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ABSTRACT

This thesis presents ultra wideband (UWB) propagation model for an indoor
localization with neural network. The main purpose of this thesis is to improve the
indoor localization system to find the location that has 3 dimension (3D) changing,
x plane, y plane and z plane. Fingerprinting technique, UWB propagation channel
analysis and neural network are used in this thesis. Firstly building the database in
fingerprinting technique were created by using channel transfer function measurement
with vector network analyzer (VNA) at the frequency ranging from 3 GHz to 11 GHz. The
first pathloss, the delay times of first path, the average of path loss and delay time were
investigated to build the fingerprints. Secondly, to evaluate the result, they are shown in
term of cumulative distribution function (CDF) and average distance error. Moreover, the
distance errors  are shown .in~ graph at x and y coordinates. As the result,
this indoor localization can identify an accurate the location as 77.94% at 1 meter. Then,
to improve the result, this indoor localization can identify an accurate the location as
85.08% at 1 meter to follow the in-building tracking application.
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A le G]@N’]lﬁ]uﬂ’]'iﬂﬂ']ﬁﬂﬁﬂﬁﬂ? wﬂmmﬂammmﬂamwaiﬂwaa LW@IﬂUﬂTﬁﬂQ‘U@&JﬂLUu
FIONWYS

u,auiumamam U A.#. 1960 msamﬁmzy1ma‘lﬁnmmuﬂmﬁaaammmwaanm
wwuwu WaY “Lﬂﬂﬂumﬂﬂmmmamumwmi ﬁti\‘]ﬂ’]ﬂ“ijﬂ’]uiﬂUﬂ?lﬂ%”ﬂﬂi‘ﬁﬂﬁﬂﬁ’]ﬁiu’aﬂﬂim
MsAeansEeIsang mm”(mmmmmemwmmmmmmm mam‘saaazymmﬂamwmu

u
=

anwuziluiad nEaRuRUaTIAfnUINg 1Y L3Anne 1uAY w303W15 (Ground Penetration

= g

Radar: GPR) 'iJUﬂ‘iuVl\‘IL‘VIﬂIUIaEJ‘VI’NG]']UN'ﬁEJLﬁﬂ‘Vl‘SBUﬂﬁ LLﬁZB‘Uﬂ'ﬁﬂJE‘i’]5ﬂ~1§1’2u'11ﬂﬂ"|'3‘1ﬁu7 ¥

=3

Timalulaguaunineds ‘memsmmﬂiuaﬂsﬂ%luaﬂﬂsmaLaﬂmaunfﬂumiaaamﬂmwm%

8/

Tﬂamwu’iuiwmamﬂima mEjmwmmsﬂlumiawaualﬂL‘Uuﬂ'ﬂnmmn wialdlunns

‘U

aamwauauuuaaﬂiuam (Multimedia communications) ﬁtjwaamsammmsawamam dnsly

o

waamumLLaum']mﬂni'aummsuﬂﬂiﬁ’ﬂumimmme'mqwum']muuaqaq WATNUNIUGD
dygyadsuniu
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A.#A. 2000 mmmzﬂﬁm‘ﬁ‘m'ﬁm5§amiumﬁw%’§mu§m (Federal Communications
Commission: ~ FCC) lmwzgmu’l,u’l,wammmaﬂ ImmmmmmmﬂmmuuauLiumwmmanmi
annwamwummaq YBsrUUNTEEswUuLaunsBadundausn

ndu Tud e.a. 2002 ﬂmvﬂsimﬁmsmaaamsumamﬁamen“l,ﬂaanman'muﬂ
Aenfumsdeansuuunauninedeiy

Tuhdewmaluladuaunineded Iegnuiaduidodes Toun umuﬂuaaaagfgmmumw
ot %’amwumaqsvuun'rsaammummunmwa mmsﬁmﬁuaﬁvwmsa@mﬁu:u*uLm‘um']wa
fofvessruumsiomsuuuuauniets feileasidendralus

2.3.1 deuvasdypinuaunines

aggmml,mun'mamnmwumbaﬂuumm IﬁlEJF]Euuﬂiiu’]ﬁmiﬂ"liﬁ@ﬁ’ﬁLL"VNﬁ%‘i'ﬁﬁ’ﬂLiJiﬂ'\
(3] la’ﬂwmummaqafytywuﬂun:maa'm wfesdanumunluidueann sy (Power
Spectral Density: PSD) wdnoglutsmfifeus 3.1 GHz 89 10.6 GHz Lagey AodluuuAIny
Baawdiuinnnimiawinfu 0.2 wieduuudniuinndidewhiy 500 Miz Faguil 2.1 Toed
wuusiImilumvaiuaruuuiinivesdyg o un B e mseEints 2.4 uas .

(PSD)
>

Sumdan

ar

1\

fe Ty AR

ANURUILLuana

g

o o Y a4 o P fa € a [ ' - " a &
UM 2.1 FEYILAUNINENBIULO UL UUAIAYIUABAILLINN IS 0WITY 0.2 Wiesl
WuuRIavIINATIMSainty 500 MHz [4]

B 2(.fH_fL)
B, =—=- Z\MH JL) 2.1)
/ b Jut h :
B =f, 3 (2.2)

il B ﬂmmummmmmwmu B Aauuudind f, uax fu AoAud ﬂqﬂuas
mmnaqaﬂ way f, ﬂamwﬂmanma UG
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2.3.2 wé’ﬂnﬁﬁugﬂwmmn‘lu‘la&mun"s”lqﬁq

walulaBuaunieds Wun1sFeansuuunaurudndng (Wide band communication)
Imeﬂfziacummwmﬂﬂauammzurds’mgxfwmmﬁumvmaLﬂuwaammmmmqwmamﬁym‘l,uw
warfiuauan [3] Tasegluszauunluiund (Nano second: ns) wSefiszduRiladundl (Pico
second: ps) uaﬂwmsﬁlna”ﬁmﬁ’uﬁuﬁcgzgmluqmmﬁﬁL%’aﬂ’jwé’zy,zymﬁmﬁaé (Impulse signal)
NNIUA 2.4 sifuldhdyaaunaundasiidyaralumanaiuauun (Fulss) Saany
wuduanasulumenvesanudnswnn Sﬂ'ﬂz&ﬂﬂié%Lm%’Uﬁ’@@ﬂmaaszummuﬁwéaﬁu
wlildndunnsi (Carierless) Tunswandygeaniioulussuunsdoasuuuuauanuiuay us
Lﬁuﬂﬂidaﬁmmmﬁﬁﬁm?{maqﬁaﬁﬁﬁﬁﬂﬂﬁu%ﬁm{aLﬁ'aﬂumqLf;mrﬁf'aaa“’mmﬁdaﬁaé Tuszeu
fnnunateseeduiaddeniaiuilunsduas Sudagta smwﬂwwaﬁmwmammmm
nszawagludiauauanuiiiniiain Fasudl 2.2 Fadufivvelenauninds uaﬂmmﬂw 2.3
muamimwummaaﬁmmwmaﬂﬂﬁumaaEJ’meLLaummamﬂfmmnum Lu@aaqmaumu
wialuladl¥ansdug LLaiﬁ]wLMulﬂ’J’lmﬂIuIaﬁLLﬂ‘Uﬂ'}’}\‘iENﬁ] mvmumaamuwm %aa"Lsu”LUﬁumu
Fynuveunaluladdy anmmmmﬁmlﬂmmuaﬂﬂuﬂﬂiwwmiwﬁ iesanszuudu 9w
vorhdrausnundBsiududyanasuny wivhmsnseeennsruy Seteivesnelulad
u,mm11'1qmu%gﬂnanaﬂmﬂwwaw 2135

oy

T |

| I |

T f 1 y I

I' ] U vy K987 ! AR 10.6 GHz
| |

I as L a v =l oo &
JUR 2.2 dygraunundidsdstivauanudnnaennlunanuiuasinesuaulumana [15]

AIMUAUTLLIL & “:ﬁ/BluerootlL | / 802.11a
drdnasy (©) $02.11b
ALY

(PSD) . . o
“413dBo/MHz| = —— @ — — — | B - - T il - NN S

l.6 24 3.1

j 10.6
A2 (GHz)

gﬂﬁ 25 Lﬂ‘S&J“ULﬂEJUﬂ’I‘SI‘N’]MLﬂUﬂ’J']iJﬂ‘U‘aﬁﬂ’]'iaEJE‘i'liLLE‘lUﬂ’J’NENﬂUﬂTiﬂ@ﬁf]‘i
LLUULLnummmmuauﬂ [16]
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éffyzu_;iful,muu,a‘uni’ﬂqéqlﬁlﬁgnﬁﬁmawwxﬁ’uﬁ'zytyqm’LugULmUﬁuﬁ’aéﬁﬂsamqummﬁ
Frvmeiinraunnmindy mﬂiuiaﬁu,mJn”a’wéqé’aamﬁauﬂqaaﬂLﬂuLwULmumm?{Lﬁm (Single
band approach) wariuuaIBLaUAILE (Multiband approach) sauval#iSenmatianisle
ﬂf?i'uwW?a'aﬂﬁlﬁﬁuﬂquﬁ’uﬁwmumﬂT,umiwauﬁfyfym viensuegatuwuuiiGenintafuuus
ToLoWddu (MB-OFDM: Multiband OFDM (Orthogonal frequency division multiplexing)) N
Wusnineafinaeunqumsldmnuiuountrenn nguszgndldlumsdifeyasesnsanui
guauAgIiy é’fytgml,mﬂ"mﬁaLLUU@Nﬁ’aﬁLLazﬁaﬁqum’IaLﬁwﬁl,ﬁulﬁ%’unﬁﬁa'rm'uﬁa
ﬂﬁlﬂ%’ﬁm%’w'1mg"num'%a"zhal%’mafﬂhuqﬂma%aqmjmmms”mﬂa‘hﬁLﬁa (WiMedia alliance)
IcﬂU‘L%’Lﬂumﬂiuiaﬁﬁugwuﬁw%’uqﬂn‘mﬁﬁaum'a’lu;mLLuquaﬂﬁmmL%'aqal%'ma (High speed
wireless universal serial bus (USB) interface) [17]

2.3.3 darimunvesssuunisdessuuunauntied s

‘luiwuLmun*’ﬁ’we“ialﬁﬁ%’aﬁmummsxuumaé"amsmvLm‘uni?m?jq Aonsinassanud
Tunsldanu laeluussimmavsgousmazgnriovuslag FCC wuieniufuluglsuflainism
Tonnan1sinassaiuaiiug HAZATSUNINABAYBIAINTINgUaUNT1eB e TnsantTurfivua
wesgIunIvsALIANLsEnamelsy (European Telecommunications Standard Institute:
ETS) %38 aniusinsauuInuseniielssina (International Telecommunication Union: [TU)
dmiulussmadulsfimstmundoassamiluntslioy lagnsensaamnded uagn1sdoans
aelulssing (Ministry of Internal Affairs and Communications: MIC) %G’Lﬁ%ﬁ’]ﬁwuﬁﬁléﬂ%’
ToruuAmULUUYEY FCC TaefiusePanuthanuasdormun g

FCC Idoanuszmelud o..1998 Renfunisasvaeunte (Notice of Inquiry: NOI) Tae
ﬁaLLﬁfmx‘lé‘fﬂﬂmm'iﬂiﬁﬁxﬁuﬁwﬁaawuﬁiﬁunwéaﬁﬂuﬁmmnmﬁﬁizﬁuﬁwmn 9 wdinny Gl
naudTiatuayuluszuudy ﬁﬂ‘?j’muﬁuagﬂﬁﬁﬁmﬁGiarﬁfflumiﬁ”ﬁzwLmun*’mﬁ'am‘lﬂﬁmuﬁwi’u
nMsdemsvemalioy %GL%'ﬂn%’aaImamﬂ%L'ﬁ'mifﬂ%ﬁ’un'l'imﬂm'miﬁ@mﬁ;ﬁuﬁummsxﬁumi
aoauvsnluuauauiiflegedednin wy woummdlumsnseedygrailnsimivauanadi
ds0dlY dmiurduivgminsimand uavseuu GPs T,maﬁmﬁ?n'ﬁu‘%mﬁmiﬁuLLﬁaaw%’gaLu%m
38 Federal aviation administration (FAA) ”Lﬁ'}ll,ammmL{‘Juﬁfmianmmiﬂaammaqﬁmmwmﬁﬁ
ﬁiaiswmmﬂaaﬂﬁduﬁﬂmimﬁuuasﬁﬂmﬂumsﬁuﬂi’wLﬁa?ﬁ’uLﬂ?@@dﬂWzUULLﬂUﬂ”m?ja
ety

FCC manngdmiumelulauounedude 14 AUAS A.#.2002 Baduntsiavun
VBULIAYBINITUNINTENBVBIA MM LLAUNA S s Ut U vt dwiumaluladunu
3B wazdiaunalitumaluladfliludnuvuemanisédndae Tnefmunannduunde
(Spectral mask) E‘f’m%’unﬁﬁﬁﬂmmwfﬂixmUmmwmuu’uamnm%’nﬁwé’muﬁm%’umsﬁeaﬁ
Melunaznieuanaians ﬁmam’tugﬂﬁ 2.4 UagMINANTUNINTEIAMUR LA RS

ﬁwa"amuﬁm%’umiﬁamiLLUULm‘urﬁN@amEJ’LuLLa:m'lfJuana'lﬂﬁﬁﬁwumIma FCC wamams
A1351991 2.1
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A
m
I
1

on

o
I
1

H

W
o
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m
k=
g
=
S 60~ -
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© -85 -
Q
o
"]
5 -70|- ~
8
1 —— Part 15 noise limit
—— FCC spectral mask for indoor limit
z —— FCC spectral mask for outdoor limit
_80 kel T T T T =TT
10° 10’
Frequency (GHz)

gﬂﬁ 2.4 AUnNAS NS AEIMSUNISIINANI SN N2 28R LR U TLU UL U NS 39Ty
dwsunsdeaninnglulaznvuenelaisidmualag FCC [4]

A19197 2.1015970ANISENINSE I YAITUMUILURAUN A U a9 ud SN S T a1SLUULa U
v o = o
g elulaznguenaInsinvualay FCC [17]

- maluains NIWUBNBIAT
A28
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
g1 10.6 GHz -51.3 dBm -51.3 dBm
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2.3.4 UINTFIUVBITTUUNISARESUULLAUNS 9B

{]ﬁmwmmsmwaﬁuwLmumwmmaﬂwaa 3 UM3FIU Ao IEEE 802.15.33 14
mmu‘[mqmawuwmuumaliaw (Wireless Personal Area Network: WPAN) seazvnglng
9m3InNsdetoyags IEEE 802.15.4a 14dwsu WPAN svegnslnadnsidsoyad uas IEEE
802.15.6 'lfammmuuu‘[mqmawumwmeﬂima (Wireless Body Area Network: WBAN)

MU IEEE 802.15.3a [4] “mesnmuﬂi‘uﬂiqamwmiawmmmﬁm IEEE 802.15.3a
'me“uu‘[ﬂamiu%mLmﬂiuiasuaumwmm’lw sdamﬂﬂiaﬁam%vmmlﬁunu WPAN Tnefissuy
MInslEute 10 wes mami'}msawaua 110 Mbps uagfissazmalnddoussann 2 was
aunsafionsidsdoyalegedis 480 Mbps ualdAndamiuannisliannsannasiulédngs
Laan’LGUmﬂiuiaalwimqwmsuamwanfﬁLLUULmqmmammnwmﬂu,mJ (Multi-Band
Orthogonal Frequency  Division Multiplexing: MB-OFDM) fusauninedegsusse (Direct
Sequence Ultra Wideband: DS-UWB)

MU IEEE 802.15.4a [4] 1mm"liu%€]’1L‘ﬂﬂiuiaﬂLLﬂUﬂ’JNENJ.I'TU‘i”EJﬂﬁﬂ‘Uﬁ”IWiU
WPAN Iﬂaﬂiuﬂiqlwmuavmqﬂ'ﬁ’lmmuwlna’uulmmﬂi ¥ 100 wms Ingandnsndddoyaaa
fiongnsldnuvesnunnediuiy =saumm'mmn ﬁ'lll'ﬁﬂ‘Ll'lllWﬂiuﬂﬂmﬂﬂﬂ’iuUUIﬂiﬁﬂﬁlﬂTﬁ
mww"lﬁma LLﬁ“’i““U‘Uﬂ’]i‘lﬂ’]mLLWUQW&JWJWNLWHGG}‘NN n1iaaafuﬁymuwuﬁwaawmﬂuﬂmi
aawaawmmmmNwammumnwmmmﬂ‘summLﬂuauwaa“lm

UIM951U IEEE 802.15.6 [18] Lﬂummmuwmwuuﬂwummummmwansﬂ‘unu
WBAN Iﬂmlms‘lﬁzmuamfgﬂamimammwmqmammmﬂfm Madelsa iaummumwaisﬂ
WBAN  vianuluusvalndiu & Anegiu mama’lumamwamwa Tﬂawmﬂsﬂmuawaua

5“%'}1\111&14(5151181143']\1?'1’16 LLﬁwﬁ\ﬂ‘t}allﬁﬁ]'lﬂ'iNﬂWEJlUEN@‘Uﬂ‘iﬂJ N5y Emm'hmwwmu
ﬂ']ﬁLLWV]EIM‘SE)ﬂ‘WUEJU

2.3.5 ?’J’aﬁﬂaﬁ'suuum'iﬁamﬂmuLm‘un"i"mﬁa [16]

°uaﬂ‘vr'ia'«mﬂuwmau’iﬂ’umﬁvwﬂamiLLU‘ULmumwmiﬂammm‘mmlﬂﬂﬁvaﬂﬁﬂw
Tuszuumsaeansl¥aneld 18un

2.3.5.1 LﬂuszuwuﬂmwﬁwauuaBLLaumuwum

m5Lﬂuﬁ~wmmm5ﬁwauuaEJLLaumuwumwaaﬁuwaammummumNmmmm
nnmsdsdygraiidnsasduvawuud mlumuauﬂmvuumiaaamzymmmmm (Radio
Frequency: RF) wuuduqg Tnsilindasdens mm'saﬁeamty'}mwaawummn’nwaaﬂngmuaﬂ
119 Tulaumanandeaunsadios sunInsynenaueenlulneUseminnniy RE wee99
ﬂaumwmi‘u sae'iumuwaamis'sngmmwauuauLﬂumm%mamzymmmmummqu'ﬂ,ﬂﬂu
AduWY Lwaenaamﬁmmlﬂml,l.mum’mmwmmaﬂwmiumiLmeivmaﬂaummaqms



15

o o

2.3.5.2 fszuvesdyaalndifesiudyaimsunauy

v
[

msdiszivvesdyanalndidesiuseiudyyasuniy M in15ns9 3y
wuusauniaBeildenn uenanty nsdadygyranuuuauniredadulideldiAananisunsn
danvasdayquifidessuuniuy RF Bu dessndyyravesssuuuauniredady fa
nuuumdudsanasuvesdyaiafiuinssasesnunlussfus UszunussAvvesdy g
sunau Ievilisguudug R REGIRTRATITA L ARG ﬁ‘]uﬁfgzy'lmiumu%‘agﬂﬁﬁmaanmnmi
WITNVBDITEUY

2353 fanudmumusiedyyiumaisis

nsfindynraunareitiluasinandadhililuntsdoanslias Sudunamiain
msazvion vy nsnseateds uaznsgnganiiuvesdyyinduieannnannzuindey
wunelueians dygransifianisasdiou ideavy mMsnszaneda Wazn13gneAnaUuRINTae
A9 19U 9913 THe e visegUnasidinau 1lugu wisaniiuy VEGIADELRRE ﬁagﬂﬁ2.5
NnnuasiuliAndyainmvaieiagy NaveTesdyauvaeifd vy ynuauLAULL
Lﬁﬂ%ueiam’hamnn’hﬁtyzywmLLaUn*'iw?ia Lﬂaamnms*s:mf“fuLLUUﬁimwa%aé’zycyﬂmwma%ﬁ M
Wseivvesdynanaan w%‘amﬁ’auﬁ’uuwLWamqﬁ’waqﬁ‘mwmwmﬁﬁ M iseiuves
Fyaaniiuduinn Lm”lumﬁiuiaﬁuﬂun'?w?}emieiqﬁ’aéﬁﬁ?mL';mu,ﬂw'mq vilimeluladi
lasunansznuanndesdygamansiitosnia ietntisannsdeihuvesiaduowauning
sdusiuun A FoildiadiAnainnisasviou Weuuy AIRIEAEINE AT UTINg s

