 5.10 haneangdnualvadd 1o unInganinu1nteyavesnis

LR QU

a
Y
U9

Y

U523118190938% 2 lngldnguinisuszuiualugindaduy (Linear Interpolation) 410
Poyan1susEiaaninla nsUszIwIanveaiti 2 aziiAragluyae 8.63 ns £ 22.53 ns
Adudsauuiasgiudu 56.17 ns

5 T \l\_\a T
2_\62-—
E4- L .= 7 .
; a0 o
] &0
3L & _
> 3
5
C o2
o2 T
4
g =
3 %
alfF % -
il &
7]
0 ] /lb’\ & ] /&,6’5
0 0.5 1 1.5 2

Distance along x axis {m)

5UN 5.9 mednualvesdyaranauningaiiandeyavesnsgaldedainvesion 2
Inglinguinisussanaalugiatadu (Linear Interpolation)
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S, 1 Po—
L o 2]
=4F 4
E
» 18 8 18
s
>3 16 16 I
g
= 14 14 14
S 2t i
L
c
— r—
L —— -
all 1
O_———F__—ﬂo-\_\i
| —
0 1 1 1

0 0.5 1 1.5 2
Distance along x axis {m}

sU# 5.10 angdnualvesdygauaunIedamvinaindeyareinsuselaiaivesinn 2
Inglinguinisussananluyiudedu (Linear Interpolation)

SU 5.11 uaaeanganualuesday gy 1auuaundNesNinu1Indeyavens

aaa

g iRaveIad 3 laglinguinisussuiaaitugiandaudu (Linear Interpolation) A1n
miqiy,l,?w@ﬁﬁﬁfmlﬁ maqzmﬁm%ﬁﬁﬁuaﬁﬁﬁ 3 9edlAeglunig 63.25 dB 04 70.52
dB Heranudssuusnsgiudy 15.23 dB

U 5.12 wansanednvalvesdyqinnounindeiinunaindeyavesnis
Usrlananveaiai 3 Tneldnguinisussanaailugiadadu (Linear Interpolation) 990
foyansuszisnarfiiald msusyisnaivesidi 3 axildioglugag 15.06 ns fig 25.55 ns

Adudsauuinsg Uy 42.68 ns

5 \Iﬁ T | T =
5 OV
S g %57
=4} = o |
% //j e — ™
g ] - & -
o &
£
= 88
[
32% 5 o 1
E B 66
L)
n1i?;'> % 1 505 §
o7 Lﬁr—ﬁ_ﬁ_—_’eﬁﬁ
0 68 R 1 ]
0 0.5 1 1.5 2

Distance along x axis {m)

JUN 5.11 anganualvesdygiauauninedaiviiainteyaveinsaydeidaiivedian 3

Inglinguinisusyanuatugiadedu (Linear Interpolation)
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|
j

Distance along vy axis (m}
[,

-
I
1

Distance along x axis {m)

5UN 5.12 anganualvesdya aiauninegeiiinaindeyaveenisuseiniaivedin 3
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5.2.2 WANNTNAADIIIYKAZNITIHATITHNE

U7l 5.19 LAAIANAINLAANAINTEITNIIALUNY X UAT y YBINsIdunslngs
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Abstract— An indoor localization has been widely used in
medical, industrial, public safety and transportation because of
its potential localization in dense multi-path  fading
environments. In this paper, indoor localization using novel
comparison is proposed. The ultra-wideband (UWB) technology,
which is rectangular pass band waveform under FCC, is used as
transmitted signal for obtaining high time resolution. The
channel transfer functions of corridor environment were
measured using vector network analyzer (VNA). The biconical
antennas are used as both transmitter (Tx) and receiver (Rx)
antennas. The received signals are evaluated to build the
fingerprints and signatures. The novel comparison between
fingerprints and signatures is considered in the term of
correlation coefficient included peak amplitude and time delay
factors. The accuracy is studied and shown in the term of the
cumulative distribution function (CDF) of distance error. The
results reflect that the proposed comparison can be very well
used in the indoor fingerprint localization.

Keywords— UWB localization, impulse radio, indoor

localization, fingerprinting technique, correlation coefficient.

I. INTRODUCTION

The indoor fingerprinting localization has been widely used in
medical, industrial, public safety and transportation because of
its potential localization in dense multi-path fading
environments [1]. For estimating location, the common
techniques use the received signal strength (RSS), the time of
arrival (TOA), the time difference of arrival (TDOA) and the
angle of arrival (AOA). These techniques estimate the location
by considering power, delay time or direction of received
signal [2]. However, these techniques consider only direct
path signal. Much error is due to the absence of line-of-sight
(LOS) and dense multi-path fading. This leads to the
development of the fingerprinting technique.

In a given area technique consists of two phases. First
comprises the choice of data to build a fingerprint and collect
in the database. The second phase consists of using the
fingerprint in the database in order to find the location by
comparing a target signature with the fingerprint [3]

Ultra wideband impulse radio (UWB-IR) becomes an
important topic for wireless system due to its potential to offer
very high capacity, low cost and low power consumption
properties [4]. The Federal Communications Commission
(FCC) first specified that UWB signal can be transmitted at
the frequency spectrum from 3.1 GHz to 10.6 GHz. The

Sathaporn Promwong

Department of Telecommunication Engineering,
Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang
Bangkok 10520, Thailand
E-mail: kpsathap@kmitl.ac.th

UWB-IR signal as the signal that has fractional bandwidth
greater than or equal to 0.2, or occupied bandwidth greater
than or equal to 500 MHz [5]. Moreover, the UWB-IR signal
can resolve dense multi-path fading [6]. Furthermore, very
low power spectral density (PSD) of UWB-IR signal can
coexist with other existing wireless communications without
or with low interference. These are the reasons that led the
UWB-IR signal is an ideal signal for indoor fingerprinting
localization. ~ There has been some research about
fingerprinting localization using UWB-IR signal such as based
on maximum channel spatial correlation [7], maximum
likelihood estimation (MLE) [8], k-nearest neighbor (k- NN),
[9] and neural networks [10].

In this paper, an indoor fingerprinting localization using
novel comparison is proposed. The UWB-IR signal, which is
rectangular passband waveform, is used as transmitted signal
for obtaining high time resolution. The channel transfer
functions of corridor environment were measured using vector
network analyzer (VNA) at frequency ranging from 3 to 11
GHz. The biconical antennas with horizontal polarization are
used as both transmitter (Tx) and receiver (Rx) antennas. The
novel comparison between fingerprints and signatures is
considered in the term of correlation coefficient included peak
amplitude and time delay factors. The accuracy is studied and
shown in the term of the cumulative distribution function
(CDF) of distance error.

11. FINGERPRINTING LOCALIZATION TECHNIQUE
A. Transmitted waveform of UWB system

In this paper, the rectangular passband waveform is used as
the transmitted waveform. The expressions of this waveform in

time domain V, (t) [14].

vi(t)

= fﬁ[fH sinc(2 f,,t)— f,_sinc(2f,t))], 1)
b

where A is the maximum amplitude, t is the time, f is the
frequency, fC is the center frequency, fb is the spectral

bandwidth,
frequency

f is lowest frequency, f, is the highest



sinc(x)=4 1 . (2)
—sin(zx) x=#0
TX
B. Received Waveform
The spectral density of received waveform V. is calculated

by using multiplication between channel transfer function Hc

obtained from measurement and spectral density of
transmitted waveform V, :
V. (f)=V,(f)-H.(f) 3)

The received waveform in time domain v, is calculated by

using inverse Fourier transform of its spectral density and it
can be written as

v (t)=7 Vv, (f)} = Tvr(f)ejz”“dt 4)

C. Proposed Comparison

The proposed comparison between fingerprints and
signatures is considered in the term of correlation coefficient
included peak amplitude and time delay factors. This modified
correlation coefficient Cmis defined as