< 2

anluitings Fatiu deygnuaunTndsdsdermunusedugyiamviasis

(sd)]
ﬂ)e

Patly after two reflections

i

Receiver

Transmitter
K

aad

P as a o @ ¥ o w
U 2.5 aygramagInTLinNMsasYeuTa @ MwaUnsBingluasann
LATB9EaR RIS

Path after one reflection

Direct path

Power
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2.3.5.4 fiaawaziBeagelulawunatdmiunissivuadiunds uaz
maUszgnaldlussuudama (tracking)

azyzynmLLmJmwwquwaawuanwmumﬂmmunmwuﬂumne] wieaananlédn
uwuwlLﬂuwafcmummmwwmazyzy']muaﬂmnq Tumnefiessuunauinguuukaunieded
adululdfiazanunsonuauioms Ltauﬂ'}mmnaﬂmamwnmaaLLuummﬂn’muuu
Afiuuenifin (Global positioning system: GPS) LLa"i"UUﬂﬁ‘LJ’J‘V]EJLLUU@u“] anmmﬁ
AuanURlunIzaru e laa Jvibidyyauuuiauniuieiiinsueganmanaigmild
nuluszuuseiszogdy wu lunstowdein LtauﬂgummiﬂmnumwmﬁuLmummn‘u
nslglunudrss waslugnavnssunmisvinmiios Judy

23.6 msUuszgndldiuvesmaluladiununineds

ndedvennaluladuauniredeiilindauiugady vlfmeluladdanusouly
Ussenaldauldegravainvans idu nsusggndldaudusneunsalifisninudasadoliiu
yana 1dlunismunustentsives ‘lﬂuiuwmiwaqLLuungamm Uudaaies uazilu
wuwe e Wusy mmamaﬁlﬂnmammwmLLam’meuLUuLtmazmsﬂixqﬂsﬂ% mgﬂw 2.6

a [ ¥ o
JUN 2.6 MmsUssgnaldanunaluladuaunineds [4]
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2.4 mqwﬁﬁumﬂumimﬁmmﬂa

mqwgwumu’tumimmmua Unanewaila Ly miwmsmwmwLLiwaqaﬂyty'\mw
U104 (Received signal strength: RSS) |, miwmsmumaeaiymmwmm (Angle of arrival:
AOA), miwmimnmﬁuaaamﬁmmwmm (Time of arrival: TOA), MIRATUIANUAAUTDS
nmwamqpmmmm (Time dlfference of arrival: TDOA) wag MRS Twendnwal
ﬂuaammemmﬁmiwqmaiﬂ'ﬁuwm (Position pattern or Flngerprlntrng) 4] Wusu dwsulu
Ingtinusdl lmmuﬁmswamawsuwmm"[m FalliwauiBen i

2.4.1 MINNTUIAIAIULTIVD YRR [19]

Lﬂum'ﬁﬁmmﬁm’J']@JLLiwaqé‘fmmmuﬂ%‘lumsﬁmsm'}ﬁmﬁq Tnetunsnazyinism
i.,avmssuwmLﬂmmanuamummmavamuﬂau nuFald38n13 Trilateration a1y
'Jﬁnﬁwumulumimmwuq Iﬂamﬂwaﬂmsmnueuamﬂamuﬂmanawmmmmu
‘JUEJ“‘VI"IW]ﬂ’]ﬂ’anﬁlViN%”Iﬂﬁﬂ']uﬁ’lu Bnsiiefedldaanavesnetion 3 2ndary Fagud 2.7
wolilamunslsve udmeng amqlsnmmm‘smmLmuaimmmﬂwmﬂmmwaqammmﬂﬂmu
waﬂ's~wu31'1mj':’lﬂ;‘]mmmsmamwma’m (Multipath fading) wasnisanveuvesdynyio

\We99nd9in Y919 (Shadowing) & «ﬁwvmanivmmammmmwaaammmwﬂwnﬁm'sm
Funidlng IS Tnnanunaaadeanls

N

U 2.7 msmumistags Trilateration [19]

242 msﬁmsmﬁﬂmamﬁmﬁwaaﬁmmm [19]

Lﬂmﬁmsmmmmlmaﬂmnmmwaqammm Imamimmmmwmmnmwmwia‘*uaq
Fyauiluisaseinieudassn AISMIAUNUIE 838 Aoafignvesalsainiafivinay
willourunnusenissununiedaSenii Phase array antenna 28191ag 2 mmiﬁ‘w 2.8 w3y
lm"mﬁmmmemmsmiwﬁmzu'mﬂwNm'm"mwmammm vilaenn Ltavuﬂﬂmmﬂaaanﬁa

oL

mmmLmaﬂzymmmwmwmﬂmnﬂmngmimmiﬂsvm (Scattering) veandAuIngdndathiizile
lideeduiiflenlumsmsumisnnin
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e ) s

(x, »

(xzs yz) e

5UM 2.8 nsmiwislagiBnsfiarsaniirmensinievesdyanas [19]

2.4.3 msﬁmsmL'aa'm'ﬁmﬁwaqﬁm,tyﬁm [19]

L‘fﬁlumsﬁmmﬁwmL"am"lum‘amﬁwaaﬁmzugmm’[%’tumiﬁmamﬁwmeiq Tneduusnas
ﬁwmimisazmassijLﬂ'mmﬂf‘i’uamﬁmumiauﬂmﬁdau aqﬂﬁuﬁﬂ%‘%ﬁﬂn‘s Trilateration &4
Iﬂna'a’zlﬂLLa'a'lquwaw 2.4.1 widsiwe it nune 330154 Wovanldnielusnansia

avmwmau L'Jaﬂﬁlﬂums‘suaqazgmmvuaamﬂwﬂwmrﬂ,umiwm&mmmmua‘lma‘hﬁ
wiadiail

2.4.4 msﬁmﬁmmthwaqnaﬂumsmﬁwaaﬁmmw [19]

'gﬁn'ﬁmmLmuamman'ﬁwmmnmmmwmanﬂumamnwaaammm dnwoy
ﬂmanmﬁmswmmmmmamnwaqafytywm WsRTUIIRINSENT Ty
wmszmnamazymm’h’ﬂummumwmLmavamumu WAIBAIINANSUIAIIURTOE LY
mimﬂwaqammm“mmmmaﬂuaqnaﬂugmamamuﬁ’mummmmamﬂunwﬂmaq
Hyperbolic swuaﬂmivﬂvma?Wmﬂamumu muuLwaimmml,mummmmsﬁ]maﬁ‘u
Launﬂmmwaa 2. Ldunnemiiy mmmmnamumuamauaa 3 amumuam’lusﬂw 2.9 &}
mmymamauﬂaLma.,amumumm:umﬁsmiﬂﬂwﬁnu WHLULAE2 U N9 WS ILIaIN SN TR

SREG AITRI ﬂamamm‘lwma’lummwmxﬂsﬁmwau mawﬁi{ﬂumﬁumaﬁymmuuwmn
lennlunisiansanswms

o o [} ac = ] = [
JUn 29 mamdumislagBnisiarsaneausihwesanlunisinfevesdaano [19]
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2.4.5 'Jﬁﬂ'liw"ﬂ"f'a'ﬂﬂﬂ']"lllkﬂuL'E]ﬂﬁﬂ‘is‘ﬂ-&‘ll'a\‘.‘ﬂ%mua‘lﬂiE]’Jﬁﬂ’TiW\iLﬂﬁJi‘lﬁuVlﬂﬂ [4]
’Jﬁﬂ’]‘iﬂ\‘lma'ﬁﬂﬁuwmﬁ lf‘lﬁaﬂﬂ'ﬁﬂﬁ’]EJﬂ“U’J5ﬂ'ﬁﬁLLﬂUﬁ’]El‘lJ’J§J§J‘UENJJU‘15‘SJ "Nﬂ']‘iﬂ'l\‘l'm“U'ﬂ\‘i
ﬂ’]i‘i\fdmaiﬂiuwm\? Usenoumig 2 Tunau ﬂE)‘UUG]@Uﬂ’]'iV]"ISWU“UE]Mﬁ LLEI“”U‘LJG]E]UH'I‘S?"U
LLWUQ‘U’ENBTL‘U ‘ZJ‘L!G]’EJ‘LJ,LLSﬂfﬂuLi&lﬂ?ﬂﬂ’lTU‘U‘V]ﬂ“UWUE)ﬁJaﬁ"IElﬂﬂ‘t&fULLﬁuﬂﬂ?JE]SJﬁﬁi%lﬁﬂu\iﬁdl‘u
WU?.IBJJaﬂElu @Niﬁ‘l/l 2.10n. 97Ny ‘L‘H‘UNG’I@U‘WHENLUUﬂTﬁU’]‘UE]ﬂJﬁaWﬂﬁﬂwmﬁﬂlﬂ'ﬂﬂﬂﬂqiiﬂ
Ey']m'ﬂ’lﬂLﬂ‘iﬂ\ﬂ‘i‘UEﬂL'lJiEJ‘ULVlEJUﬂUﬁ’]EJﬁﬂ‘t&mﬁ‘lJLLUUVIUUV]ﬂl’ﬂu%WU?JE]Naﬂ?EJE]ﬂﬂ’é]i“/lllLL‘UU
Uﬂ’]i?\]‘Uﬂ ﬂ@'ﬁﬂ“ﬂ 2.10%. ﬂ'}ﬂu‘uaﬁﬂaiﬂMLLUU'iUﬂTﬁ]Uﬂ 'ﬂ&’ﬂ?ﬂ?‘i%’lﬁ]%mu\i‘dﬂﬁ]’eNﬂ'Ti‘V]i’]‘U
RIENATRIE

Ean mg e Bo

- §udaya
Yodayanunuy

“alsanwalfuLuy AL

o o = o -
YAVDY yadaya AYINWAIIULUUT 1 | duvded 1

deueunusu anganwal

ar L34 = o -
AMWANWUAULUUN 2 | funien 2

= s | ar o = ° v o
LAFDITU AMWANUAAUWUUN 3 | dundsd 3

o ¢ v o ° -]
AMUANWAUAULLUUN N ATLEUAUIN N

8
gudaya

MYAINYAIRULUY | duide
s d o [ i
AANYAURULUUN 1 | Funidsd 1
ar ¢ v l=l' o [ d
AWANWARULUUN 2 | duvedl 2
o ¢ v = o |
AWANYUAULUUN 3 | dunyed 3

r d o 1 d
MUENEAIRULUUA N | duvued N

VB9 doya y
Aruausy o) Mednal Sanasiy o
bATDNIU v ALY
wuugunisaug

9.

‘a"LI‘VI 2.10 mwmuwamﬁmamLﬂaiﬁﬁuwma [4]
. wumaumsmmumaua
9. wmaumisvummuwaqmw
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3§ﬂ13513Jai’%ﬁu§a’aﬂ‘ifamﬁ§mmnmﬁauﬁ"ﬁ*é"m WeauaTantigiusgiedes 1 §f
ausamIsLndeld wagAlanumingauiunismdumdaiidunuunssifiseduaeaiuasly
1Wiu (Non — line of sight: NLOS) L,u'ejafanﬂlmvuumu%mamamﬁﬂwumaamwmaaamLﬂﬂ
AAuvaeIale mwamaawaamﬂmau’iumimmwuaﬂamaﬂ‘ﬁLfammml‘umimv
mwnsmmawmaamwmmﬂﬂumwaua FoduiznsiBedontunldlussuunisiume
NelURIAISUINNINTEUUMAIUALINIELENEIANS WU N15ATI9dUFUAlUAE IR uA msﬂw
2:41 VI‘iEJmii““UW]LLWIJ\&‘UENUHN%ULWBW]L‘U'111]?1‘L!“VﬂNﬂiyaUﬂﬁl%ﬂﬂﬁaEﬂuEﬂﬂ’ﬁVﬂﬂﬂl?ﬂ‘wu N
sﬂw 2.12 1 Jusu

= ° ' Y a A w o Y o A = w
UR 2.12 mavshumdsvesinnagundsiiilyfumiUsvaudefieganeluenensiignlull (2]
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25 FBN1SNATILRA ALY
Bnsignldlunsiasesidmumisdidetunaneddnsde sy WU NsiFeusuuuiug
(Naive - Bayes), msiasgsiuuuouinulndfss (K-nearest neighbor: K-NN) wazlasaune
Uszamiiien (Artificial Neural Networks: ANN) fugy Felwinendnugs 1mu'm'mms'1vw,|,uu
Woutulndides waglassgyssanmifisnanldlunsiinsesidnumis Sediseazison §eo

2.5.1 mawnziuvuioudwingife

msleTgiuuuiioutnilndifes [11] LUuLwﬂuﬂmLLmﬂmsmﬂmﬂuﬂaumawiﬂﬁlﬂwaua
Hnvim (Training data) Tunsadrsuuudnass LLm]JL‘u‘uauauuu'}Lﬂummenaauaa ’Lum'ﬂ‘mu
K-NN algorithm 'uummaaiv‘ummt.asummumumn‘mﬂu K Ferrfiasndusuensuurense
(Case) flagsasdumilunisinnensdilva al lgorithm wuu K-NN 1¢m.ﬂ L-NN, 2NN, 3-NN, ..., k-
NN Taefl K wiuiaesmnuisman wu ¢NN . viness algorithm Hiasdun 4 nsdififidnune
IndiAssiunsellyml (4 nearest cases) lunsvinmensailog

K-NN Lﬂuﬁﬁﬂwsmﬁaﬁqawwqsaﬁ'}miﬂumsmﬁwLmu‘qlﬁ Tagld38n1smdumiaaingn

ﬂ’)']llLLMﬂGINﬂU’U’eN‘I.JE]EJVIﬂW’U’ENﬁ’]EJﬁﬂ‘i&i’ﬂJﬁluLLUUﬂUﬁ']ElaﬂHm%ﬂﬂBU Iﬁ]&}ﬂJﬁﬂJﬂ’]'ﬁﬁ'lﬂ’]ﬂ'ﬂi!W]\‘i
PREALNIN 2.3

2
O, Op

172
2 2
3 = E) B 3 -B s
ef(x,y){mn(x D=4 18,0 )) - B ()] ] 23
Lﬁa Am ﬂ@W']‘E'TNLG]B'i A WLJLL‘LI‘U As ﬂ@’W'ﬁ'}ﬁJLﬁlai A VA#aY, Bm F’)BW'W'HJW]B? B WULL‘U‘U
Bs ﬂEJW']'i']JJLF]@‘i B vmgau O'i Aa ﬂ’]ﬂ’l']ﬂlLLUiU‘J'JU'H@\?W']‘J']QJL(‘?’IE]S A LAy O'B o Fﬂﬂ’ﬂll

LLU‘i‘lJiZI‘LHJ?NW’]i’]@JLﬁ@'ﬁ B

NNUENISORAR x, v "Ls’ﬂﬂﬂm'a"wmizmmﬂme,muwaummmwmwmﬂuawam
Msme iUl K fiaunsi 2.4

K
Z (argmine, (x, ),

(%)) =& = (2.9)

2.5.2 asevgussamiiieu [6], [21-31]
lasangUssamiiiey L‘LluLw‘umaaameuﬂumumwuwamqmuﬂmwﬂivﬂw
(Artificial Intelligence: Al) Iﬂamammmnm‘smmwamaaﬂumm’luauawaauwa wielerl

ﬂ’]']iJﬁ"IiJ’W'iﬂIUﬂ'}‘JL‘EEJU‘S ﬂ’]‘i‘ﬂﬂf\l’li‘ULL‘UU LLﬂuﬂ'liE)‘lJM’Wuﬂ’ﬂui L“UuLﬁ]EJ'JﬂUﬂ'DWQJE‘IWM']‘JQWQJIu
ﬂﬂJEN?JENiJH‘UEI
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2.5.2.1 quaneuduvaslaseineUszamiioy
ﬂmé‘nwmswﬁuﬁmmzau%’w?ﬂﬂﬂwzhEnJ'izmmﬁauﬁw%’umiﬁﬂmﬂsxgm«:ﬁ

T Toun

1) m'iﬁ‘fauGiau.uwu'lulﬂuq‘l"lu'auuﬂn (Massive parallel)

me'mtl'iva'mmﬂuﬂsvﬂaUMmwuwﬂﬁumawaaaﬂLﬂuﬁnmumﬂ
L?iEJﬁJﬁ]@ﬂULUuLLUU?Ju’mwaWEl‘iiJLL‘U‘U

2) dayauasmsdurniuunszans (Distributed data and
computation)

wiazvulreUssurates dlaseadiefidreiiauaiuisalyuinin
Ussﬁw%mwﬂﬁiﬁna’su%am%mjwﬂixmwLﬁaulﬁmﬂmﬁﬁwwi’aur‘ﬁ’mmunssmwmwma
Uszanadeaduduiuuin

3) mflumu'ﬁn‘luﬂ'ﬁﬁau% (Learning)

mz—murmnmuwamaamamaﬂsvammEm ﬂaﬂmummsm‘[,unmsaus
niymumsmnmawﬂwmmﬂﬁ:umwmﬂﬂ sy tulleteiivse awﬁmwLmnma“l,ﬂmnﬂmmﬂzgm
PR IART TR IET

4) puanansalunsyiniilunaly (Generalization)

LUuwawaaslmmmmamﬂia’lumsLiausfuaamsamaﬂivawmsm
mmauamwamaiumanamm/%mamaaﬂ nfsguedI dlugaiuamnsaly
msmauauaqﬁa%auammmwmlm WUUOUI mmmmiﬂlumiwﬂmﬂumwuaamuaanu
A WIelRyad I URinaause

5) M35U5UA (Adaptation)

m'mauwaqLﬂsamamlﬂammmmia’Lum'ﬁmelﬂ ﬂmauﬁ’aﬁ' Ml
lasstngyssaiiioy umimaﬁummaulﬂ’[,uﬂ'ﬁu'x"tﬂﬂnaﬂmlsﬁﬂuﬂmmmmwmﬂ Joudl
nMswdsuuas (Dynamic) lalusenan

6) nﬂ'sﬂ‘i"ma%’amm%uﬁam (Content-based processing)

31JLLUU°uaua°ummsamanumwmauaa’Lu‘zUL‘mLuamluimqmmm
willouszuusaAuTaly miﬂiumamauammammnmmamimma‘maui vaiiey i
myvhanulndidsefuiditinlusssusa

7 mswuwammws’aq (Fault tolerance)

nsifeustedenieusznades 9 NN MliRansudeany
wses Wodulndumilenatetedeme szuulpeinezdnsinulsrely

’lumﬁwwmmuwamamuiﬂswwﬂ'svammEJaJ Iaantefiazldsyuuil
ﬂmanwmvmamu mmﬂsaumauaaummaﬂu‘f]ﬁmuunuamwawuwa ziiulidadn
ﬂammmaiuuummLsa’LumiUivmamammLawmuaﬂ'm LLmaawaiﬂmmauawamuwauu
mmmLmﬂzgmwawaumsm (Perceptual) l@fissavinmninnoufiumed
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2.5.2.2 Tassveuseamiieunilaviag

lAssteUsza e Lﬂumﬁamauwamwawmaﬂsumawaﬂaawmaﬁ]
ey ’Luwmuwuﬁummﬂwuaaﬂsvmawaﬂamﬁ Wwaduszam Imamlﬂ’tu‘[ﬂswwﬁsvmw
Lwammﬂ'ﬁvnaﬂﬂmmauamLm (Input: p) mamamaan (Output: y) Anghaiwiin (Welght w)
%%uﬂiﬂuﬂNWUﬁﬂU%aﬂJa‘U’lL‘ZﬂLLﬁvLUuﬁllﬂﬂ‘lﬁUWﬂ’liLiﬁJU‘i M3MTveUYadUTEAMITLY WAy
Hendusindulavseflastudelou (Activation function or Transfer function: f) LWuIS1LATA
Aenudiusiudoyaudriuddmiing Aeatiasyiulafisazdadnenly viofasedulvudes
demeanluvinlsliiuiadussanniay uiluundlasenaussamidisnuuuasiidneusoamie
ludaegse Iﬂi%ﬁiﬁﬁ“ﬂ@ﬂiﬂ'ﬁﬂ‘u’lﬂﬂiuﬂﬂwL‘V}E!ﬁmml,amﬂﬁﬂ% 2.13

| -

P2 w2

w3 f
——.. y

sun 2.13 Iﬂ‘Nﬁ%’]\i“u?NIF]i\‘l‘tl"lEJUixﬂ’mLﬁﬂﬂ%ﬁﬁﬂﬁ’l&lwmﬂﬁayjﬂ%%ﬁﬂ [6]

2.5.2.3 Wengudnelay
ﬁanwmEﬁ,auLﬂuaﬂmwwmuwmummeLawaqmmmauwuanwaua
PndFuAmTg fessrulafisazderieantly mam“a&maanlﬂiwnuLsuaaﬂ'ivmmmau‘lu
sUuuule ﬁaﬂﬁuumaiamﬂul@mLLUULwauuawlmﬂmwau n'1iLaaniﬂtqumumaIau%muaa
AuanwzupIse Uumuﬂmwwmvawmwa*ulﬂ*dsvanﬁﬂm ﬁanwma‘lauumﬂnuawmaLLUU
mimaﬁammmUIauw’L%’Lu'mmuwuﬁu Ao Handuarelounuuidunss wasilastugrelouuuy
wsall faflveazBundad
1) Wergudrelounuuidunse
Harduarslounuuidunss mmLammiUw 2.18 Julsidugnalouiidy
WUULBALEY enuaunisii 2.5

f(n)y=n (2.5)
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> jl

-1

Uit 2.14 HeiFudaloumvuidunss [30]

2) Heftudielaunuugiuiad

Haiifudrelounuuguingl viellsidudelouwuuindi@ou gnuanai
SUT 2.15 aumsdi 2.6

flmy=e™ (2.6)

i } >
-0.833 0.0 -+0.833

U 2.15 Haidutelounuugiused [(30]

2.5.2.4 nyn15i38u3 (Learning rule or training algorithm)

madlaswisyssamdeunldou gruvadu 2 Fumeundn fio Sumounis
ﬁﬂﬁﬂmmiﬂui (Training or learning) LLa”‘U‘uﬂaumWﬂﬁﬁ)ﬂﬁﬁid%ﬁ’lﬂ’i}‘id (Testing or working)
m'l,un'i.,munmiauiuuam'13mLUQ"LmL1Ju 2 nguaungnisieuiveslassitgyszamiiisy
léun ﬂ’]'iL‘SEJuitLU‘lJuﬂ‘iaau (Supervised learning) LLauﬂ’l'iLSEJu‘JLLUUhJMﬂiaau (Unsupervised
learning) mqluwmuwuﬁu "meﬂg]ﬂmsauiLLuuuﬂsaauﬂnaﬂmwa'ﬁua'mmaum’l‘u Tun1s
Lﬁ&tuﬂmwmaauu Wumaiiauengudeyasedng (Training set) Tifulassnelugduuuwes
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Joyavidmioutmung (Target) wmaqn'rﬂmnuimw’umwa’LﬁImwwwam Immamauaw
whgndeulviulasetie Lﬁ'mmamaﬂmamaﬁ]umm"l,ﬂl,ﬂwumaunuL‘f]'wrmwawauawm
mnuu‘[ﬂsww%vmmwsumuwuﬂﬂsva’muavﬂﬂuaa Lwa’Lmauamaanmaﬂﬂswwama
Wmnedigosns

2.5.2.5 wilavaslassineussamiisunuanttnenssulasegae

mMywunriinvaslassteussamisumuandnenssulasne iy avanunse
LLﬁaTﬂwiwﬂ'izmmﬁamanLﬂu 2 Useiaw Sk 2 Uszeom léun Taseneludnantn (Feed -
forward network) ‘Udﬁ.]”?.m'l‘il.‘ljaﬂiG]E)SUT‘T'JN’GULUULLUUVI?WI’NLWEJ’J ﬂamwﬂmnmﬂwauamw'ﬂﬂ
feioyarieon uazlrsatnaloundy (Recurrent  network) smumimamamaimﬂuwu
‘IjE)‘lJﬂaUﬂSEI’N'iEJU MsIMUNTUAVBILATIUEUTY gamifieunuaan nenssulassdiagnuansd
iU‘V] 2.16

Tassvrndszaan fvy

Neural Nebwerk

; YA
Tasavroldynan |

Feedforward Vetwork |
b

WW- W

L Ly o Y o o v
iwaTiBwnran || twotidnason Hantu Tasaunw GHuE I danITAILE Tassuin ;
Tassvnp ane

ART Network

L . Lmops aalnl a
qULANT WRIUTW NITRYITN TOIIN LT LU TAWNAR
Kohonen Hapfield

SO Hetwork

single-Layer Hultilayer

Perceptron Par

4

v

F}h

3Uil 2.16 msduuntfiavaslasesusy samiflgunuanieenssulasaing [6]

mﬂiﬂﬁ 2.16 Mmyuunvinvaslasselssamiisumuaninenssulasegie
%vmu‘lmﬂmwwﬂiva'mmauuumimaamamuam{lmaﬂﬁwmﬂuw wrdmsuInendnus
Lauuuummmauhlﬂwiﬂiamaﬁqmjumumu miﬂiaﬁmaﬁqnﬁumusﬂuumﬂuimww
Uszamifleafionils ’dﬂmﬂm‘ﬂﬁlﬂﬂ‘iiﬂﬂiG?J’}SJLUuLLUUIﬂSWWEJI‘U‘U’NVEU’)

2.5.2.6 Taseineilarduguied (Radian basis function network)

lasedwilsidugnused Wulassingludraiussammieildsunssenduing
UssAnBnmgalasstinenis lesvieilaidugiuied wandnsluanlassiomesidwnseuuuy
ety (Multi - layer perceptron) msiilassneilefdugudadl sulifudeudiostuion
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David Broomhead sz David Lowe feilufynidninerilefidugiusedunszgndld Tasedng
eitusaflanunsafimsanduitaidunisds (Mapping function)vasmudiugseninegguuuy
Toyaviduasdeyaneentd Tnemsideuivedasseliumsuusiminussamilsilgiaisy
msdefimnedign fafumannsandiléin lassingfandugiusall Aensvurunsuiuidulds
(Curve fitting) sewindoyadoyavidnivdeyavesniiues

1) aaUnenssuvaslassdrefeddugusad

andnenssuveslasstneflsidugiuind gnuansfasuil 2.17 Tassdne
laidugruiad Usznouluseduvesivaduszam 3 $u loun fudayardn fugou uaedy
foyaveen FellswaziBen dwieluil

Fufoyavdn: winsdayavidsununudnvurvesinneidoya
i infleuiululassiramesidnpseuuvunaeduiagly %ﬂluﬁﬁnnma%ﬁ@gamvimxgn
mMuualivnawiaiy R

Futou: usirziwaduszavludugoussiiilaidudielou Seildnuas i
fidslinanovaussvaaitafidy %'ua%iﬁ’usxasmﬁsijﬁa;&amLsﬁ'wﬁmmquéﬂma‘naaﬁqr’i%’u
nanfeianseifoyavidieglndqaguinmaunn doyavieeniliozinn fnmeitoyam
\ihegieeningaguinats degameenillsazanatmudiiu it uuwadussamludy

1 =

FRULVUIAWAY S

Tudeyavioon: Iuihiiswudeyavieeniilduinuiazigadusyamludu
dou lassinelvideyaveanluguvasnmesuuiamiaiu m

Yudayavdi YULIU Judeyaviaen

ei 1 & o/ o = '-at 2 E 2 1 s o [3 5 1
Ui 2.17 Iﬂiamaﬁanwgmmu ﬁmu’m“vaway’ammmﬂu R 9uuwaaUseaviutudou
WU S LLazfummwaq%aagamaamﬁ’]r‘fu M [6]
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Alusransnsafinsunlaseiefleitugused  Gumsiteidumsd
seninligiivestoyavudr pe R Wéswigfivesdoyarieen ye RM1¢ 9nlasadne
arifugniSrilugudnediu awldindeyarioensail i veddasenesiriiy

Vi =2 Wb, (P» ck) 2.7)
k=1
g
- Zwik¢!c (”p — G ”2) (2.8)
k=1
Tnad ¢() = daifudsrnnnn R+ luds R wseadUssamniai k lududou
| - ||2 = Feidussezmauuugadn
W, = andwiinsvavveaaduszamend k lududoy
§ = MwugasUszamvivuslutudey
£ B = wnwesaquinandluiglvesaninestoyarudrdmiuead

Uszanniwadi k lududou

dmSuusiaziwadusvamlutuden ST BENNgABATENIINAD S
Audnans ¢, funnmesfeyavids p asgnAuan ?Jama‘znaaﬂwaawaaﬂiomﬂwu%uumlﬂ
Mnflandu ¢,‘ (- )°NL.%Juﬁ\‘lﬂﬂuLLUUIMLUULﬂNLﬁu gaeudd doyavieanveslasetiearlsan

nasmveRtiwiAUsTam fufeyaviaenveswaduszamandudousaumsd 2.7 uay 2.8
dhoghaesilaitu ¢, () Mdlulassegdad Wy

- MAdunmdBeu = g(p)=e

- flandu Hardy Multiquadratic = ¢(p)=+p*+c* /c Lepti
- lsridu Inverse Multiquadratic = é(p) =c/\/p2 +c*;e>0

nMsUsnguesileidu ¢ dndniduiiunvesde Radial Basis Function
3o RBF Hulaq Wqﬂwwuaﬂﬂ?ﬂuﬂqnﬂuumumu unfigaffofsiFunididou JUsevaaleidy

Lmﬁmauuamﬁuﬁﬂw 2.18 Tngiivnsfined o L1Jumﬂ'mﬂumwmmwaqﬁaﬂﬁuumumu 739
Sendmsdinesnisnsyans (spread parameter)
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T HH"IN%"U e A gnait————%

Uﬁ 2.18 HaveINIIAWesNISNTZAE o (6]

2

nnmesaUNaN ¢, vensaaUsEamgousaifl & axfudeyaridhann
nnwes p iAWY R vnsifwes o, vimthiimuauannseudas it ifuguied
laguniiuds dnmesteyarnidh p Sszezvheaingudna c, 1ndu nande lp—c, |, 36
i Adildanndlerivy 8, Awanas fufivesilerdu 4 Boni aunudy (receptive field) va4
wadUszamiug Toyavneen y, veslaswaglivanuasinvesdoyavioanuesilaridu ¢ 21n
nnwadUszanylududeu Tnsdnfudannasanaudnans o argnidonNUsgiivesannes
foyavudn fdeaziodunmesgequinmuiesususadussaviudugou fomouay

asounguUiglivastayauinld meavBeanisafimesas q vedasuheflsitugiused awld
nandsluiitedsly

2) miinaeulasstedeidugiuiadl
msfinaeulassthedleidugiuses duldifiiauslivarssduuy
ludnwasifriudunfinaeulpsahedsyamiteawuiug msiinaeulpsseilaiduguied
Afenshummsiiwesvedlaseinedessnouluse
b winusvem w, aWiV 7 =L M uazk=1,., S
- meiyndudnassswadussa i & lududeu ¢,
AT o= Doy S
- ATTEWeINISNIENY o, A WSU k=1, S
TuﬁwmﬁwuéﬁfT?’fﬁ%’mﬁﬂaamwwmuémawmﬁ (Fixed  center)
mmulumsdﬂaauwﬂma'ﬁﬁmﬂuaﬂmwvaﬂauuwm'gﬂmaimauamm wagagluiingg
Wasuudawiumisvesgaquinaslusenhemsiingou 'swavl,aaﬂﬂﬁiwnaauumamalﬂu
‘wmswmmamwuﬁm@uamaanmm i vedlassveilandugiuseiann
AuNTA 2.7 o 2.8 asiule “W']‘i’ll]ma‘i‘ﬂﬂ’mﬂMﬂ’liﬁx‘iﬂ’l%%ﬁ’]x‘i‘ﬂﬂua‘mw’]ﬂU‘U@?Ja‘IJ’I?JE)ﬂ
voslasstrefdermimiinuszam w, luﬁuwa:uamaammmnmasamﬂuaﬂma ¢, vaaflandugnu

=

Sl (uuSqandnudiaeilsidunmddau) muumsﬂﬂaau‘lmamﬂﬁﬁﬂwgm%’mﬁﬁdwmamnﬂa

4
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fmualinnesyagudnansiidned Imﬂ‘uﬂﬁLLé"JIu%umauﬂ'l'i'E'Jﬂaam“ﬁwmiémLﬁannmmaéam
gudnansanianaeidoyaridn dvddgegrandddunisiinaeunuuiide Srununnmesyn
ﬂuaﬂmwauLaanmavmammmumaawamvmaumuﬂiﬂwawauamm 34laiiaznsi
wiverlumsmirmmesanmesFndnmsteiiudusiils nénmssghmieide deninmes
gudnandiiidnannnetissaseurguuigivestoyaridn udluvasiindeusanansofde
nwesyagudnaveenanlaseing leitlivililassdnsanyssavsnmaudedidla Sanesfiuns
fAnaeulessiendminiidmussnununnaesyaauinauds ffuneusweluil

1) Awualiduugunneideyaviduasdeyavieeni
via O 4 agliindeyaeen §, veswadusvamsil g vedlaswing Ao

§

F,= 2w (P00 )sq =10 (2.9)
dmsu nnmeiTeyavvin p, veseil g wasanesIRAuEnas o resvadUsTamT k luty
FOU

2) Weulviogluguwsindleinad

¥ —¢(p]=cl)“'¢(plﬂcs) ) ’_W| ]

o . : ( (2.10)
_yQ_ _¢(pQ>cl)“'¢(anc_;)H _ws 4
39
=, (2.11)
lngi yeR% = deyavioenvedlasadig
weR™ = unwefihwinyszamlutudeu
®e R = Rndvesilaidugiusad Tududeu

3) L‘f‘iaamﬂ%mmueﬁﬂmmmﬁaﬁ%’uﬁmi’ﬁﬁ gnimuslined

mmmn%ﬂﬁuaﬂmwmﬂqﬂ‘tjumusﬂu nnmwum‘lmmwmmnaau
wyhmssnaRssevenimiusam Tmal‘nm'amnﬂsvamLﬂummmmmwmﬂLaaammam
(MSE %58 Mean-Squared Error) 3"m'|wauamaaﬂm@ﬂﬂiwwa ynuwauamauamaaﬂﬁm y
muuﬁqn‘ummaﬂivaqﬂmmuﬂnaau‘lﬂ'ﬁqmaﬂa
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1.&rs . o
J(w):igjl[yq—yq] (2.12)

J(w)%(j)_;)"‘ (5-7) (2.13)
it §e g2 ﬁamma‘haasﬁa;&amaanﬁﬁaanmﬂn@j%’ayamw’hLms*ﬁa:&amaan
4) wiannsil 2.11 adluaunsd 2.13 a¢ld
J(w)=%(j)—d>w)T(jz—(Dw) (2.14)

5) mseyiusiivendntioeiigaues J (w)
PRANNTN 2.15

o
£ e (2.15)
ow
le
~0' H+ D "Pw=0 (2.16)

wAAUNITTNFUFIBAS TN AS LT gy laaiminuseay
waﬂmq‘dwmnmmmﬁmwmmﬁﬁaaﬁqm

w=(0'0) o' 2.17)

Tnef @ ABMININNFTBLveiaiTy @

vnmisiinaeuiSetnsileifuguseiuuugnguinannsiiondi
(Cey Iunia‘iﬁﬁmumﬁgﬂquéﬂmqﬁaﬁ%’ugm%’ﬂmﬁmﬁ nistndeulasstesslinadwsifunaas
sunuula fedunisiinaeuasanunsovildednesnd Toilbiifaulaiienlaseheeidugu
adiluldenegramnning venluainduud Mevedlnssefeidugusad Sinannaunisi
2.16 @L’fwsﬁﬂﬁmmsnmﬁqmaumaqammﬂﬁuuwﬁﬁwmauaeimﬁumné’nmﬁ wuumlawin

(Underdetermined) ~ w3auuuml#iAy (Overdetermined) nafeingudnavioivad
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Usy mwlwu%u ll’i]TL!'J‘LJlI']ﬂﬂ']’I‘I/ﬁ'aL‘VﬁﬂU‘ﬂ']H’J‘lJ’tIENﬂW.}E)EJN‘?J?JZJ@"IHL‘U’]LLﬁ“UE)ﬁJa?ﬂaEJﬂ

dusutlnaau mﬂ'mmmwmﬁwlﬂmnmwiﬂaau‘[ﬂwmaavumuaa IﬂElLﬂW’l”ﬂ’ﬂ‘deﬂ’]iVl 2.8
WA mmmwmwmm%ﬂumua

’lunimw’lwﬁanﬁumeamﬂuﬂan‘uuﬁwuiﬁu W1dLme Nd Ay
sgrmilafide wsfiwesmanszae o smimanﬂmLLawvmwuﬂmam*mamwuﬁma‘lﬂu

dﬂ’l

o == (2.19)

&

ot

lnedl d_ ﬁaﬁh‘avawwaﬂéﬂﬁmnﬁamﬁwmwaﬂﬂuénawﬁﬁqaqﬁmimu.aw K fladnuiuveg

2
Qs

aﬂﬂusjnawmmaqwmsmmau K fadmiuvesgaguinany mtuaglaiaidugusaivasead
Uszamlududou fe

IIP &l

¢(p.c.)=e "2 (2.20)

nlasadeiaidugruaifisuu it '«Jwmulmﬂmwwﬁanwmuiﬂu WJu
Tnsstnefiilassadreitlidudoy amﬂivnaums’l,uiﬂ'ﬁamaLLanﬁm'ﬁmsquwm‘lﬂsww
Wardugusaiiie LLamﬁmmummmmm'm'[,uﬂ1-iLﬂuﬁqﬂﬂjuﬂsuumuumammmu%q‘lmﬁu
D81aLuEn Luamaunuﬂu‘f,ﬂﬂmamaswwmamwwmmjuum n1sEnaeulasedefleidugu
adl avldensndnlasweniunaetunn Lw;LummnmwLﬂuiﬂswnawmwamwawu
\fen mmumaaﬂiuamwmaamsmmuﬂ@mwm 71 9199zdelTwIuTiuInnT udagelss
i Tasenedeidugiused “I,muJuwaamuLLavaﬂmmeﬂsvaﬂsﬂ%mwmﬂwma

2.5. n'mls"anm’“l%’mu‘[maﬁwﬂnmmﬁﬂu

faulunaney muwmLa%mmumamammimwwﬂi LIV ENEPERIC]
NuazUszauanudusuduegd wu

1) nMsand1guuuu (Pattern recognition)

NUVBINISIAIFUNUUAD msmmmmaLLUaasULLuwaua‘mw'l Ly
ﬂaumaqwmmamamwﬂumant-ﬁ Tiegluzuvesaninesdnunie (Feature vector) fiddlduny
ARARNNE mmw 2.19 msﬂ‘:uaﬂﬁ“l"zN'IWLUumw UM IIRTIeilefisnys nsansudes
nsuungUARY EEG was ECG masuunwadifniden LAENIINTIVEDUANLIITT

2) ﬂ'lsil‘UﬂaN (Clustering or categorization)

Imej‘unmm ’Lumumﬁmﬂaua]dumauamwuﬂwmmumaNnaau
gano3iunsfunguazyiinisfumaniizadne (Similarity)  sevinstieyazuuuy wagvnisdu
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nquzluuuiindeiulidety dsud 2.20 nM3tunduilanunsaSonlddnegmdsinduns
Iuunguuuuuuubififfinaey (Unsupervised pattern classification)

fl

VIOvWara

Y e moam @ &

Uit 2.19 819N 3aRTIFULLY [6)
n. Mswundye el
. NMANIAIEOFITNET
A, M3TuungyLuy

., -
PR g

A ar 1 L !
JUN 2.20 shegramsfungu [6]
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E)’]EJEJ"I\?ﬂ’ﬁU‘SUEJﬂFﬂ‘Uﬂ’TﬁUﬂaﬁJ mum'ﬁmmuawama (Data  mining)
mMsiudnteya (Data compression) LagnTlnziAumdoya

3) m3UszuuAAeidY (Function approximation)

wmimwauasml,wmmumiL'ssms N aa Tugd inmeidoyauudn,
nnwaslihvuie selud

{x],y,} {xzyz}"-{xN:yN}

1
arussuuwantw

y =)

“ﬂﬂ e
WINTUDS 3

UM 2.21 fMpganisussanaeniaiiy lugufedoyaguuuudmsunngens (6]

JL‘SWF\WHM

NG

5

e

~
=]
.
~
=

!N er} ”
d @ 1 o L 9
3Un 2.22 AIBENNTNIUIYTIANY [6]