C,(xy)=c(xy)-a(xy)-d(xy) (5)

where C is the correlation coefficient, a is the peak
amplitude factor and d is the time delay factor. The correlation
coefficient, peak amplitude factor and time delay factor are
respectively defined as

max{ j Vi) (t)v,q(t+ r)dt}
\/J. Vzr,fi(x,y) (t) dtJ._i VFZ,Si (t) dt

(6)

c(x,y)=

_‘aﬁ(x,yz_asi‘

a(x,y)=1 , )

d(xy)=1-—>—1, (®)

where V )is the received waveform of (X, y)

r.fi(x,y
fingerprint point, V,

. is the received waveform of signature

point, aﬁ(x,y) and dﬁ(xly) are the peak amplitude and delay
time of (X, y) fingerprint point, @, and d are the peak

amplitude and delay time of signature point, aand d are the
means of the peak amplitude and the time delay of fingerprint
point.

The estimate position (Xe, ye) is considered as the

position with maximum modified correlation coefficient and
can be written as

(X,, Y, )=argmaxC(x,y) (9)

Finally, the accuracy of fingerprinting is considered in
the term of distance error ed and can be written as

€4 = \/(Xc —Xe )2 + (yc —Ye )2 (10)
where (XC, yc) is the correct position.

1. MEASUREMENTS SYSTEM

Using VNA at the frequency ranging from 3 GHz to 11
GHz. The VNA was operated in the response measurement
mode, where Port- 1 was connected to Tx antenna and Port-2
was connected to Rx antenna.

The biconical antennas are used as both Tx and Rx
antennas. Both Tx and Rx antennas were fixed at the heights
of 1.0 m. The polarizations of both antennas are horizontal
polarization. The measurement model is shown in Fig. 3. Firs,
the measurements were done to correct the data to build the
fingerprints with 15 positions and 1 m space. After that, 45
positions with 0.5 m space were measure to build signatures.
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Fig. 3. Measurement model.




IV. RESULTS AND DISCUSSION

For the transmitted waveform, the rectangular passband is
used. The parameters of this waveform, the spectral bandwidth

f,is 7.5 GHz, the center frequency f. is 6.85 GHz, the

lowest frequency f is 3.1 GHz, the highest frequency f, is

10.6 GHz and maximum amplitude Ais 1 V.

The received waveforms at the example points of (1,1)
and (9,5) are shown in Figs. 4 and 5, respectively. The
received waveforms of fingerprint and signature are almost the
same. At the point (1,1), the correlation coefficient between
waveforms of fingerprint and signature is 0.99. The peak
amplitudes of received waveforms of fingerprint and signature
are 6.11 and 6.06 mV, while the time delays of both
fingerprint and signature are 4.16 ns.At the point (9,5), the
correlation coefficient between waveforms of fingerprint and
signature is 0.79. The peak amplitudes of received waveforms
of fingerprint and signature are 0.79 and 0.78 mV, while the
time delays of both fingerprint and signature are 18.85 ns.
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Fig. 5. Received waveform at the point of (9, 5).

The peak amplitude and time delay, which are called as
fingerprint, are shown in Figs. 10 and 11, respectively. The
peak amplitude ranges from 0.26 to 4.17 mV with the mean is
1.11 mV. The time delay ranges from 4.22 to 20.02 ns with
the mean is 13.35 ns. These data are used for peak amplitude
and time delay factors.
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Fig. 7. Time delay of fingerprint.

The accuracy of the fingerprinting localization is
considered in the term of CDF of distance error. The CDF of
distance error along x axis is shown in Fig. 8. The probability
of no distance error along x axis is 0.22. The maximum
distance error along x axis is 1.36 m. The mean and standard
deviation of distance error along x axis are 0.27 and 0.31 m,
respectively. The CDF of distance error along y axis is shown
in Fig. 9. The probability of no distance error along y axis is
up to 0.42. The maximum distance error along y axis reduces
to 1.00 m. The mean and standard deviation of distance error
along y axis are 0.23 and 0.27 m, respectively.