Toyadsnanmlduanileity y= 7 (x) flsinsuen TumefiRenans
nmwummﬂ’iummmﬁvwﬂﬂsaamwmﬁmw LLa”ﬂ’I“UaﬁIE]uaiULLUUEi’m‘iUﬂ’l‘iLiEJ‘Ll‘Ju
8139% uamzywmumuwauaama nsUssuuAIInduAsn1suiAUsE N y= f(x)‘UEN

ﬁqmmf(x)wﬂmmmwmmu‘uauaimwuawwm'iL'isJuﬁ fananslugud 2.21 Tunnsatae

WUUiaRIvamay 9 'suuu‘!,m"lumammmnimmuJua]umaﬂ"umiﬂiummmﬁenwu
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1) m3viung (Prediction or forecasting)
MuUAERAIMBE1 N Arde £18udl  1aan bt
MUY NIIVIUIENAFINNTIRDNSTIUN A8 S y(tyzt) Faduen o 1981 ty “luamﬂm

msmmawaumsuﬂﬂlﬂuﬂumﬂiumumsmﬂaumqqﬁna WemMansuasiangsy Mogienig
Usegnaldauu mawesadivinaauduandusuil 2.22 weniswennsaionsdiaih

2) mwwﬁwmmxﬁqw (Optimization)

Ugynviae egumnefundnemans @i Jenssy Seenans
ﬂ']‘iLLWV]EJLLﬁ”Lﬂi‘B“-ﬁm] mmsmwmmnLUuﬂaummimmmmmamlﬂL{Immwaaaana‘mu N3
mANmNETign fe nMsmameuidulyldmudeulede sty wazlvidnsussfiuanniledau
’]ﬁﬂﬂiuﬂﬂﬂ“ﬂﬂ‘ﬂﬂﬂ (aaammamam} mamaszu‘maumw‘lmm{kymmimumwaamaumu
(Travellng salesman problem #38 TSP) mﬂamuﬁmm NP-a1ys0d (NP-Complete) auansly
TIJ‘VI 223

3) wheANE B em (Content-addressable
memory)

Turpufiaimesyszunanaiay "LiJsuazJaiwuwm'mmmﬂnmam
mmawaa (Address) wm"lmlmmamamwuﬁnuLuawwawaua‘lwu'wmmmmamﬂm ol
‘Lﬂmnuuum afimsAniaviegiianain uiifisadnidos wamaw‘lmmnLamwaauuﬂ%mnma
‘Lﬂmnﬁuauawmaamﬁamqaum NUBANUIFURUS (Associative memory or content-
addressable memory) mmmmnmaawaamaLuamwawama foudidnsendealddoya
Joyavduipeunsdiu (lalawysad) viFedinufinieu mam‘l‘uwmammmﬁ}vmmmmmﬂﬂ
Sunldldagnegniiea duamalugui 2.24 wmEjmmmauwuﬁuuﬂiiwuumlumw'Nmu
51umauauwaaﬂs~au (Multimedia database)

Uil 2.23 Medlgmnsmenfivnzauiignvesiigm TP (6]



35

NUIYAIINT

= o ' ' ° ¥ a w & & 1 ° W w &
E'U'VI 2.24 W]EJEJ'NVM']EJ'F’]'J'TNQTEJ'N@Gﬂ?ﬂ%ﬂ@ﬂ?ﬂiﬂﬁﬂ?ﬂﬂ?qﬁc\nE'fiJWUﬁ (6]

4) seUUAIUAN (Control system)
Uummmamumuwm LE]']Iﬂix‘l‘U’]El‘Ui”a'WiLW;ISJ%J']US»EJﬂGﬂ‘H
NuINgAnUnils A9r5ansy UuwafmwmmwuﬂﬂuamauaumLﬁu {u u(),y (1)} Inei u(r)

Lﬂuazymm*uauammemummmuw waz y(r) Lﬂuafy,ayﬂm%auamaanﬁaanmmnizw

a0 ¢ luiv‘UUﬂ’J‘UﬂZJLL‘LJ’LJ“IJS‘UG)’J’Zﬁuﬂ@’lsiadLLUUii’]ﬂaﬁ (model-reference adaptive control)
Lﬂmmwawvwﬂaaiwamwmmmu u(t) f]au‘lwmJiv'uweﬁwﬂmvuuuwamanaummu
wuuraneileneda fheghady N3AUAUAUSINaLAeS 1Tusy

lnsstgUssamifion Iﬁ'%UﬂuwuauimﬁﬂUUi sendldauiuRngg ElEJ'NlI’]ﬂlI’]EJ
Meazdsathediuinae i sadiundasiay usnanduudadedesnnatnvane 7 fiuen

T.ﬂ'swwﬂﬁsa’mmammummmmm‘lumnwuﬁ Lﬂuﬁwwafﬂumimlﬂlﬁmlmamm
Usgansnw

2.6 UNU

'Luwulﬂﬂanmmﬂ‘[u‘[awaumwm mﬂuwawuwquwgmw Falginunldly
NUITeTalduulAn LAzl segalaninnnasnunInassans sud LUt e furasuy iUl
HGREHE suaamwmﬂummmmﬂiuiammumwm ummaaacgcumt,mummaa TONUUAYDY
ssuunsiieansuauniied SJ"Iﬁli%’Hﬂl’e'J~3‘3“‘UUﬂ‘]iﬁ’eJa”l‘iLLUULLﬂUﬂ’J’NEJ\‘] swluiidefvesszuy
msaaamwmmumwm mﬂum e wqwgwumu’l,umﬁmml,mm wazgavinglananada
WNTIATIE AL mwna’;um} ﬂﬂu’mﬂ‘z’ﬂumimammimmLmuﬂmwmuwuﬁawu
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NYWNUASNENNISIATIEH

3.1 unu
quwﬁﬁ]vﬂéwﬁwqw.ﬁLLamﬁﬂmﬁmi’lvﬁﬁlﬂumwwﬁﬂLm‘u'a Tastuusnay
ﬂa'nmmimaaaaﬁgmmumﬂ'mwwa'!fﬂummmiwwml.mua oiuA Fyanuduuunay
n¥1989 dynraisuls lududauiey gnanfmguilddmiunisaiianisfmeduns
maqaiymml,wa“l‘rjasmﬂumaaﬂwmmmwu’tuﬂixmumﬁmmum'aa’mmﬂaimuwma Falgr
naluudluund 2 'lumumaﬂa'nmmnmmmmmmaamwmm'imml,mm“lus.,u’m
RPN sziw::L‘Uuaauwavu’}m‘hjﬂ‘svLuuwamaqmsmmLmuﬂumaumamamwmuwuﬁawu

3.2 dygyradsuunaunineds

v
d

iﬁﬂauammmaau,‘uuLmumwmawmmwmuwuﬁu lanmualiidnwuziduy
wﬂammumuamaam [10] - [14] muamiuﬁﬂm 4 Imamﬂﬂauuaumuamaaui‘tﬂﬂmu
1381 (Time domain) LLaMNan'*zmﬂ'nwumuuamnmu’luimmummn (Frequency domain)
anTauansluENnTi 3.1 wavanmsi 3.2 mudiey lase

v (t)= ?4—[ Jusine(2 fu1) — £, sine(2 £, )] (3.1)
B
o IA=7 S
Vi f Y=t A (3.2)
0 |- >%
o A A usunAygeaEn
fy Pe uuuRieg
f. fe anufinans
fi fe eudsign
fu o Awiigeae

iﬂﬂaut,mumuamaanummmwml,l,uuat,ﬂﬂmuLUwsﬁamaamm’i,umuﬂ’nmmﬂ
uazAudaU Iﬂam"ummLLuuaLUﬂmmummﬂmmm'mu AI21) asf[,umammamum

o
=

~ful —f, uaz f, § 2 LtazmuLWaLﬂuﬂuU sﬂﬂaumzummamﬂmuwﬁanwﬂ

s

wallaIUUTENDUAN UL NSLLARNSS (Direct current: DC) (Wueug

Y



S

1
_——

=
S N B o> e
1
1

Amplitude (V)
Y

0.4

0.8 1 1 1
-1 -0.5 0 0.5 1

Time (ns)

U 3.1 gUrduvesdyanaidauunauniretsulmaming [3]

=100 T T

1201 -

140f

“160}+ -

Magnitude (dBm/MHz)

J
-
[=-]
=
|

6 7 8 9 10 M
Frequency (GHz)

=200
3

-
on

i s o ' v a =
JUN 3.2 awnmSuvesdygudwutuaun e dilamsuaud [3]

3.3 dyruisuld

dmiudygransuldlulawuning wismamLLBanASuvesdyg i sule
thy awmsmLr-mvwm“l,ﬂmnmimﬁaﬂwumm‘wmLLuuaLUﬂmmmammmammﬂuﬁqnw

nsteloumnudvestesdyga [10] - [14] Fygraisuldlulamuauivioany
vuwdureaUnaSuve iyl anunsadeuluguaunslased

V() =V(f)-H,(f) (3.3)

e V(1) #e ANNVL LA NS YR iy 0ud
H(f) #e Wardunisanelouvesinsdugne Feldannmsia
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dmiudyaraniuldlulawunaniu awnsomidlaeldnsuvamGiesdoundy
(Inverse fourier transform) YesAumuluannsuvesdyganiuls dyaruisuldly
o v, (1) awsaleulugUauns sl

v )= [V.(Ne"af 5

ars

3.4 W19HM3INNITIAVITUUIILUULAUN39D

v o

W1dwasaInnIsTaTesdyinuuutaunineds laun Adevesda nunazIn
(Power signal), mm‘uaaammmaéa (Average power signal), ﬂﬁafyl,amma‘uaatmaf“
(Path loss), m'igjgyl,aawmmaaa (Average path loss), M3UsgIwIaunazin (Delay time)
uaw N1Usyiaade (Average delay time) fiudu luidverdwustidonldmsiivesnns

grudadain maUsgiaan msgaddfitieds waznisUseluanaae sl

3.4.1 wisilmeinsgydeiituaznisimesnisusziana
wnilweinisgydaiivitiuasniniimesnisUsyiana [11] awrsamlduiain
Mawasdauniule leemdwosdyanansuldlumhendiva ausanldanauns

P(?)[dB]=20log|v.(£)| (3.5)
PI =-P, (3.6)

o - a ¢ 2 a ad
We PL, A9 WIS MBI SEEaTan

\osnndygrauauniieds LﬂuﬁfgmmﬁﬁmmawLgammmmum liaunsa
manmmmuﬁuaﬁﬂﬂawmmn’mm'm 91§ "Lu’mEJwuwuﬁulmmmswmmﬁﬂﬂawumm
Nuvesdy g ievitie? mnuumm%ﬁaamﬂumimLma‘smiaagl,aammﬂmamnﬁ
7l 3.6 muwwmLma'ﬁmiﬂsvwnmmmmwﬂmmﬂnm‘uamﬂmumawmammmaaaw
niaduideriumsfivesnmsgapdodan digui 3.3 henMdsnuvesdyyngean wiriy
-44.18 Wwdwa  wrlinsdiwesnisusrisnannnmidsnuvesdygugean v 4.76
Wl
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A
o

------------------ |- Pr,=-44.18 dB

& b
)

Received Power (dB)
)
[—]

0 15 10

i Time (ns)
w=4.76\ns

15

=

P 3.3 miadanfimesgade dituagnnimesmsusyiaaan
YOIy BULaUATIaEN

]
=

3.4.2 nmsgeyideidednmie

winiinesmsgaidiadiiade [13] AemsihmmIgydedaiduinmndyyia

aneituIAedes na1fe 191340 Lﬁﬂ%uﬁwmmmﬂ'ﬂLaﬁaﬁ’mm wwwﬁmaﬁﬁ’aﬂéngﬂ
LARIASALNISN 3.7

PL, =~ { Py (3.7)
TS 0

We  PL, fia  nsgydedditiabe
A

9 Yaslalunnsnan s

3.4.3 n15UsEAwaNRaY

W’limma‘imsﬂsvmnmmaa [13] ﬂamimmiﬁsvwnmLaaaﬁzjmﬂm’maﬁgmm

wmmﬂmmmmaa NATIAD LmfmLﬂﬂ‘tjumwmmmmmaﬂmqnmﬂuuum W15 8mes
ﬂﬂﬂﬂ?’]gﬂLLﬁﬂ@ﬂﬁﬂﬁJﬂTﬁW 3.8

T P.(¢)1dt

Ty = ?—J (38)
IR(:)dt
0

We 7, Ao msgydedtiade

=

p(r) Fe AdwesdanuSuudazia
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3.5 Msnsianuiisinsevssnismsurtuaundnedslussuruaudia
MMTIATIZIMIAATBIRSITeen TSI Un B slusE i ua SRt ey
ﬁm‘smﬂumamawﬁmmﬁﬂwmmaﬁwamqqﬂ&ﬁ&m (Euclidean distance error) [32]
Taglvifidasiumis (x,, y,, z. ) Wuidadundadildainmsyssuianasuwosssuunis
wisunds uagimualifdadums (x,,y,,z,) Wulifafigndes eranufiawainves

IBHENN ¢, waTarwIAliAINaNnIsA 3.9

ey = \/(xc %)+ (V= y.) +(z, - 2,) (3.9)

ELU"JV]EJ']UW‘LJﬁ‘L! ﬂ’]NﬂWﬁ']ﬂi”Ei“‘Vl’]\‘iElﬂﬁLﬂ&lu Qi ﬂﬂl‘?jL‘U'LlW’ﬁﬂllLﬁ@iﬁﬁﬂ'ﬁUﬂﬁi’JLﬂi’]u‘lﬂ
ﬂ’J’]iJL‘VIEJWI‘S\‘I‘UENﬂ’1‘i‘W]GﬂLLWH\‘IW?E’JEEQEU’IEULLQUWJ'NSQ ‘ﬁﬁﬂ']'i“"UUllﬂ'J’]%JWlENﬂi\‘iﬂﬂﬂ ANYDY

ANIURANANAUDITEEYNNAETATRE uAgsTUUiiAUismsates AresALRanatnTes
STHENN9RLAAILIN

3.6 &3l

UwulﬂﬂanquwgLLavwaﬂmi'zmﬁm FaaziduFomwesdyaanuuuaunids
Faldda T.ﬂaammwmmaﬂamﬂuawmmmmmuwusa'uUulmw1mimaawumummmu
I[EEE802.15.3a qunnﬂ'mumlma L€ mamaumammmmum 3 GHz U4 10 6 GHz LWEﬂ‘U
Iuﬂ'}‘i’JLﬂﬁ“"WmLmudLLUULLﬂUﬂ’J’NEi\‘i ﬁnﬂuulﬂﬂanmammmwwlm mmmmﬂmsm
agym'1maq’lu‘lcﬂmummnﬂmmﬂu‘umazumwsm"l,ﬂa'mﬂ'mmml,l,maumme Fadoyayeudi
lseluidenlsadhfumsatiannsfines srjﬂ?jmuauwmiwnunﬁmmmemdumms
Faleun W’l'i’ll.lm’e]iﬂ’liamLﬂEJL‘dQ’Jﬂ"LIEN'mLLiﬂ‘V]iJ'md WITHLMDINTUTEIIANVRIIDNTN
wisdinesnsgiedaifieds wemsilinednsssiananedsiules drunegaveIun
wdunmsieneimanuiisinssvesnsmdunise uniidussuvauds sadunis
MAIAURANAATEVIFUIInaao URUS LU RS ld 1R T s LU m%gn’lﬂumi
AeginazUseiiiunasaly
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4.1 Uni

Tuunileznannis N1599ALUUATTINEBINITUNINTZIEARULaUN TS sdmTUNITTA
fuvtanigluaimssslassnedszam Tasludruusnaznandnisaudusenuuunismaass
Frasuiaadononidu 4 ade Téun uSenlnosunsuvesnssuiuns A1998NKUVIIADINITIA
YOIFRYYID N1TODNUUULUUTIADINITWIF LN wazgnseenuwuulasadrefleddugiusad lu
dunasaznaniunsesdleldlunismaass wazeuyegaaznaii nsesnuuuNsIaLiune
mnadeu Faflseasdendasolui

4.2 M3 LHUNTTALUUNISNAADY

4.2.1 vdenlpozunsuvasine1inug

Inerdmusatiuil Iivinissiaomsmimumismeluoaistussuvandi Tneiduney
Tunsideed 2 Uszidiiu Toun Useiduusn 1Wunissrassnismsauisluseunuasdia dsanuse
e lATagUT 4.1 uasUsuiud 2 Wundieneiuasdsaiiunasruusiasmsmdiums

%ammsmmammlﬁﬁ’agﬂﬁ 4.2

#51auuuinansdivmsu MUUANNAYDILARY Wuanedneal fnaould

. |4 A | gudaya
mvigudaya auis (X, Vi, ZDam

' ° T 1
Tundaziuma Tassvneuseam
A

f.
UsEaanamneg
afauuudias mMuuANNAYaILAas uatednwal audnunialy -
o 3 . > P . ! = > WNA (Xi, yi, zi)j
dmsunismasau dwnds (X, Vi, Zds Tuudagdumds TAsstneussamds
IvihnsHinaauuda
.

JUT 4.1 vdenlnagunsunissiassmsnenunislussuvanuiin
. mimmuﬂ'rﬂumﬁmgwwuagua
. MSANIUNITAINSUNNSNAGDY

mn‘uﬁanlﬂavLm'ﬁuﬂm‘haaqm'ﬁmﬁ?ﬁLm‘dq‘luimmuamﬁﬁ auiuldnsmsumed
”meaawumLLU@LUuaawumau Ima‘uumaun,wmﬂumﬁmmu‘uaua Tﬂmumaumimmwﬂaua
Q”Liuﬁ]’]ﬂﬂ’]‘iﬁ‘i’lx‘iLL‘UU’i!"IﬂE]\‘iEi'\‘lﬂiUﬂTi‘V]'lﬁ’m‘U@uaﬂ@u qu’luLmumaaammmmmumwnmm
15 9niu mmi'mwm%wmwumuiuLLUUﬁnam'luamavLmaau%q wdvinsTadanod
Wﬂﬂﬁ’uﬂ el a AT ZRlASITEILUURNADS UHaINNTIATad LIRS eiluany
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é’ﬂwm"lmmavmmmmwlﬂLLamlf'ﬂuww 3 deuilunisthanednwallunsasdunys uay

Ana3aildrvualy 'Eflﬂaau’mﬂUTﬂwmmJiua'mmsﬂﬂiLLﬂ'ﬁuﬂammmai HafildanTun ol

WiENNMsE U assd MU IdaURoy Tagagynsivuaitndmusunsmeasulss
mmauLaaﬂmnmﬁwrmwimmmuﬁuama Wunisuaadiiiuin msmdundilesasiud
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function (RBF) neural network and k-nearest-neighbor (k-NN) based on ultra wideband (UWB) signal.
The channel transfer function was measured using vector network analyzer (VNA) at the frequency
ranging from 3 GHz to 11 GHz. The path losses and the delay times of first three paths were
investigated to build the fingerprints and signatures. The accuracy of this work is studied and shown in
the term of cumulative distribution function (CDF). From the results, RBF neural network provides
better accuracy than k-NN. Thus, RBF neural network is more suitable for an indoor positioning,

KEYWORDS - uitra wideband (UWB); indoor positioning; radial basis function (RBF) neural

network; k-nearest-neighbor (k-NN)

1. Introduction

Nowadays, the indoor positioning systems provide
widely researched in many applications such as
industrial sensors and equipments  control [1,
emergency services, people's position detection and
many others. The positioning system is based on
wireless technologies such as wireless local area
network (WLAN), ZigBee, Bluetooth, ultrasonic,
radio frequency identification (RFID) and ultra
wideband (UWB). However, this system requires
high accuracy and precision in an indoor
environment. This leads the utilization of UWB for
indoor positioning,

UWB is one of many technologies that are used
widely in the indoor positioning because UWB has
many characteristics such as low power, high data
rate (high bandwidth) and robustness to multipath
fading. There are many methods, which are used for
the indoor positioning, such as received signal
strength (RSS), time of arrival (TOA), time
difference of arrival (TDOA), angle of arrival (AOA)

and fingerprinting [2]. The fingerprinting technique
is appropriate for indoor positioning because the
indoor environment has more multipath fading, This
technique can use the characteristics of multipath
fading to build fingerprint stored in database and
signature. The target signature will be compared with
the fingerprint in database to estimate the position.
Furthermore, there are some methods that are used to
estimate position such as probabilistic method,
interpolation, artificial neural network (ANN), k-
nearest neighbor (k-NN) [3] and other methods,

The ANN is a method base on the human brain
working that can be learned and adapted to the
environment. Furthermore, the ANN has a strong
structure. If some neurons are damaged, the
remaining neurons are still able to run. Therefore,
neural networks are used in many applications
including pattern recognition, clustering, prediction,
optimization, function approximation and so on [4]-

[5].

The k-NN is an algorithm for classifying objects
based on closest training examples in the feature
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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 -
NN (4 is a positive integer, typically small).

In this paper, the biconical antennas with horizontal
polarization are used as both transmitter (Tx) and
receiver (Rx) antennas. The vector network analyzer
(VNA) was used to measure channel transfer
function with frequency ranging from 3 GHz to 11
GHz for covering the full band of UWB spectrum,
which is specified by Federal Communications
Commission (FCC). The path losses and delay times
of first three paths were evaluated and used as both
fingerprints and target signatures. Then, the positions
were analyzed by using RBF neural network and k-
NN. The comparison performance is shown in the
term of cumulative distribution function (CDF).

The remainder of this paper is organized as follows.
In Section 2, the positioning technique such as signal
model, UWB fingerprint, RBF neural network and k-
NN are described. Then, the measurement setup and
results of this paper are explained in Sections 3 and
4, respectively, Finally, the conclusion is given in
section 5,

2. Positioning Technique
2.1 UWB Signal

For UWB signal, the rectangular passband waveform
is used as the UWB transmitted waveform. The
rectangular passband waveform in time domain and
its spectral density function in frequency domain can
be defined by

v ()= fi[fH sinc(2 f,t) - £, sinc(2 £,1)] )

4 J
L “ff‘fc </e

(r)=1 s F @
o -1 >—:_

Where 4 is the maximum amplitude, f; is the

bandwidth, £ is the center frequency, £ and £ are the
lowest and highest frequencies, respectively.
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Then, we can find the spectral density function of
received signal V( f) by using

)=V (). (1) ©)

where F( f ) is transmitted signal in frequency
domain and H( f) is the frequency transfer function
of channel obtained by using measurement scheme
described in Section 3.

After that, the received signal in time domain
vi( 1) is evaluated by using inverse Fourier transform:

v(t)= [V,( ) af 4)

2.2 Fingerprinting Technique

The fingerprinting positioning technique concept is
based on the notion identifying a specified position
by relying on some data that can represent this
location. It has the same concept as 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
the appropriate data to build a fingerprint and collect
this_information to database. The second phase
consists of using the already built database in order to
find locations by comparing a target signature with
the database content (fingerprint). Theoretically, any
information can be used to perform unique
fingerprints. Here, the path losses and the delay times
of first three paths of received power are comprised
to build the fingerprint and signature of each specific
position. The received power p{ ¢t ) in decibel is
presented by

7. (N[dB]=-20logy, (¢)| (5)

Figure 1 shows the consideration of path losses and
delay times from received power. These parameters
were used to build the fingerprints and signatures.
From this figure, path losses of first, second and third
paths are PL, = -p,, PL; = -P, and PL; = -P,.
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Similarly, the delay times of the first, the second and
the third paths are 1, &y and & respectively,

(dB)
5 g

Received Power
&
wn

0
-~
<

X
i

10 t, 12 t, 14 16  ¢18 20

Time {ns)

Figure 1. Received power waveform.

2.3 RBF Neural Network

The RBF neural network is a class of feed-forward
neural networks that consists of one input layer, one
hidden layer and one output layer, the kind of
activation functions at hidden layer is nonlinear
whereas at output layer is linear. The RBF structure
is shown in Figure 2.

x1 y1
x2 y2
xn yn

Input Hidden Output
layer layer layer

Figure 2. The structure of the RBF neural network

The RBF neural network has properties of the
approximation and less time of training. The most
important of structure is the hidden layer; the hidden
layer outputs are found from activation functions
then will be calculated with inputs from the input
layer. Finally, neural network outputs are found from
addition of weights and the hidden layer outputs. The
neural network outputs can be written as
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7= Swidllo—c) ©

where s is number of neurons in the hidden layer, w,,
is value of the neural weight from the neurons k, gy( .
) is the activation functions, | - k|l is the distance
from the point of the input (p) to the center of the
activation functions (cx) at neurons £ as is shown by
norm, y; is the output of the network.

The activation function, which is used in this paper,
is a Gaussian activation function, which is the most
popular of the RBF neural network. This Gaussian
activation function can be expressed as

.
#(p) =exp(—L-) )
a

where ¢ is spread of the RBF neural networks as it is
determined to width of the Gaussian activation
function.

The RBF neural network training based on solve of
equation. From the RBF neural network output can
be written in matrix form as

ry: ] _¢(pl’cl)“.¢(pl7cs) j le 1

= | 3 3 . (8)

Yq

_¢(anCJ)"'¢(pQ:C.s)_ L s J

Thus, the simple equation of RBF neural network
output can be written as

y = dw ©

The objective function is defined as

9]
J(w)= o.sz[qu—qu]z (10)

g=l

This equation can be written in the simple form as

J(w)= %(j}—(l)w)r(j‘)—d)w)(ll)
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Finally, the weight can be adjusted by find the [east
objective function from that shows in equation (12) —
(14)

arw) o (12)
ow
0" p+ @ dw=0 (13)

w=(0'0) o' =0’y (14

Where ﬁq is the target, ffq is the output from neural
network and Q is number of output.

The weight is occurred as RBF neural network
training. It shows about ability of learning and
approximation the data which unknown,

2.4 k-Nearest Neighbor

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

i Ji { [PLGe ) PLT, [459)= tsif} (15)

i=l Opr, t

where PL(x, y) and t(x, y) are the path losse and
delay time of fingerprint at (x, ¥) position of path i,
PLg(x, y) and t4(x, ) are the path loss and delay time
of signature of path /" opii and oy; are the standard
deviation of path loss and delay time of fingerprint of
path /",

The estimated position of k-NN (%e, Ve) is considered
as the position with minimum estimated error divide
by k which k is 1,2,.. -+1, and can be written as

k
2 (argmine, (x,)),
(xe,ye)k= = T (16)

-Fingerprinting Positioning with RBF Neural Network and k-
an Indoor Environment
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Finally, the accuracy of UWB fingerprinting is
considered in the term of distance error. The distance
€rror ¢4 can be defined as

eV ~x) +(r, -y,)*  (17)

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

3. Measurements

The measurements were done at the corridor of 2%
floor, E-Building, Faculty of Engineering, King
Monkut’s Institute of Technology Ladkrabang, VNA
was used to measure the UWRB channel at the
frequencies ranging from 3 GHz to 11 GHz, which
cover the full band of UWB spectrum specified by
Federal Communications Commission (FCC) [8].
The biconical antennas were used with horizonta]
polarization as both Tx and Rx antennas. The
geometry and dimension of the biconical antenna are
shown in Figure 3. The positions models were
divided 2 models. The first model was reference data
measurement  that is the database content in
fingerprinting technique and the second mode] was
testing data measurement that s the target signature
in fingerprinting technique.

Figure 3. The geometry and dimension of the UWB
biconical antenna

The measurement model for reference data is shown
in Figure 4. It has 18 data points with 1 m space
between each data points. The obtained data are
fingerprints, which are stored in database. The same
process of reference data measurement was done, but
changed the measurement model as shown in Figure
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5. The data points are changed from 18 to 55 with
space reduced to 0.5 m.
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Figure 4. Measurement model for reference data.
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Figure 5. Measurement model for testing data.

4. Experimental Results

After obtained all data from the measurements, the
RBF neural network and the k-NN are used for
analyzing the position,

4.1. RBF Neural Network Result

For the best results, the RBF neural network spread is
12.5 with 10 neurons in hidden layer. The CDF of
distance error is shown in Figure 6. The average
distance error is 0.48 m, and the maximum distance
error is 1.27 m.

0.8k ............. ............ -

CDF

0 1 1 1 I i
0 0.2 04 06 0.8 1 1.2
Distance error (m)

Figure 6. CDF of distance error for RBF neural
network,

4.2. k-Nearest Neighbor Results

The CDFs of distance error for k-NN with k equal to
1, 2 and 3 are shown in Figures 7, 8 and 9,
respectively. The maximum distance errors for k-NN
with k equal to 1, 2 and 3 are 2.06 m, 1.50 m and
1.43 m.,, respectively. The case of 3-NN has the
lowest of the maximum distance error. Furthermore,
the average distance errors for k-NN with k equal to
1, 2 and 3 are 0.54 m, 058 m and 0.63 m,
respectively. The case of 1-NN has the lowest of the
average distance error. Generally, the distance error
of each case of k-NN is not much different. However,
k-NN with k equal to 1 is chosen to be the best case
of k-NN by considering the average distance error.

CDF

i ; i
00 0.5 1 1.5 2

Distance error (m)

Figure 7. CDF of distance error for k-NN with k
equal to 1.

0.8 A

CDF

i i
0 0.5 1 1.5
Distance error (m)

Figure 8. CDF of distance error for k-NN with k
equal to 2,
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Figure 9. CDF of distance error for k-NN with k

equal to 3.

4.3. Comparison Result

The comparison between CDFs of distance error for
RBF neural network and k-NN with k equal to 1, 2
and 3 are shown in Figure 10. The RBF neural
network has lower average, median and maximum
distance errors than all cases of k-NN.

CDF

1
Distance error (m)

i
s

Figure 10. CDFs for RBF neural network and k-NN.

Table 1. Distance errors of RBF neural network and

k-NN.
Distance RBF 1-NN 2-NN | 3-NN
Error Neural (m) (m) (m)
Network
(m)

Maximum 1.27 2.06 1.50 1.43
Median 0.38 0.50 0.50 0.53
[__Average 0.48 0.54 0.58 0.63

4.4. Analysis of Result Error

The distance errors of RBF neural network and k-NN
are listed in Table 1. The distance errors of RBF
neural network are significantly lower than k-NN.
Thus, RBF neural network is chosen to analyze the
distance errors in this section.

0.8 ............ ............ ......

CDF

i i i I i 1
0 0.2 0.4 0.6 0.8 1 1.2
Distance error in x coordinate (m)

Figure 11. CDF of distance error in x coordinate

The CDF of distance error in x coordinate is shown
in Figure 11. The maximum distance error is 1.29 m
and the average distance error is 0.54 m.

CDF

i
0.2
Distance error in y coordinate (m)

i i i 1
0 0.05 0.1 0.15 0.25

Figure 12. CDF of distance error in y coordinate

Figure 12 shows the CDF of distance error in y
coordinate. The distance error in y coordinate has
1.29 m maximum distance error and 0.54 m average
distance error.

Moreover, the distance error in y coordinate is lower
than that in x coordinate. The distance error of x
coordinate is higher because of symmetry. The Tx
antenna is at the center of x coordinate, Therefore,
the reference data at right and left sides of x
coordinate are almost the same.
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5. Conclusion

This paper is studies on indoor positioning using
RBF neural network and k-NN based on UWB
signal. From the results, the most distance error is in
X coordinate. The RBF neural network has the
average distance error between the target and
approximate positions of 0.48 m and the maximum
distance error is 1.27 m., while the k-NN with k
equal to 1, the best case of k-NN, has average
distance error of 0.54 m. and the maximum distance
error of 2,06 m. That shows the accuracy of the RBF
neural network is better than that of the k-NN.
Therefore, the RBF neural network is more suitable
to identify the position.
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ABSTRACT

In recent years, an indoor positioning system has been
widely used in medical, industrial, public safety and
transportation. In addition, its important requiment is high
accuracy in dense multipath fading environments. This
paper studies on indoor positioning using radial -basis
function (RBF) neural network and K-nearest-neighbor (K-
NN) based on ultra wideband (UWB) signal. The channel
transfer function was measured using vector network
analyzer (VNA) at the frequency ranging from 3 GHz to
11 GHz. The path losses and the delay times of first three
paths were investigated to build the fingerprints and
signatures. The accuracy of this work is studied and shown
in the term of cumulative distribution function (CDF).
From the results, RBF neural network can identify the
position more correct than K-NN. Thus, RBF neural
network is more suitable for an indoor positioning.

Index Terms - ultra wideband (UWB); indoor
positioning; radial basis function (RBF) neural network;
K-nearest-neighbor (K-NN)

1. INTRODUCTION

Nowadays, the indoor positioning systems provide widely
researched in many applications such as industrial sensors
and equipments control [1], emergency services, people's
position detection and many others. The positioning
system is based on wireless technologies such as wireless
local area network (WLAN), ZigBee, Bluetooth,
ultrasonic, radio frequency identification (RFID) and ultra
wideband (UWB). However, this system requires high
accuracy and precision in an indoor environment. This
leads the utilization of UWB for indoor positioning.

UWB is one of many technologies which are
used widely in the indoor positioning because UWB has
many characteristics such as low power, high data rate
(high bandwidth) and robustness to multipath fading.
Besides, there are many methods which are used for the
indoor positioning such as received signal strength (RSS),
time of arrival (TOA), time difference of arrival (TDOA),
angle of arrival (AOA) and fingerprinting [2]. The
fingerprinting technique concept, which is based on the
same concept as human fingerprinting, can be identified

different paths of area. This technique consists of two
phases. First, fingerprints are built and collected in
database. Finally, a target signature is compared with the
database to find the position. Furthermore, there are some
methods that are used for position analysis such as
probabilistic method, interpolation, artificial neural
network (ANN), K-nearest neighbor (K-NN) [3] and other
methods.

The ANN is a method base on the human brain
working that can be learned and adapted to the
environment. Furthermore, the ANN has a strong
structure. If some neurons are damaged, the remaining
neurons are still able to run. Therefore, neural networks
are used in many applications including pattern
recognition, clustering, prediction, optimization, function
approximation and so on [4]-[5].

The K-NN is an algorithm for classifying 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 (kis a positive integer,
typically small).

In this paper, we studied continuous from [6]
which studied on indoor positioning using UWB. The
purpose of this paper is to increase the accuracy of indoor
positioning by changing algorithm. For our measurement,
we used biconical antennas with horizontal polarization
for both transmitter (Tx) and receiver (Rx) antennas. The
vector network analyzer (VNA) was used to measure
channel transfer function with frequency ranging from 3
GHz to 11 GHz for covering the full band of UWB
spectrum, which is specified by Federal Communications
Commission (FCC). The path losses and delay times of
first three paths were evaluated and used as both
fingerprints and target signatures. Then, the positions were
analyzed by using RBF neural network and K-NN. The
comparison performance is shown in the term of
cumulative distribution function (CDF).

The remainder of this paper is organized as
follows. In Section 2, the positioning technique such as
signal model, UWB fingerprint, RBF neural network and
K-NN are described. Then, the measurement setup and
results of this paper are explained in Sections 3 and 4,
respectively. Finally, the conclusion is given in section 5.
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2. POSITIONING TECHNIQUE

2.1. Signal Model

For UWB signal, we considered the rectangular passband
waveform as the UWB transmitted waveform. The
rectangular passband waveform in time domain and its
spectral density function in frequency domain can be
defined by

%(0)=F Usine@ /)~ o0 )

(A y-s)<L
v(r)=4 7 . )
o M L

Where 4 is the maximum amplitude, f; is the
bandwidth, £, is the center frequency, f, and fy are the
lowest and highest frequencies, respectively.

Then, we can find the spectral density function of
received signal V,(f) by using

v.(n)=vr)-H(r) 3)

where Vi( f) is transmitted signal in frequency
domain and H( f) is the frequency transfer function of
channel obtained by using measurement scheme described
in Section 3.

After that, the received signal in time domain
vi( 1) is evaluated by using inverse Fourier transform:

V0= 7 @

2.2, UWB-Fingerprint

The fingerprinting positioning technique concept is based
on the notion identifying a specified position by relying on
some data that can represent this location. It has the same
concept as 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 the
appropriate data to build a fingerprint and collect this
information to database. The second phase consists of
using the already built database in order to find locations
by comparing a target signature with the database content
(fingerprint). Theoretically, any information can be used
to perform unique fingerprints. Here, the path losses and
the delay times of first three paths of received power are
comprised to build the fingerprint and signature of each
specific position. The received power p,(¢) in decibel is
presented by

P, (6)[dB]=-20logv, (1) (5)

Figure | shows the consideration of path lossess
and delay times from received power. These parameters
were used to build the fingerprint and signature. From this
figure, path losses of first, second and third paths are PL,
=-P,, PL; = -P, and PL; = -P;. Similarly, the delay times
of the first, the second and the third paths are t,, t> and t3
respectively.

Received Power (dB) )

10 12 14 16 18 20
Time {ns)

Figure 1. Received power waveform.

2.3. RBF Neural Network

The RBF neural network is a class of feed-forward neural
networks which consists of one input layer, one hidden
layer and one output layer, the kind of activation functions
at hidden layer is nonlinear whereas at oufput layer is
linear. The RBF structure is shown in Figure 2.

x1 yi
x2 y.2
xn ¥

Input Hidden Output
layer layer  layer

Figure 2, The structure of the RBF neural network

The RBF neural network has properties of the
approximation and less time of training. The most
important of structure is the hidden layer; the hidden layer
outputs are found from activation functions then will be
calculated with inputs from the input layer. Finally, neural
network outputs are found from addition of weights and
the hidden layer outputs. The neural network outputs can
be written as

Y= Z Wi, ("p - ck") (6)
=

where s is number of neurons in the hidden layer, w; is
value of the neural weight from the neurons k, ¢(.) is the
activation functions, || p - ¢,|| is the distance from the point
of the input (p) to the center of the activation functions (c)
at neurons & as is shown by norm, y; is the output of the
network.
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The activation function used in this paper is a
Gaussian activation function, which is the most popular of
the RBF neural network. This Gaussian activation function
can be expressed as

2

=P
¢(p) =exp(—5-) (7
g
where o is spread of the RBF neural networks as it is
determined to width of the Gaussian activation function.

2.4, K-Nearest Neighbor

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

3 W 2 > 12
e Z{[PL.(a,y) PLT | [4G) 1] } %)

7
Op, Oy

where PLi(x, y) and f(x, y) are the path losse and delay
time of fingerprint at (x, y) position of path ", PLa(x, v)
and #;(x, y) are the path loss and delay time of signature of
path i pand |, are the standard deviation of path loss
and delay time of fingerprint of path /™.

The estimated position of K-NN (x., y.) is
considered as the position with minimum estimated error
divide by k which k is 1,2,... .n, and can be written as

3 (argmine, (x,),

= &)
(xc’ye)k = J

k

Finally, the accuracy of UWB fingerprinting is
considered in the term of distance error. The distance error
¢4 can be defined as

edz‘j(xc _xe)2+(yc—ye)2 (10)

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

3. MEASUREMENTS

The measurements were done at the corridor of 12" floor,
E-Building, Faculty of Engineering, King Mongkut’s
Institute of Technology Ladkrabang.

3.1. Measurements Setup

3.1.1. Frequencies range
The VNA was used to measure the channel transfer
function with frequency ranging from 3 GHz to 11 GHz

for covering the full band of UWB spectrum specified by
FCC.

3.1.2. Antennas setup
The biconical antennas with horizontal polarization are
used as Tx and Rx antennas.

3.2. Measurements Process 96

3.2.1. Reference data measurement

The measurement model for reference data is shown in
Figure 3(7f has 18 data points with 1 m space between
each data points. The obtained data are fingerprints, which
are stored in database.

3.2.2. Testing data measurement

The same process of Subsection 3.2.1 was done, but
changed the measurement model as shown in Figure 4.
The data points are changed form 18 to 55 with space
reduced to 0.5 m.

—1m —

B [L21] 134 =9 n
'I' @ @ @ [ [

im
Aita J_ w2 @3 124 129 28
@ @ @ @ L]
i ey 0.2 0.3 1.4 ] (L]
-] @ ® L] @ @

bon

Figure 3. Measurement model for reference data.
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Figure 4. Measurement model for testing data.
4. RESUITS

After obtained all data form the measurements, the RBF
neural network and the K-NN are used for analyzing the
position.

4.1. RBF Neural Network Result

For the best results, the RBF neural network spread is 12.5
with 10 neurons in hidden layer. The CDF of distance
error, which is the distance error from testing scenario, is
shown in Figure 5. The average of distance error is 0.4786
m, and the maximum of distance error is 1.2690 m.