Finally, the distance error, which considered from
distance error along both x and y axes, is presented. The CDF
of distance error is shown in Fig. 10. The probability of no
distance error is reduced to 0.11 or 11 percent. The maximum
distance error is 1.48 m. The mean and standard deviation of
distance error are 0.42 and 0.35 m, respectively.
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V. CONCLUSION

In this paper, the indoor fingerprinting localization using
novel comparison is proposed. The UWB-IR signal, which is
rectangular passband waveform, is used as transmitted signal
The distance error along x axis is more than that along y axis.
That because the distance along x axis is longer then there is
more effect from multi-path fading. There is no distance error
about 11 percent. The mean of distance error is 0.42 m with
1.48 m maximum distance error. The results reflect that the
comparison can be very well used in an indoor fingerprint
localization.

This proposed comparison should be a promising choice
for indoor fingerprint localization.
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Indoor Fingerprinting Localization Using Novel Comparison
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In recent year, an indoor fingerprinting localization has been widely used in medical, industrial, public safety and
transportation because of its potential localization in dense multi-path fading environments. In this paper, the indoor
fingerprinting localization using novel comparison is proposed. The ultra wideband impulse radio (UWB-IR) signal,
which is rectangular passhand waveform, is used as transmitted signal for obtaining high time resolution. The channel
transfer functions of corridor environment were measured using vector network analyzer (VNA). The biconical an-
tennas are used as both transmitter (Tx) and receiver (Rx) antennas. The received signals are evaluated to build the
fingerprints and signatures. The novel comparison between fingerprints and signatures is considered in the term of
correlation coefficient included peak amplitude and time delay factors. The accuracy is studied and shown in the term
of the cumulative distribution function (CDF) of distance error. The results reflect that the proposed comparison can

be very well used in the indoor fingerprint localization.

Keywords: indoor fingerprinting localization, ultra wideband impulse radio (UWB-IR), correlation coefficient.

1. Introduction

In recent year, an indoor fingerprinting localization
has been widely used in medical, industrial, public safety
and transportation because of its potential localization in
dense multi-path fading environments [1,2]. For estimat-
ing location, the common techniques use the received
signal strength (RSS), the time of arrival (TOA), the time
difference of arrival (TDOA) and the angle of arrival
(AOA). Theses techniques estimate the location by
considering power, delay time or direction of received
signal [3,4]. However, these techniques consider only
direct path signal. Much error is due to the absence of
line-of-sight (LOS) and dense multi-path fading. This
leads to the development of the fingerprinting technique.
The fingerprinting localization is based on the same
concept of human fingerprinting. In a given area, different
information can be used to construct a fingerprint that can
identify different parts of the area. This technique consists
of two phases. First comprises the choice of data to build
a fingerprint and collect in the database. The second phase
consists of using the fingerprint in the database in order to
find the location by comparing a target signature with the
fingerprint [5].

Ultra wideband impulse radio (UWB-IR) becomes an
important topic for wireless system due to its potential to
offer very high capacity, low cost and low power con-
sumption properties [6]. The Federal Communications
Commission (FCC) first specified that UWB-IR signal
can be transmitted at the frequency spectrum ranging
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from 3.1 to 10.6 GHz. Additionally, FCC defined the
UWB-IR signal as the signal that has fractional bandwidth
greater than or equal to 0.2, or occupied bandwidth
greater than or equal to 500 MHz [7]. The UWB-IR signal
has extreme high time solution. In addition, ultra wide
bandwidth of UWB-IR signal obtains the good penetrat-
ing capability. Moreover, the UWB-IR signal can resolve
dense multi-path fading [8]. Furthermore, very low power
spectral density (PSD) of UWB-IR signal can coexist with
other existing wireless communications without or with
very low interference. These are the reasons that led the
UWB-IR signal is an ideal signal for indoor fingerprinting
localization. There has been some research about finger-
printing localization using UWB-IR signal such as based
on maximum channel spatial correlation [9], maximum
likelihood estimation (MLE) [10], k-nearest neighbor (k-
NN), [11] and neural networks [12,13].