1

CDF

] Y S

H i i
] 0.2 04 06 0.8 1 1.2
Distance error (m)

Figure 5. CDF of distance error for RBF neural network.
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4.2. K-Nearest Neighbor Results

The CDFs of distance error for K-NN with K equal to 1, 2
and 3 are shown in Figures 6, 7 and 8, respectively. The
maximum of error distance for K-NN with K equal to 1, 2
and 3 are 2.5000 m, 2.2360 m and 2.6034 m., respectively.
2-NN is the lowest of the maximum error distance for K-
NN. Furthermore, the average of distance error for K-NN
with K equal to 1, 2 and 3 are 1.4525 m, 1.4098 m and
1.4443 m.

1 T T i

CDF

3] IS S . - : v

I i
0 0.5 1 1.5 2 2.5
Distance error (m)

Figure 6. CDF of distance error for K-NN with K equal to 1.
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Figure 7. CDF of distance error for K-NN with K equal to 2.
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Figure 8. CDF of distance error for K-NN with K equal to 3.

4.3, Comparison Result

The comparison between CDFs of distance error for RBF
neural network and K-NN with K equal to 1, 2 and 3 is
shown in Figure 9. The RBF neural network has lower
average of distance error and maximum distance error than
the K-NN.

97

CDF

7] SO R e

Distance error (m)
Figure 9. CDFs for RBF neural network and K-NN.

5. CONCLUSIONS

This paper studies on indoor positioning using RBF neural
network and K-NN based on UWB signal. From the
results, the RBF neural network has the average of
distance error between the target positions and the
approximate positions of 0.4786 m. and the maximum of
distance error is 1.2690 m., while the K-NN with K equal
to 2, the best case of K-NN, has average of distance error
of 1.4098 m. and the maximum of error distance of 2.2360
m. That shows the accuracy of the RBF neural network is
better than that of the K-NN. Therefore, the RBF neural
network is more suitable to identify the position.

For the future work, we will study the possibility
of accuracy improvement by adding some parameters to
build the reference fingerprints and using another
algorithm such as multi-layer perceptron (MLP) of neural
networks, interpolation and other methods.
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Abstract—Indoor positioning system has been applied for many
applications such as in medical, industrial, public safety and
transportation. Iis important requirement is high accuracy in
dense multipath fading environments, This paper evaluates the
indoor positioning using radial basis function (RBF) neural
network and back-propagation (BP) neural network based on
ultra wideband (UWB) signal. The channel transfer function was
measured using vector network analyzer (VNA) at the frequency
ranging from 3 GHz to 11 GHz. The path losses and the delay
times of first three paths were investigated to build the
fingerprints and signatures, In this work is studied and shown in
the term of cumulative distribution function (CDI) and the
average distance error. The distance errors are shown in surface
graph at the x and y coordinates. As the results, RBF neural
network can identify the position more correct than BP neural
network and the training time of RBF neural network is less than
the training of BP neural network Thus, RBF neural network is
more suitable for indoor positioning system. Moreover, both of
neural networks indicate the high distance error in x coordinate
because the location and measurement model are symmetric.

Keywords-component; UWB positioning; indoor positioning;
radian basis function (RBF) neural network; back-propagation
(BP) neural network

I; INTRODUCTION

Nowadays, indoor positioning systems are researched in
many applications such as for item positioning in industries,
positioning of controllable equipment [1], detection of human
position (firefighters in fireplace or patient in hospital), and so
on. Most positioning systems use wireless technologics such as
wireless local area network (WLAN), ZigBee, Bluetooth, radio
frequency identification (RFID), ultra wideband (UWB) [2]3]
and so on. Nevertheless, the indoor positioning system requires
technology with high accuracy and precision, Therefore, UWB
will be a good choice for indoor positioning system.

Characteristics of UWB are appropriate for indoor
positioning system such as low power, it doesn’t interfere with
other signals, high bandwidth: if the some frequencies of band
are absorbed by objects, the remaining frequencies can pass
into the receiver and robustness to multipath fading: it is hard
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to get the interference from itself. For accuracy enhancement,
indoor positioning method is one of the processes that have to
be considered. Fingerprinting technique is the one of the
popular - techniques for indoor environment with more
multipath fading. This technique its can be build fingerprint by
using characteristics of multipath fading and then stored in
database. After that, the positions are estimated using the target
signature compared with the fingerprints in database,
Furthermore, the important thing is the method which can
estimate and detect positions. It has many methods such as
probabilistic method, interpolation, k-nearest neighbor (k-NN)
[4], neural network and other methods,

Neural networks are used widely in many applications. The
neural network process is based on the human brain working
which the neural networks have ability that can learn and adapt
itself in many environments. Moreover, it has a strong
structure, Although some neurons are damaged, the remaining
neurons are still able to run. The popular neural network type is
feed-forward, multilayer perceptron neural network. Therefore,
it can solve many non-linear problems.  There are many
researches that studies about the neuron network such as
pattern  recognition,  clustering, prediction,  optimization,
function approximation and so on [5]-[10].

Biconical antennas are used for both transmitter (Tx) and
receiver (Rx) with horizontal polarization for channel
measurement [11]. Transfer function between antennas was
measured by the vector network analyzer (VNA) along 3 GHz
to 11 GHz of frequency range covering the entire full-band of
UWB  spectrum of Federal Communications Commission
(FCC). Path losses and delay times of first three paths were
used as both fingerprints and target signatures. Then, the
positions were analyzed by using radian basis function (RBF)
neural network and back-propagation (BP) neural network. The
results are shown in the cumulative distribution function (CDF)
term, the distance errors in 3D graph at X and y coordinates and
the time of training process term.

The rest of this paper is organized as follows, In Section II,
the positioning technique such as signal model, UWB
fingerprint, RBF neural network and BP neural network are
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described. Then, the measurement setup and experimental
results of this paper are explained in Sections III and v,
respectively. Finally, the conclusion is given in section V.

€ ~...‘~v; |

II.  POSITIONING TECHNIQUE

A. UWB Signal Model

For UWB signal, the rectangular passband waveform is
used as the UWB transmitted waveform, The rectangular
passband waveform in time domain v, g!) and its spectral

density function in frequency domain ¥,(f) can be defined by
A . ;
v ()= Usine(2 )~ 7, sine2f, 00 1)
B
A S
o Wrfsh
V(f)=1%% 2 @)

0

I7i-7

where A4 is the maximum amplitude, f;
the center frequency, fand £,
frequencies, respectively.

The spectral density of received signal p;(#) is evaluated
by using

-,
2

is the bandwidth, 7 is
are the lowest and highest

V(0N =P ()-H.(r) 3)

where H () is the frequency transfer function of channel
obtained by using measurement scheme described in Section
II.

After that, the received signal in time domain
v,(t) is evaluated by using inverse Fourier transform:

v(t)= c7I°ff:(f k7 af. @)

B. Fingerprinting Technique

The fingerprinting positioning technique concept is based
on the notion identifying a specified position by relying on
some data that can represent this location, It has the same
concept as 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 the appropriate data
to build a fingerprint and collect this information to database.
The second phase consists of using the already built database in
order to find locations by comparing a target signature with the
database content. Theoretically, any information can be used to
perform unique fingerprints. Here, the path losses and the delay
times of first three paths of received power are comprised to
build the fingerprint and signature of each specific position,
The received power p, [dB] in decibel is presented by
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7:[dB]=-20log|v, (2. (5)

These parameters were used to build the fingerprints and
signatures. From this figure, path losses of first, second and
third paths are PL =-P PL,=-F, and PL,=-P,. Similarly,
the delay times of the first, the second and the third paths are f,,
L and f, respectively.

C. RBF Neural Network

The RBF neural network is a class of feed-forward neural
network that consists of one input layer, one hidden layer and
one output layer, the kind of activation functions at hidden
layer is nonlinear whereas at output layer is linear, the learning
process is supervised learning. The RBF structure is shown in
Fig 1.

X1

Input layer

Hidden layer = Qutput layer

Figure 1. The structure of RBF neural network.

The most important of the structure is the hidden layer; the
hidden layer outputs are found from activation functions then
will be calculated with inputs from the input layer. Finally,
neural network cutputs are found from addition of weights and
the hidden layer outputs. The neural network outputs can be
written as

v=Yuddo-ab.  ©
k=1

where s is number of neurons in the hidden layer, w, is value
of the neural weight from the nevrons k, ¢.() is the activation
functions, [p-c| is the distance from the point of the input
(D) to the center of the activation functions (¢, ) at neurons k as
is shown by norm, ¥; is the output of the network,

The Gaussian activation function was used in hidden layer
and the linear activation function was used in output layer
[12]. The activation function is the most popular of the RBF
neural network. This Gaussian activation function can be
expressed as



-
3
o

#p)= cxn( (7

}

where o is spread of the RBF neural networks as it is
determined to width of the (Gaussian activation fimetion,

Ihe RBF ncural notwork has propertics  of  the
approximation and less time of training sincc the weight of
RBF neural network is obtained from the equation solving [10],
the RIT newral network can create the funetion for leaming.

D. BP Neural Network

The BP neural network is a elass of feed-forward neural
nelworks that consists of vne inpul layer, many hidden lavers
and one outpul layer, the learning process is supervised
Iearning. 'I'he BL neural netyvork strueture is shown in Fig. 2.

E Input signals >

@, oY
X1 !
Xz ¥
X3 ys
: .
£ .
Xn

Yu

Hidden layer  Output layer

i

Input layer

error signals

Figure 2. The stuclure of tiree Tayers BP neurul netwirk [13].

The TIP neural network training has 3 stages
forward - propagation, back — propagation of crror
weights and biascs adjustment respectively,

[14] as
and the

The first stage, (he oulpul ol hidden layers

and outpul layer
can be caleulaled as:

Vo= S+, p), ®
k=1

where /() is the aclivadon lunctions and & is value of the
biases [rom (he neurons of cach layer, The lansics activation
function is used in hidden layer and liner activation fimetions
are used in oufput layer.

The sceond stage, the outputs first stage arc compared witl,
the target in ordor fo find the different rosult of crror. After that,
backward this value to adjacent layers in order to find the
different value of weights (Aw) and biases (Ab) in each layer.

The final stage, the weights and biases are

adjusted by the
value from second

stage until the outputs from this network
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have the value less than required. In this paper. the moan
square error (MBE) is used as following formula:

J

N
Z(fi _J"1)2=

i-1

ASE=1

%
N &)

where & is the number of training, patterns and £ is the targot
value,

II.  MCSURGMEKTS SCTUP

The measurements were done at the comidar at F-Building,
TFaculty of Tingineering, King Monkut's Tnstitute of Technology
Ladkrabang, The VNA was used 1o measure the UWD channel
at the frequency ranging from 3 GHz fo 11 GHz. The biconical
antennas were used with horizontal polarization as both Tx and
Bx antennas. The positions models were divided 2 models. The
first model was reference data measurement that is the database
cantent in fingemrinting technique and the second model was
festing dala measurement (hat s (he largel signalure in
fingerprinling lechnique.

The measurement model for reference dala is shown in Tig,
3. Tt has 18 data points with | m space between each data
poinls. The oblained data are lingerprints, which are stored in
database, The same process of relerence dala measurcment was
done. but changed the measurement model as shown in Fig. 4.
The data points are changed from 18 to 55 data points with
space reduced to 0.5 m.

0 |
VHA 7 T x X X b X
im
.05 m 1
'I' 2 X x X X X
Tx
152 m
X X x x x X
L] ey

Figure 3. Measuremea modsl of reforence data

3IXRmX X X X X X X X X X
XX X X X X X X X % X
T 2 X X X X X X X X X %
Tn XX X X X X X X X X X
T_ 1 Xuim)( XXX X X X %X % X
1] ey
Figur 4. Measurement mexds] oftesting data.
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IV. EXPERIMENTAL RESULTS

After obtained all data from the measurements, the RBF
neural network and the BP neural network are used for
analyzing the position.

A.  RBF Neural Network Result

For the best results, the RBF neural network spread is 12.5
with 10 neurons in hidden layer. The CDF of distance error is
shown in Fig. 5. The average distance error is 0.48 m, and the
maximum distance error is 1.27 m.

1 | T T

0.8}

CDF

0 i i ;
0 0.5 1 1.5
Distance error (m)

Figure 5. The cumulative distribution function of distance error of
RBF neural netwaork,

The distance error at x and y coordinates is shown in Fig. 6.
From this figure, it can be scen the distance error of each
position point but the most coordinates of high distance error is
in x coordinate such as the distance error 1.05 m of coordinate
(2.5, 1) is approximated as (1.46, 0.95), the distance error 1.27
m coordinate (2.5, 4.5) is approximated as (1.24, 4.38) and so
on.

(m)
‘l-I ‘& o ‘en

Distance along y axis
N

15 2 25 3
Distance along x axis (m)| &2 Distance error (m)

Figure 6. The distance error of RBF neural network.,

B. BP Neural Network Result

In this paper, the BP neural network uses a hidden layer
with 10 neurons in hidden layer. The activation function of
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hidden layer is hyperbolic tangent sigmoid and the activation
function of output layer is linear. The training process uses 300
epochs. The CDF of distance error is shown in Fig. 7. The
average distance error is 0.57 m, and the maximum distance
error is 1.98 m.

0.8 o N - LR ]

CDF

i L [
en 0.5 1 1.5
Distance error (m)

Figure 7. The cumulative distribution function of distance error of
BP neural network.

The distance error at x and y coordinates is shown in Fig. 8.
From this figure, it can be seen that the most coordinates of

high distance error of x such as the distance error 1.43 m of the
coordinate (1, 1.5) is approximated as (2.42, 1.57), the distance
(3, 2.5) is approximated as (1.23,

error 1.79 m of the coordinate
2,25) and s0 on.

5l

o -

Distance along y axis {m)
d

Figuwe 8. The distance error of BP neural netwark,

From the results, we analyze the coordinates detected by
the both neural networks compared with the real coordinates.
We found that the distance error of x coordinate is higher
because of the symmetric location of the measurement model
where the Tx antenna is at the center of x coordinate, Therefore
the reference data at the right and left sides of x coordinate are
almost similar. The rest of coordinates which have low distance
error are caused by the approximation of algorithm. Overall,
the most low distance errors are in the middle of model. The
results of the both neural networks are shown in Table L,
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TABLE 1. PERFORMANCE oF RBF AND BP NEURAL NETWORK.
Neural [ Average || Median Maximum Training
Network Distance Distance | Distance
- Type Emor(m) | Emor(m) | Error (m) | Time (s)

RBF 0.48 0.38 127 0.88

BP 0.57 0.41 1.98 5.81

V. CONCLUSION

This paper evaluates the UWR indoor positioning using
RBF and BP neural networks based on data of measurement,
From the results, the RBF neural network has the average
distance error between the target and approximate positions of
0.48 m and the maximum distance error is 1.27 m, while the
BP neural network has average distance error of 0.57 m, and
the maximum distance error of 1.98 m. It implies that the
accuracy of RBF neural network is better than BP neural
network. Moreover, the time of training process using RBF
neural network is less than BP neural network, Therefore, the
RBF neural network is more suitable to identify the position.
We found that the high distance errors in both neural networks
are in x coordinate because the location and measurement
model are symmetric. For future work, we will study the
possibility of accuracy improvement by adding  some
barameters to build the reference fingerprints in order to
decrease the distance error from symmetric location and using
another algorithm such as other multi-layer perceptron (MLP)
of neural networks. The alternatives are to increase the
petformance of BP neural network by changing the training
pattern, using forgetting factor, interpolation or other methods.
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WAY X WAY y Wnu z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
0 1 1.4 44.1832641 42.32812848 4.76 6.0747471
0 1 1.4 44.07007746 42.20310812 4.76 6.0780968
0 1 1.4 43.90752451 42.07570658 4.76 6.0903088
0 1 14 43.81078345 41.94109221 4.76 6.0370258
0 1 14 43.64633331 41.76699126 476 6.0088468
0 2 1.4 50.0766485 46.58376284 8.07 10.362202
0 2 1.4 50.07235795 46.56608203 8.07 10.516802
0 2 1.4 49.84661924 | 46.42074448 8.07 10.289333
0 2 1.4 49.85796049 46.40569502 8.07 10.238885
0 2 14 49.66851122 46.2274062 8.07 10.444816
0 3 1.4 54.01668736 50.74771597 11.36 14.58762
0 3 1.4 54.26455423 | 50.79203528 11.35 14.644964
0 3 1.4 54.,14265073 50.75632533 11.36 14.910687
0 3 1.4 54.11991315 50.83584559 11.36 14.755719
0 ) 1.4 54.02647641 50.81067589 11.36 14.539465
0 4 1.4 55.40694355 50.85004594 14.71 17.770589
0 4 1.4 55.1686752 50.59277588 14.71 17.660245
0 q 1.4 55.29177774 | 50.82761955 14.71 17.499782
0 a4 1.4 55.10934401 50.73933208 14.71 17.041779
1 4 1.4 55.25233428 | 50.72279305 14.71 17.23548
1 1 1.4 47.65977844 | 46.37709229 6.11 8.1387891
1 1 1.4 47.46891291 46.20058654 6.11 8.1858086
1 1 1.4 47.42691304 46.1561856 6.11 8.1168091
1 1 1.4 47.33986719 46.06965573 6.11 7.9997679
1 1 1.4 47.22228777 46.01135137 6.11 8.0391914
1 2 1.4 51.66852183 48.51480145 8.9 12.018044
1 2 1.4 51.67999519 | 48.46245731 8.9 12.261296
1 2 1.4 51.41072972 48.28043441 8.9 12.116402
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WAY x wnw y wny z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1 2 1.4 51.29114105 48.21893717 8.9 12.125043
1 2 14 51.24509083 48.19049168 8.9 12.189691
1 3 14 54.25907876 | 50.73721795 11.87 15.207497
1 3 1.4 54.07360915 50.62460346 11.87 15.092096
1 3 1.4 53.65915654 50.2736989 11.87 14.925328
1 3 1.4 53.78777342 . | 50.43579011 11.87 14.967642
1 3 1.4 53.71723782 50.41698283 11.86 14.828646
1 q 1.4 56.38532537 52.303422 15.13 18.537105
1 4 1.4 56.33804613 | 52.03432144 1513 18.364761
1 a4 1.4 56.48309481 51.9869354 L5 13 18.706569
1 4 1.4 56.32961815 51.98102418 158 § 18.461686
1 4 14 55.93788575 51.71332591 15.13 18.688592
2 1 1.4 50.86252936 | 48.81993275 8.83 11.370807
2 1 14 50.78278723 | 48.74972989 8.83 11.282408
s 1 1.4 50.62249935 48.47897623 8.83 11.51305
2 T 1.4 50.64593244 | 48.48726285 8.83 11.613022
2 1 1.4 50.46054351 48.35453298 8.83 11.508066
2 R 1.4 53.26255839 | 50.73708532 10.8 14.01377
2 2 1.4 53.11703818 50.51330311 10.8 14.053151
2 2 1.4 52.81150891 50.27551774 10.8 13957619
2 2 1.4 52.93862603 | 50.44677513 10.8 13.925826
2 2 14 52.62436229 50.10761727 10.8 13.935908
2 3 14 54.84796646 | 51.06264904 13.42 16.5017
2 3 1.4 54.72581271 50.93679025 13.42 16.835594
2 3 14 54.55932316 50.90370409 13.42 16.688768
2 3 14 54.52525951 50.70805709 13.42 16.775298
2 3 1.4 54.39518778 50.7545157 13.42 16.368699
2 a 1.4 56.70816171 52.14415935 16.29 19.42011
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WA x wnu y WAY z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 4 14 56.4225195 51.94083171 16.29 19.4981
2 4 14 56.85748962 52.2078773 16.29 19.589538
2 4 1.4 56.3010213 51.55455999 16.29 19.400156
2 4 1.4 56.19747919 51.5904023 16.29 19.510105
0 1 15 43.69538857 | 41.83779162 4.76 6.2467305
0 1 1.5 43.54866718 41.72450885 4.76 6.1850819
0 1 145 43.53565828 | 41.68496735 4.76 6.2104307
0 1 L5 43.49130895 41.65106427 a.76 6.159434
0 1 15 43.36824042 41.52449714 4.76 6.2100735
0 2 1.5 49.5353498 46.06601967 8.07 10.277611
0 2 155 4957513767 45.9536971 8.07 10.439476
0 2 1.5 49.37852703 45.8830871 8.07 10.315838
0 2 1.5 49.53573164 | 45.98454698 8.07 10.369669
0 2 {5 49.41992229 | 45.91052339 8.07 10.241315
0 3 143 53.18158394 | 50.12929407 11.32 14.470891
0 3 N5 5294262818 50.02113538 1¥3p 14.378536
0 3 15 33.05912263 | 50.01003228 11.32 14.469848
0 3 1.5 52.56349543 | 49.70867467 11.32 14.198563
0 3 5 52.42583432 49.68016227 11.32 14.090897
0 4 Ty 55.97205968 | 51.80803634 14.71 17.89498
0 4 1.5 55.68893618 51.60842645 14.71 17.506844
0 4 1.5 55.82740057 | 51.43717748 14.71 17.564638
0 4 1.5 55.39879373 51.41790284 14.71 17.67494
1 4 1.5 55.6407205 51.43603936 14.71 17.655697
1 1 1.5 46.64885282 | 45.25490192 6.06 7.9359561
1 1 1.5 46.52401978 4513391712 6.06 7.8636682
1 1 1.5 46.39969801 45.02937943 6.06 7.8538984
1 1 1:5 46.29740781 44.90684269 6.06 1,1552251
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AW x WAY y WNU z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1 1 1.5 46.26758671 44.95248295 6.06 7.8707021
1 2 1.5 51.02149983 48.38319762 8.83 11.600571
1 2 1.5 50.84645371 48.11060739 8.83 11.696392
1 2 1.5 50.68978051 47.95319006 8.83 11.839303
1 2 1.5 50.63423097 47.92694458 8.83 11.603212
1 2 15 50.60407363 | 47.76513832 8.83 11.732935
1 3 Je5 53.96118186 50.6664564 11.94 15.176484
1 3 1.5 53.99372093 50.56993327 11.94 15.319783
1 3 1.5 53.94196218 | 50.64841109 11.94 15.170865
1 3 ] =5 53.78287881 50.33106593 11.94 15.022892
1 5 1.5 53.73403851 50.41827776 11.94 15.075035
1 4 1.5 559279272 51.60680985 15.2 18.96455
1 4 Y5 55.68442002 | 51.41835635 b .2 18.581386
1 4 o 55.42974059 51.18781797 15.2 18.646202
1 4 V5 55.35022536 51.17505017 15.2 18.895586
1 4 .5 55.48908176 | 51.21298427 He 18.898881
2 1 1.5 51.79309764 | 49.32172734 8.82 11.552775
2 1 1.5 51.54245712 49.12287242 8.82 11.396602
2 1 1.5 51.47631235 | 48.95468026 8.82 11.655111
2 1 1.5 51.30896203 48.8444209 8.82 11.558047
2 1 1.5 51.17555092 | 48.73909734 8.82 11.462048
2 2 1.5 52.38602091 49.75100069 10.8 13.422361
2 2 15 52.17735504 | 49.58787858 10.79 13.64079
2 2 1.5 52.38083326 | 49.72635942 10.8 13.569965
2 2 1.5 52.20861832 49.4544088 10.8 13.605217
2 2 1.5 52.01190515 49.31397774 10.8 13.517849
2 3 1.5 56.08330399 | 52.10601105 13.5 17.244295
2 3 1.5 55.73709067 51.80933461 135 16.856775




Payadwiuasregrudoya (da)
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WA X AU y WA z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 3 1.5 56.0103382 51.99350601 13.5 16.954581
2 3 1.5 5577620822 51.87376317 13.5 16.960831
2 3 1.5 55.75532836 51.92499998 13.5 16.807858
2 aq 1.5 58.61317582 | 53.54026096 16.34 19.993026
2 q 1.5 58.21794342 53.37529993 16.34 19.832451
2 4q 1.5 58.75559585 53.41733438 16.33 20.017827
2 4 Je5 58.52490995 53.388 34134 16.34 20.206348
2 a4 1.5 58.60942674 | 53.33361108 16.33 20.213454
0 1 1.6 43.5113454 41.65069061 4.71 6.032728
0 1 1.6 43.37940743 | 41.57153931 4,71 5.991041
0 1 1.6 43.35576195 41.51119646 a.71 5.9978423
0 1 1.6 43.31577028 41.45778134 4.71 6.0277828
0 1 1.6 43.3676244 41.46067233 4.71 6.0321949
0 2 1.6 49.74861512 46.07667879 8.11 10.359035
0 2 1.6 49.80719309 46.06013129 8.1 10.372539
0 2 1.6 49.80382575 46.11681537 8.1 10.349291
0 2 1.6 49.60264145 45.90583726 8.1 10.295015
0 2 1.6 49.67787327 45.98290047 8.11 10.3129
0 3 1.6 53.84484463 50.46144811 11.36 14.774402
0 3 1.6 53.58181818 50.33440569 11.36 14.374281
0 3 1.6 53.44513973 50.1789841 11.36 14.677521
0 3 1.6 53.39031088 50.1824407 11.36 14.640002
0 3 1.6 53.5166005 50.28179957 11.36 14.580346
0 4 1.6 57.06722854 | 52.54385042 14.68 17.908033
0 a 1.6 56.7108761 52.53944872 14.68 17.89612
0 q 1.6 56.94074646 52.58075347 14.68 17.627359
0 4 1.6 57.02828024 | 52.58494784 14.68 18.053542
1 a 1.6 56.8679966 52.51131782 14.68 17.949891




Yeyadwiuatregudoya (o)

110

WA x WA y wnuy z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1 1 1.6 47.00461179 | 45.65019371 6.14 8.1452752
1 1 1.6 46.74247732 | 45.40651235 6.14 8.0984056
1 1 1.6 46.66740271 45.36079514 6.14 8.0549799
1 1 1.6 46.49458907 | 45.16509703 6.14 8.0220232
1 1 1.6 46.5393839 45.12616257 6.14 8.164073
1 2 1.6 50.37443896 47.6871536 8.85 11.555536
1 2 16 50.41413897 | 47.66722148 8.85 11.722358
1 2 1.6 50.13551102 47.47361674 8.85 11.642333
1 2 1.6 49.97284644 | 47.24748403 8.85 11.524952
1 2 1.6 49.90778859 | 47.14626691 8.85 11.566556
1 3 1.6 54,23544187 | 50.82956895 11.95 15.159229
1 3 1.6 54.0503339 50.71225546 11,95 15.472041
1 3 1.6 53.85935495 50.51348973 11.95 14.952186
1 5 1.6 53.69498716 | 50.37472765 11.95 15.032904
1 3 1.6 53.76190357 | 50.45199138 11.95 14.947312
1 4 1.6 55.94511152 51.88711308 1511 18.507179
1 4 1.6 56.28285681 51.91229814 15.11 18.671419
1 aq 1.6 55.7633126 51.62144934 15.11 18.695653
1 4 1.6 55.85423174 51.36584743 15.11 18.863465
1 a 1.6 56.02667566 | 51.69020753 15.11 18.583413
2 1 1.6 50.4316857 48.05270671 8.79 11.490427
2 1 1.6 50.06777266 47.7659348 8.79 11.454909
2 1 1.6 49.87892631 47.56248817 8.79 11.353846
2 1 1.6 49.30729191 44.6927511 8.79 14.173148
2 1 1.6 49.69975522 | 47.34262568 8.79 11.262901
2 2 1.6 51.97079577 49.4805326 10.72 13.352816
2 2 1.6 51.78639487 49.19338007 10.72 13.602695
2 2 1.6 51.72391758 | 49.14281607 10.72 13.455744
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vayadmivagiudoya (da)

WU x WA y wnu z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 2 1.6 51.46492127 | 48.97685021 10.72 13.355545
2 2 1.6 51.51152376 49.0594518 10.72 13.445135
2 3 1.6 54.61118448 51.04496362 13,32 16.407634
2 3 1.6 54.48894397 | 50.83537817 13.32 16.526125
2 3 1.6 54.5930784 50.85061205 13.32 16.801735
2 D 1.6 54.49198327 50.85249372 1332 16.672815
2 3 1.6 54.13150324 | 50.60510751 13.32 16.472888
2 aq 1.6 56.96578391 51.97429882 16.26 19.800205
2 4 1.6 56.98637841 52.08580523 16.26 19742718
2 4 1.6 56.89157109 | 51.85951395 16.26 19.438
2 q 1.6 56.77469205 51.88838187 16.26 19.422731
2 q 1.6 56.68786358 51.87486796 16.26 19.419881

a ! [
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QJBHEI

WAL X WY y WA z PLm (dB) | Plavg (dB) | Tm (ns) Tavg (ns)
0 1 1.4 43.64839803 | 41.740013 4.76 6.0692242
0 1.5 1.4 47.29109023 | 44.7223659 6.37 8.2036396
0 2 1.4 49.55895877 | 46.1278382 8.07 10.25482
0 2.5 14 51.96719791 | 49.1182697 9.72 12.636215
0 3 14 53.95381449 | 50.6982538 11.36 14.509514
0 3.5 14 54.98286779 | 50.7920094 13.07 16.457584
0 4 14 55.16420062 | 50.6569055 14.71 17.347054
0.5 1 1.4 45.51550926 | 44.5448658 § .13 6.6145531
0.5 15 1.4 48.30707382 | 46.1138809 6.68 8.9983233
0.5 2 1.4 50.65520891 | 48.0295711 8.28 11.579418
0.5 o 1.4 51.61510962 | 48.0465981 9.81 12.894473
0.5 3 14 53.16948998 | 49.5866897 11571 14.060291
0.5 3.5 1.4 54.86913693 | 51.3305717 13.15 16.532547
0.5 4 1.4 56.42354706 | 52.7531533 14.79 18.589541
1 il 1.4 47.26526818 | 46.0021439 6.11 7.8294112
1 1.5 1.4 49.52169265 | 47.6130643 7.42 9.9946886
1 2 1.4 51.17444482 | 48.146383 8.9 12.140793
1 Ab 1.4 5279574246 | 49.1191377 10.38 13.749082
1 3 1.4 53.71023059 | 50.2803256 11.87 14.749791
1 3.5 1.4 55.77836866 | 51.0340572 13.5 16.96752
1 4 1.4 56.07380041 | 51.9781484 15.13 18.452943
1.5 1 1.4 49.39981972 | 47.9315079 7.37 9.7073164
1.5 1.5 14 50.76820185 | 48.8338745 8.48 11.495638
1.5 2 1.4 5207483225 | 49.1630216 9.72 12.803789
1.5 25 1.4 52.67269204 | 49.0953471 11.08 14.441174
1.5 3 1.4 53.80270924 | 49.9045338 12.56 15.667287
1.5 3.5 1.4 55.12196999 | 51.5613195 14.04 17.273059
1.5 a 1.4 56.16909043 | 51.3498649 15.61 19.582799




ar g { 1
Toyadwiunmasaundedl 1 (sin)
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mﬂu y WA y AU z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 1 1.4 50.58865446 | 48.4312196 8.83 11.534726
2 1.5 14 51.50263188 | 48.8071965 9.72 12.965251
2 2 1.4 52.66393718 | 50.1371818 10.8 13.647413
2 25 14 53.96468687 | 49.9412347 12.09 15.366569
2 3 1.4 54.32376284 | 50.6864608 13.42 16.34302
2 3.5 1.4 5578742325 | 51.2333696 14.87 18.493377
2 4 1.4 56.1418913 | 51.4781811 16.29 19.529576
0 1 1.5 43.33963572 | 41.5103999 4.76 6.1590868
0 1.5 175 46.8829883 | 44.4826001 6.38 8.1109151
0 2 45 49.42877043 | 45.8678603 8.07 10.301931
0 5 1.5 50.96055697 | 48.3179455 9.67 12.112979
0 3 15 52.62251386 | 49.8619091 11.32 14.177453
0 8.5 15 54.15043187 | 50.5341351 13.08 15.80195
0 4 .5 55.44545423 | 51.398827 14.71 17.740764
0.5 1 1.5 43.99990314 | 42.9426212 5.03 6.3551305
0.5 155 1.5 46.78887412 | 44.6108309 6.64 8.6363761
0.5 4 1.5 49.34597629 | 46.5999915 8.21 11.159969
0:5 2% 1.5 50.64303919 | 47.2181709 9.85 12.709009
0.5 3 15 52.77124783 | 49.0431079 11,51 14.236258
0.5 3.5 1.5 54.48408085 | 50.9236377 13.09 16.57793
0.5 4 1.5 56.03508228 | 52.3664972 14.85 18.774537
1 1 1.5 46.25172861 | 44.8270882 6.06 7.9385083
1 1.5 1.5 48.70160646 | 46.6878994 7.4 9.9696226
1 2 1.5 50.52412162 | 47.7680985 8.83 11.788814
1 2.5 1.5 52.47823691 | 48.9202994 10.34 13.40181
1 3 1.5 53.581703 | 50.0932212 | 11.94 15.408666
1 5.5 1.5 54.79944681 | 50.2589736 13.57 17.055953
1 q 1.5 55.18763437 | 50.8680681 15:2 18.714251




2 o w & o '
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AW X wAu y AU z PLm (dB) Plavg (dB) | Tm (ns) Tavg (n s)—’
1.5 1 1.5 47.64595723 | 459214253 7.19 9.3040453
1.5 1.5 1.5 49.12547793 | 47.1478701 8.57 11.219781
1.5 2 1.5 50.36394071 | 47.5786204 9.79 12.464971
1.5 2.5 1.5 52.7978273 | 49.2563093 11.16 14.282231
1.5 3 15 53.91560262 | 49.649204 12.61 15.742783
1.5 3.5 1.5 54.87042998 | 51.377638 14.1 17.697492
1.5 q 1.5 56.13442902 | 51.5600891 15.63 19.257006

2 1 1.5 51.25419706 | 48.818571 8.82 11.325142
2 1.5 175 52.33886495 | 49.7659515 9.66 12.790417
2 2 125 51.97077308 | 49.3851745 10.79 13.278186
2 2.5 1.5 54.8305342 | 50.7119323 12.11 15.379563
2 3 I=h 55.78103237 | 51.8527599 13.5 16.743662
2 3.5 1.5 57.13905534 | 52,3028387 14.88 18.095213
2 q 1.5 58.74614916 | 53.2532749 16.34 19.98273
0 1 1.6 43.28911778 | 41.3631716 4,71 6.0285907
0 15 1.6 46.73680337 | 44.4035147 6.36 8.0426834
0 2 1.6 49.55221143 | 458642128 8.1 10.445501
0 2.5 1.6 51.53922133 | 49.0735165 9.69 12.363944
0 3 1.6 53.24056779 | 50.0954147 11.36 14.426983
0 3.5 1.6 55.7493735 | 51.2916731 13.03 16.009779
0 4 1.6 57.1624477 | 52.6507384 14.68 17.611788
0.5 1 1.6 44.54035502 | 43.5368259 5.14 6.5766881
0.5 1.5 1.6 48.46538958 | 45.7707395 6.65 8.9340056
0.5 2 1.6 51.09538593 | 47.9245445 8.29 11.579513
0.5 2.5 1.6 51.39243633 | 48.060055 9.85 12.80611
0.5 3 1.6 52.83784924 | 48.7292424 11.49 14.895612
0.5 3.5 1.6 54.38000981 | 50.9986679 13.1 16.370106
0.5 4 1.6 55.50482188 | 51.9029452 14.83 18.251504
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AU X wAY y WAu z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1 1 1.6 46.41434583 | 45.0300358 6.14 7.9848066
1 1.5 1.6 48.43758197 | 46.5745504 7.41 9.7440992
1 2 1.6 49.90763126 | 47.2175893 8.85 11.466132
1 25 1.6 50.93212662 | 47.4646744 10.26 13.367982
1 3 1.6 53.56593041 | 50.2785636 11.95 14.976796
1 3.5 1.6 55.28994805 | 50.8207885 13.47 17.265649
1 4 1.6 55.96067384 | 51.5000552 1511 18.617709

1.5 1 1.6 49.60212556 | 47.802211 7.39 9.9855937
1.5 145 1.6 50.68835962 | 48.668907 8.46 11.333219
1.5 2 1.6 51.77375367 | 48.9734024 9.75 12.910461
1.5 2.5 1.6 52,70477182 | 49.4706882 11.17 14.167483
1.5 o) 1.6 53.57410428 | 49.5749266 12.6 15.785276
1.5 3.5 1.6 55.55364251 | 51.7796941 14.09 17.481516
1:5 4 1.6 56.23376512 | 51.6513171 15.59 19.131053
2 1 1.6 49.39975195 | 47.1095603 8.79 11.175336
2 15 1.6 50.7864211 | 46.0857179 9.6 15.789835
2 2 1.6 5151343038 | 48.9488796 10.72 13.271936
2 2% 1.6 53.28409969 | 49.3619294 | 11.94 15.119343
2 3 1.6 54.22004988 | 50.7629898 13.32 16.298617
2 3.5 1.6 5546934278 | 51.3167371 14.72 17.972772
2 4 1.6 56.50496365 | 51.7931578 16.26 19.485195

RANBAR: WU X UNU y WA wnY z Snhedy wes
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WY X WAy WY z PLm (dB) | Plavg (dB) | Tm (ns) | Tavg (ns)
0 1 1.4 43.6501284 | 41.691552 4.76 6.086408
0 1:5 1.4 47.2621403 | 44.700279 6.37 8.183281
0 2 1.4 49.6734372 | 46.188916 8.07 10.35992
0 2.5 14 51.6980664 | 48.942296 9.72 12.65893
0 3 1.4 54.0333204 | 50.711456 11.36 14.65034
0 3.5 14 54.6535798 | 50.823655 13.07 15.95541
0 q 14 54.8579747 | 50.67264 14.71 17.34747

0.5 1 1.4 45.5175334 | 44.527845 513 6.611212
0.5 1.5 1.4 48.3790948 | 46.165986 6.68 9.040995
0.5 2 14 50.6143971 | 47.957366 8.28 11.36666
0.5 25 1.4 51.5548451 | 47.968744 9.81 12.95936
0.5 3 1.4 53.0860729 | 49.404094 11.51 14,17174
0.5 3.5 1.4 50.5925062 | 51.123956 13.15 16.5831
0.5 q 1.4 56.3422029 | 52.613173 14.8 18.8335
1 1 1.4 47.2888716 | 45967173 6.11 8.05267
1 1.5 1.4 49.4423049 | 47.560674 7.42 9.833871
1 ¥4 14 51.1349119 | 48.138018 8.9 12.00152
1 2% 1.4 52.7485659 | 49.021358 10.38 13.88975
1 3 1.4 53.5671994 | 50.162719 11.86 14.97299
1 35 1.4 55.5860206 | 50.987911 13.5 16.91766
1 q 14 56.4116577 | 51.931029 15.13 18.56691
1.5 1 1.4 49.306759 | 47.734485 7.37 9.767569
1.5 1.5 14 50.7019076 | 48.675183 8.48 11.35569
1.5 2 14 51.9421722 | 49.000563 9.72 12.71866
1.5 2.5 1.4 52.9145149 | 49.207249 11.08 1447112
1.5 3 1.4 54.0002334 | 50.117269 12.56 15.55435
1.5 3.5 1.4 549987501 | 51.479367 14.03 17.31598
1.5 4 1.4 56.1925389 | 51.341438 15.61 19.02939
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Wnu x WA y wny z PLm (dB) | Plavg (dB) | Tm (ns) Tavg (ns)
2 1 1.4 50.4801977 | 48.352033 8.83 11.55104
2 1.5 14 51.3130181 | 48.717004 9.72 12,7629
2 2 14 52722865 | 50.175613 10.8 14.02898
2 2.5 14 53.8812287 | 50.060119 12.09 14.88633
2 3 1.4 54.5518695 50.5876 13.42 16.66359
2 3.5 14 56.0974656 | 51.373888 14.87 18.40176
2 4 1.4 56.3056395 | 51.638763 16.29 19.51446
0 1 15 43.2962034 | 41.472318 4.76 6.162804
0 V5 1.5 46.9145068 | 44.44149 6.38 8.097071
0 2 145 49.3611404 | 4579746 8.07 10.26899
0 2.5 1.5 51.2043911 | 48.560716 9.67 §2.25722
0 3 1.5 52.5946956 | 49.699256 1.3 14.40082
0 3.5 1.5 53.9242881 | 50.528363 13.08 15.80214
0 g 1H 55.4709789 | 51.425845 14.71 17.54726