In this paper, the indoor fingerprinting localization us-
ing novel comparison is proposed. The UWB-IR signal,
which is rectangular passband waveform, is used as
transmitted signal for obtaining high time resolution. The
channel transfer functions of corridor environment were
measured using vector network analyzer (VNA) at fre-
quency ranging from 3 to 11 GHz. The biconical antennas
with horizontal polarization are used as both transmitter
(Tx) and receiver (Rx) antennas. The received signals are
evaluated to build the fingerprints and signatures. The
novel comparison between fingerprints and signatures is
considered in the term of correlation coefficient included
peak amplitude and time delay factors. The accuracy is
studied and shown in the term of the cumulative distribu-
tion function (CDF) of distance error. The results reflect
that the proposed comparison can be very well used in the
indoor fingerprint localization.

The rest of this paper is organized as follows. In Sec-
tion 2, the fingerprinting localization technique is pro-
posed. Next, the measurements and results are presents in
Sections 3 and 4, respectively. Finally, conclusion is
discussed in Section 5.



2. Fingerprinting Localization Technique
2.1 Transmitted Waveform

In this paper, the rectangular passband waveform is
used as the transmitted waveform. The expressions of this
waveform in time domain v, and its spectral density V,

are [14]

vt(t)zi[fH sinc(2f,t)— f_sinc(2f t)], (1)

fy
A f
T ||f|_fc§7b
Ve (f)=12% 2 )
0 Jil-t>2

where A is the maximum amplitude, t is the time, f is
the frequency, f, is the center frequency, f, is the
spectral bandwidth, f, is lowest frequency, f, is the
highest frequency and

) 1 x=0
sinc(x) = isin(;zx) X#0"
X

2.2 Received Waveform

The spectral density of received waveform V, is cal-

culated by using multiplication between channel transfer
function H. obtained from measurement and spectral

density of transmitted waveform V, :

Vr(f):Hc(f)'Vt(f)' 3)

The received waveform in time domain v, is calcu-

lated by using inverse Fourier transform of its spectral
density and it can be written as

W)= ()= [l @

2.3 Proposed Comparison

The proposed comparison between fingerprints and
signatures is considered in the term of correlation coeffi-
cient included peak amplitude and time delay factors.
This modified correlation coefficient C,, is defined as

Cm(xy)=C(x,y)-alxy)-d(x.y), ®)

where C is the correlation coefficient, a is the peak
amplitude factor and d is the time delay factor. The

correlation coefficient, peak amplitude factor and time
delay factor are respectively defined as

max[ Tvr,fi(x,y)(t)'vr,si (t + T)dt:l

Clx y)=—p= — )
\/J.Vrz,fi(x,y)(t)dt J.Vrz,si (t)dt
|aﬁ(x,y) - asi|
a(X: Y):l_fy )
a
|dfi(x y) ~ dsi|
dxy)=l-tme— 8)
where v, g(, ) is the received waveform of (x, y) finger-

print point, v, is the received waveform of signature

point, ag(yy) and dgy ) are the peak amplitude and

x.y) x.y)
delay time of (x, y) fingerprint point, a; and d; are the
peak amplitude and delay time of signature point, & and
d are the means of the peak amplitude and the time
delay of fingerprint point.

The estimate position (xe, ye) is considered as the po-

sition with maximum modified correlation coefficient and
can be written as

(Xe, ¥e ) = argmaxCpy (x, y). )

Finally, the accuracy of fingerprinting is considered in
the term of distance error e4 and can be written as

€4 :\/(Xc _Xe)2 +(yc _ye)2 J

where (x., ;) is the correct position.

(10)

3. Measurements

The channel transfer functions were measured as
transmission coefficient S,; in frequency by using VNA

at the frequency ranging from 3 to 11 GHz. The VNA was
operated in the response measurement mode, where Port-
1 was connected to Tx antenna and Port-2 was connected
to Rx antenna.

The biconical antennas are used as both Tx and Rx
antennas. The structure and dimensions of the biconical
antenna is shown in Fig. 1. The diameter of the biconical
antenna is 6.53 cm and the length is 3.7 cm. The reflec-
tion coefficient S;; of the biconical antenna is shown in
Fig. 2. The reflection coefficient of the biconical antenna
along all measurement frequency range, which is 3 to 11
GHz, is less than —10 dB.
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Fig. 2. Reflection coefficient of biconical antenna.

The measurements were done in the corridor of 12"
floor, E-Building, Faculty of Engineering, King Mong-
kut’s Institute of Technology Ladkrabang, Thailand. Both
Tx and Rx antennas were fixed at the heights of 1.0 m.
The polarizations of both antennas are horizontal polari-
zation. The measurement model is shown in Fig. 3. Firs,
the measurements were done to correct the data to build
the fingerprints with 15 positions and 1 m space. After
that, 45 positions with 0.5 m space were measure to build
signatures.
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Fig. 3. Measurement model.

4. Results

For the transmitted waveform, the rectangular pass-
band is used. The rectangular passband waveform and its
spectral density are shown in Figs. 4 and 5, respectively.
For the parameters of this waveform, the spectral band-
width f, is 7.5 GHz, the center frequency f. is 6.85

GHz, the lowest frequency f, is 3.1 GHz, the highest
frequency f,, is 10.6 GHz and maximum amplitude A is
1V.
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The channel transfer functions at the example points
of (1,1) and (9,5) are shown in Figs. 6 and 7, respectively.
At the point (1,1), the means of the channel transfer
functions of fingerprint and signature are —43.59 and
—-43.69 dB, while the standard deviations of both finger-
print and signature are 2.78 dB. At the point (9,5), the
means of the channel transfer functions of fingerprint and
signature are -58.67 and -58.75 dB, while the standard
deviations of fingerprint and signature are 5.49 and 5.36
dB, respectively.
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The received waveforms at the example points of (1,1)
and (9,5) are shown in Figs. 8 and 9, respectively. The w
received waveforms of fingerprint and signature are
almost the same. At the point (1,1), the correlation coeffi- SR>
cient between waveforms of fingerprint and signature is ¢ — =
0.99. The peak amplitudes of received waveforms of — E*™~
fingerprint and signature are 6.11 and 6.06 mV, while the ;.|
time delays of both fingerprint and signature are 4.16 ns. £
At the point (9,5), the correlation coefficient between g2~
waveforms of fingerprint and signature is 0.79. The peak ;‘1\
amplitudes of received waveforms of fingerprint and 5

signature are 0.79 and 0.78 mV, while the time delays of
both fingerprint and signature are 18.85 ns.

The peak amplitude and time delay, which are called
as fingerprint, are shown in Figs. 10 and 11, respectively.
The peak amplitude ranges from 0.26 to 4.17 mV with the
mean is 1.11 mV. The time delay ranges from 4.22 to
20.02 ns with the mean is 13.35 ns. These data are used
for peak amplitude and time delay factors.
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Fig. 10. Peak amplitude of fingerprint.
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The accuracy of the fingerprinting localization is con-
sidered in the term of CDF of distance error. The CDF of
distance error along x axis is shown in Fig. 12. The
probability of no distance error along x axis is 0.22. The
maximum distance error along x axis is 1.36 m. The mean
and standard deviation of distance error along x axis are
0.27 and 0.31 m, respectively. The CDF of distance error
along y axis is shown in Fig. 13. The probability of no
distance error along y axis is up to 0.42. The maximum
distance error along y axis reduces to 1.00 m. The mean
and standard deviation of distance error along y axis are
0.23 and 0.27 m, respectively.
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Distance error along x axis (m)

Fig. 12. CDF of distance error along x axis.

Finally, the distance error, which considered from dis-
tance error along both x and y axes, is presented. The
CDF of distance error is shown in Fig. 14. The probability
of no distance error is reduced to 0.11 or 11 percent. The
maximum distance error is 1.48 m. The mean and stan-
dard deviation of distance error are 0.42 and 0.35 m,
respectively.
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Fig. 13. CDF of distance error along y axis.
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5. Conclusion

In this paper, the indoor fingerprinting localization us-
ing novel comparison is proposed. The UWB-IR signal,
which is rectangular passband waveform, is used as
transmitted signal for obtaining high time resolution. The
distance error along x axis is more than that along y axis.
That because the distance along x axis is longer then there
is more effect from multi-path fading. There is no dis-
tance error about 11 percent. The mean of distance error
is 0.42 m with 1.48 m maximum distance error. This
proposed comparison should be a promising choice for
indoor fingerprint localization.
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