0.5 1 15 43,9280558 | 42.871698 i B 6.356655
0.5 1.% 5 46.7784513 | 44.56368 6.64 8.499876
0.5 2 1.5 49.2468599 | 46.555916 8.2 11.12206
0.5 2.5 1.5 50.7120475 | 47.232662 9.85 12.72869
0.5 3 L5 52.5506343 | 48.897289 11.51 14.02196
0.5 3.5 1.5 54.4690367 | 51.150904 13.09 16.45157
0.5 4 1.5 55.7423377 | 52.092134 14.85 18.38074
1 1 1.5 46.2048315 | 44.889891 6.06 7.808015
1 15 1.5 48.7698924 | 46.82928 7.4 9.967206
1 2 1.5 50.3849308 | 47.668249 8.83 11.5982
1 25 1.5 52.5989813 | 48.950576 10.34 13.48823
1 3 1.5 53.536924 | 50.162113 11.94 15.23523
1 3.5 1.5 54.526948 | 50.352769 13.57 16.63949
1 4 1.5 55.1756995 | 51.010273 15.2 18.42443
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WA X WA y AW Z PLm (dB) | Plavg (dB) | Tm (ns) | Tavg (ns)
1.5 1 1.5 47.7166462 | 45.905004 7.19 9.468499
1.5 1.5 1.5 49.0447909 | 47.060995 8.57 11.12115
1.5 2 1.5 50.497372 47.4842 9.79 12.67022
1.5 2.5 1.5 52.6621751 | 49.263773 11.16 14.18451
1.5 3 1.5 53.564925 49.50355 12.61 15.76454
1.5 3.5 15 54.6231553 | 51.136423 14.1 17.11244
1:5 4 1.5 56.0182351 | 51.49885% 15.63 19.34466
2 1 135 51.2976677 | 48.745434 8.82 11.65105
2 146 15 | 52.3051268 | 49.694331 9.66 12.82732
2 2 1.5 51.8717722 49.266805 10.79 13.28478
2 2.5 1.5 55.0533693 | 50.665439 12.11 15.60195
2 3 =5 55,9255045 | 51.870884 135 17.015
2 3.5 1.5 57.202922 | 52.384424 14.88 18.5985
2 q 1.5 58.9550404 | 53.357331 16.34 20.08089
0 1 1.6 43.3321015 | 41.381785 4,71 6.033475
0 =5 1.6 46.8084945 | 44.403792 6.36 8.211055
0 2 1.6 49.4973297 | 45.828404 8.1 10.32181
0 25 1.6 51.4010714 | 48.919095 9.69 12.2843
0 3 1.6 53.3445167 | 50.185241 11.36 14.19704
0 2.5 1.6 55.9585091 | 51.476966 13.03 15.95022
0 q 1.6 57.3052861 | 52.678533 14.68 17.92591
0.5 1 1.6 44.5448844 | 43.529497 5.14 6.60646
0.5 1.5 1.6 48.6112091 | 45.829352 6.65 9.126651
0.5 2 1.6 50.9121155 | 47.826788 8.29 11.42284
0.5 2.5 1.6 51.1590875 | 47.895847 9.85 12.60148
0.5 3 1.6 529199913 | 49.029592 11.49 14.,14656
0.5 3.5 1.6 54.3529167 | 50.932648 13.1 16.27353
0.5 a4 1.6 55.4152115 | 51.806947 14.83 18.347
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:n‘u X wnw y WA z PLm (dB) | Plavg (dB) | Tm (ns) Tavg (ns)
1 1 1.6 46.4535229 | 45.032546 6.14 8.029786
i 1.5 1.6 48.3781632 | 46.492296 7.41 9.803012
1 2 1.6 49.9078012 | 47.192304 8.85 11.45138
1 2:5 1.6 51.0227871 | 47.619893 10.26 13.4849
1 3 1.6 53.8185967 50.3387 11.95 15.11319
1 3.5 1.6 55.2899481 | 50.820789 13.47 17.26565
1 q 1.6 55.7374237 | 51.445787 15.11 18.9827

15 1 1.6 49.8220482 | 47.842443 7.39 10.26911
1.5 15 1.6 50.7221169 | 48.725203 8.46 11.50055
1.5 2 1.6 51.9758828 | 49.091266 975 12.93949
1.5 25 1.6 52.6511376 | 49.446055 11.17 14.40511
1.5 3 1.6 53.3484216 | 49.439145 12.6 15.6384
1.5 3.5 1.6 55.8441169 | 51.93463 14.08 17.55747
1.5 4 1.6 56.4100341 | 51.628036 15.59 19.55673
2 1 1.6 49.6291138 | 47.270795 8.79 11.35332
2 145 1.6 50.4518801 | 47.574245 9.6 12.94983
2z 4 1.6 51.4054917 | 48.772714 10.72 13.30057
2 2% 1.6 53.23153 49.258647 11.93 15.08374
2 3 1.6 54.1049033 | 50.49558 13.32 16.47534
2 3.5 1.6 55.4238176 | 51.174158 14.72 18.25172
2 q 1.6 56.7696275 | 51.817063 16.26 19.71687

= 1 )
WRIBLNR: LLNU X AU y haE UWNU z AnUeduy wnsg
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LAY X WAY y WY z PLm (dB) | Plavg (dB) | Tm (ns) Tavg (ns)
0 1 1.4 43.57862939 | 41.6731647 4,76 6.0527998
0 1.5 1.4 47.22654304 | 44.6220225 6.37 8.0886603
0 2 1.4 49.56253367 | 46.0939207 8.07 10.268339
0 2.5 1.4 51.58602201 | 48.8970972 9.72 12.461445
0 5 14 53.96343949 | 50.6906925 11.36 14.947142
0 3.5 14 54.60904041 | 50.8751453 13.07 15.718758
0 4 14 55.14231282 | 50.6898452 14.71 17.024525

05 1 14 45.55684257 | 44.5495755 N3 6.5915852
0.5 I.5 1.4 48.21419026 | 45.9891421 6.68 9.1985543
0.5 2 1.4 50.56454745 | 47.9143724 8.28 11.438208
0.5 25 1.4 51.54611463 | 47.9013254 9.81 13.119781
0.5 3 1.4 53.1946203 | 49.4372113 11.51 14.417184
0.5 3.5 1.4 55.00366258 | 51.2915515 D36l 5 16.727287
0.5 4 1.4 56.26809435 | 52.761394 14.79 18.624201
1 1 1.4 47.25994752 | 459993278 6.11 8.0648792
1 1% 14 49.23305775 | 47.4878925 7.42 9.6991275
1 2 Ld 51.18730823 | 48.0432096 8.9 12.222355
1 2.5 14 52.74576802 | 49.071384 10.38 13784546
1 3 14 53.60981238 | 50.2082395 11.86 15.113465
1 3.5 1.4 55.78830251 | 50.8511351 135 16.951968
1 il 1.4 56.15668734 | 51.8217865 15.13 18.554464
1.5 1 1.4 49.42292792 | 47.8837654 7.37 9.7778488
1.5 1.5 1.4 50.69170452 | 48.7367701 8.48 11.265912
1.5 2 1.4 51.88716124 | 49.0830552 9.72 12.815997
15 25 1.4 52.74853039 | 49.1990991 11.08 14.291674
1.5 3 1.4 53.97998948 | 49.9876835 12.56 15.458588
1.5 35 1.4 55.30861629 | 51.6937322 14.03 17.416668
1.5 4 1.4 56.05130385 | 51.3548831 15.61 19.028014




Toyadmiunmadauaseil 3 ()
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WAL X WA y WA z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 1 14 50.39429596 | 48.1816435 8.83 11.367565
2 1.5 14 51.32013807 | 48.6755859 9.72 13.007334
2 2 14 52.45595263 | 49.9761021 10.8 13.848305
2 2.5 14 53.96181606 | 50.0042776 12.09 15.34878
2 3 14 54.4398184 | 50.5031402 13.42 16.420906
2 3.5 14 55.76891465 | 51.4005183 14.87 18.309749
2 4 14 55.90346731 | 51.3873663 16.29 19.365436
0 1 1.5 43.24358821 | 41.4262594 4.76 6.1550388
0 g5 75 46.77127273 | 44.3431187 6.38 8.1089447
0 2 L5 49.27429969 | 45.759607 8.07 10.275959
0 25 155 51.08319633 | 48.4203636 9.67 12.156969
0 3 1.5 52.47491845 | 49.6528915 11.32 14.12937
0 8.5 175 54.07513645 | 50.5166882 13.08 15.92257
0 4 1.5 55.61345643 | 51.2578803 14.71 17.92786

05 1 1.5 43.94609995 | 42.8560583 5.15 6.3689534
0.5 1.5 1.5 46.59848388 | 44.4473045 6.64 8.5963477
0.5 2 15 49.04165917 | 46.3386947 8.2 11.111057
0.5 2% 1.5 50.69121772 | 47.1355094 9.85 12.917085
0.5 3 1.5 52.77476904 | 49.0050437 11.51 14.08313
0.5 3.5 i 54.39831156 | 50.8602247 131 16.327585
0.5 4 1.5 55.94700236 | 52.392738 14.85 18.519719
1 1 1.5 46.17675785 | 44.8132533 6.06 7.8597072
1 1.5 1.5 48.61056127 | 46.6860373 7.4 9.8082961
1 2 1.5 50.46304213 | 47.6117172 8.83 11.693152
1 2.5 1.5 52.4292043 | 48.8402703 10.34 13.330457
1 3 1.5 53.50354114 | 50.1015749 | 11.94 15.216263
1 3.5 1.5 54.51270823 | 50.1321662 | 13.57 16.759956
1 4 125 55.33454146 | 51.0432585 15.2 18.904289




v ar a’l i 1
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AW X wny y WA z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1.5 1 1.5 47.67740185 | 46.0337182 7.19 9.2840618
1.5 1.5 1.5 48.99247364 | 47.0575569 8.57 11.10147
1.5 2 1.5 50.40249165 | 47.5628386 9.79 12.462398
1.5 2.5 1.5 52.49474531 | 49.1247821 11.16 14.202725
1.5 3 1.5 53.74801456 | 49.5747633 12.61 15.628649
1.5 3.5 1.5 54.40871955 | 51.1306649 14.1 17.337612
1.5 4 J#5 56.23507792 | 51.5033253 15.63 18.993806

2 1 1.5 51.15362209 | 48.6692437 8.82 11.501399
2 1.5 1.5 52.37096233 | 49.7721526 9.66 12.840355
2 2 :L%] 51.92865381 | 49.2921831 10.79 13.45432
2 2.5 1.5 54.81926702 | 50.6682783 12:11 15.442894
2 ! 15 55.58742115 | 51.6526242 13.5 17.3303
2 3.5 1.5 56.9475595 | 52.2442555 14.88 17.981428
2 q 1.5 58.90347081 | 53.5030846 16.34 19.924292
0 1 1.6 43.21305403 | 41.3369116 4.71 6.0546519
0 1.5 1.6 46.82861213 | 44.3603365 6.36 8.1039877
0 2 1.6 49.42110211 | 45.786205 8.1 10.344439
0 2% 1.6 51.55957473 | 49.013463 9.69 12.424149
0 3 1.6 53.09805843 | 50.0578203 11.36 14.424036
0 3.5 16 56.17033735 | 51.438571 13.03 15.644997
0 & 1.6 56.99236925 | 52.5014282 14.68 17.635971
0.5 1 1.6 44.58656723 | 43.5974073 5.14 6.5612858
0.5 1.5 1.6 48.35838249 | 45.719726 6.65 8.9530846
0.5 2 1.6 50.85544663 | 47.7781376 8.29 11.328931
0.5 2.5 1.6 51.22832743 | 48.0142462 9.85 12.659187
0.5 3 1.6 52.87421005 | 49.0653526 | 11.49 14.332823
0.5 3.5 1.6 54.28467883 | 50.7568751 13.1 16.309239
0.5 4 1.6 55.43909176 | 51.7740857 14.83 18.349372




o & 4 '
foyadmiunismagaunsed 3 (da)
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AU X AU Y WU Z PLm (dB) | Plavg (dB) | Tm (ns) | Tavg (ns)
1 1 1.6 46.33669 44,9729376 6.14 8.0198223
1 1.5 1.6 48.33884557 | 46.4090148 7.41 9.8075222
1 2 1.6 49.79119149 | 47.0911213 8.85 11.487095
1 2.5 1.6 50.94538746 | 47.583129 10.26 13.197601
1 3 1.6 53.3714199 | 50.0664702 11.95 14.961473
1 3.5 1.6 55.25004458 | 50.8147102 13.47 17.000889
1 4 1.6 55.86859087 | 50.1610244 15:170 19.918335

1.5 1 1.6 49.80465835 | 47.800308 71.39 10.201124
1.5 1.5 1.6 50.58683197 | 48.6024159 8.46 11.436304
1.5 2 1.6 51.79707187 | 49.0442767 9.75 12.81781
1.5 2.5 1.6 5275557615 | 49.5535269 11.1.7 14.192918
1.5 5 1.6 53.56342334 | 49.4669881 12.6 15.79736
1.5 2.5 1.6 55.36559307 | 51.6218177 14.09 17.682072
1.5 4 1.6 56.25513435 | 51.5936104 15.59 19.527869
2 1 1.6 49.39413485 | 47.0353009 8.79 11.300773
2 1.5 1.6 50.55428967 | 48.1106904 9.6 12.456089
2 2 1.6 51.42101187 | 48.492452 10.72 13.512747
2 2% 1.6 53.03434031 | 48.1494629 11.94 16.050799
2 2 1.6 54.19364431 | 50.6040735 13.31 16.256587
2 3.5 1.6 55.15785079 | 51.070562 14,72 17.923341
2 q 1.6 56.54578941 | 51.785663 16.26 19.500779

=l ' <
RHIGLNE: AU X AU y WAY LAY z HBUeLTY LU
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o o Q‘S A
AURAIMIUNIINATRIUATIN 4

WA X WAL y WAY z PLm (dB) | Plavg (dB) | Tm (ns) | Tavg (ns)
0 1 14 43.55125749 | 41.5941435 4.76 6.0336293
0 1.5 1.4 47.24834392 | 44.5266893 6.36 8.0908015
0 2 1.4 49.58757892 | 46.0765275 8.07 10.376755
0 2.5 1.4 51.68455749 | 48.8736718 9.7:2 12.45511
0 3 1.4 54.06402633 | 50.6037447 11.36 15.092397
0 3.5 1.4 5468642159 | 50.8559179 13.07 15.862614
0 4 14 55.26744983 | 50.7452821 14,71 17.492471

0.5 1 1.4 45.47018421 | 44.5230226 5.13 6.62606
0.5 1.5 1.4 48.33856254 | 46.1796145 6.68 9.0022494
0.5 2 1.4 50.51348085 | 47.9284441 8.28 11.395713
0.5 ZD 1.4 51.4251617 | 47.8057286 9.81 12.832889
0.5 3 1.4 53.16405636 | 49.3879027 11.5% 14.429224
0.5 3.5 1.4 5495576899 | 50,9202562 15,15 17.115193
0.5 4 1.4 56.16448099 | 52.4881592 14.79 18.871864
1 1 1.4 47.10961902 | 45.858603 6.11 7.8738736
1 5 1.4 49.40737476 | 47.4612781 7.42 9.8131632
1 2 1.4 50.96016486 | 47.955957 8.9 11.753186
1 2.5 1.4 52.70912097 | 49.0918837 10.38 13.671194
1 3 1.4 53.33776082 | 49.9929748 11.87 14.961448
1 3.5 1.4 55.46191864 | 50.7382627 13.5 16.782224
1 4 1.4 55.77433224 | 51.6093637 15.13 18.352326
1.5 1 14 49.29818546 | 47.7806487 137 9.7039643
1.5 1.5 1.4 5053743779 | 48.619281 8.48 11.288242
1.5 2 1.4 51.82736406 | 48.9032415 9.72 12.93388
1.5 2.5 1.4 52.76812481 | 49.1519344 11.08 14.350134
1.5 3 14 53.96956831 | 49.8730978 12.56 15.844611
1.5 3.5 1.4 54.89821022 | 51.4310643 14.03 17.130907
1.5 4 1.4 56.01638624 | 51.5002724 15.61 19.197192




o & 4 '
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AL X WA y wnu z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 1 14 50.41491077 | 48.3016056 8.83 11.302431
2 1.5 14 51.54538756 | 48.9086155 9.72 12.904697
2 2 14 52.68603425 | 49.980869 10.8 14.061347
2 2.5 1.4 53.8120022 | 49.7818408 12.09 15.223411
2 3 1.4 54.28747073 | 50.5121634 13.42 16.912914
2 3.5 1.4 55.6558235 | 51.2976171 14.87 18.145205
2 4 1.4 56.33913577 | 51.569761 16.29 19.763805
0 1 1.5 43.18219815 | 41.3410977 4.76 6.1504746
0 g5 75 46.79745033 | 44.3795554 6.38 8.1201465
0 2 1.5 49.21575514 | 45.7653803 8.07 10.394481
0 2.5 1.5 51.02100854 | 48.3254703 9.67 12.066547
0 2 =5 52.40538596 | 49.5378595 11.32 14.300537
0 3.5 125 53.90698865 | 50.4241734 13.08 15.768653
0 4 1.5 55.3583492 | 51.0527831 14.71 17.786289

0.5 1 1.5 43.97085876 | 42.8120857 5.15 6.4180293
0.5 1.5 v 5 46.73252685 | 44.5215221 6.64 8.6353118
0.5 e 1.5 49.04969117 | 46.3835283 8.2 10.968589
0.5 2% 1.5 50.52053201 | 47.1211405 9.85 12.560099
0.5 3 1.5 52.31643405 | 48.7649652 11.51 14.050178
0.5 35 15 54.50501488 | 51.0144858 13.09 16.585147
0.5 q 1.5 55.80588003 | 52.2381581 14.85 18.664235
1 1 1.5 46.18044471 | 44.8591674 6.06 7.7733133
1 1.5 1.5 48.63779711 | 46.725954 7.4 9.8129277
1 2 1.5 50.38369502 | 47.6074911 8.83 11.665556
1 2.5 1.5 52.43535787 | 48.7944632 10.34 13.361925
1 3 1.5 53.51886871 | 50.1014109 11.94 15.131581
1 3.5 1.5 54.32027711 | 49.9000178 13.57 16.468386
1 4 1.5 55.44306162 | 51.0835072 15.2 18.783889




g o/ & o '
tayadwiunimagaunsedl 4 (sie)
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AU X WAY y WA z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1.5 1 1.5 47.63345379 | 45.9303641 7.19 9.3576746
1.5 1.5 1.5 49.03066246 | 47.0217675 8.57 11.121719
1.5 2 1.5 50.34148537 | 47.4466629 9.79 12.704409
1.5 25 1.5 52.56121185 | 49.1501534 11.16 14.322234
1.5 3 1.5 53.60062956 | 49.5157711 12.61 15.721944
1.5 3.5 1.5 54.49491614 | 50.9595614 14.1 17.399163
1.5 4 15 56.09938094 | 51.3111758 15.63 19.180884

2 1 1.5 51.02054431 | 48.6054097 8.82 11.401921
2 {5 75 52.23285389 | 49.6509082 9.66 12.665148
2 2 1.5 51.85122914 | 49.2561252 10.79 13.578648
2 Z.5 1.5 54.88279688 | 50.8372003 12.11 15.437944
2 i 1=H 55.92956884 | 51.821099 135 16.794206
2 3.5 1.5 57.05319039 | 52.3864858 14.88 18.560372
7 4 1.5 58.51600265 | 53.3065049 16.34 19.998999
0 1 1.6 43.2351281 | 41.2843438 4.71 5.9966654
0 1.5 1.6 46.78837447 | 44.3699034 6.36 8.0755587
0 2 1.6 49.36938645 | 45.7284023 8.1 10.229165
0 2.5 1.6 51.41968524 | 48.9104513 9.69 12.434116
0 3 1.6 53.32797583 | 50.1224944 11.36 14.480104
0 3.5 1.6 55.68806624 | 51.3262803 13.03 16.005711
0 q 1.6 57.0992924 | 52.4755104 14.68 17.634538
0.5 1 1.6 44.54779827 | 43.5435496 5.14 6.5412748
0.5 1.5 1.6 48.60567434 | 45. 7574287 6.65 8.9771636
0.5 2 1.6 50.9784344 | 47.8334563 8.29 11.493836
0.5 2.5 1.6 51.23659479 | 47.9830263 9.85 12781235
0.5 3 1.6 53.00266316 | 49.1303928 11.49 14.310669
0.5 3.5 1.6 54.02011296 | 50.6489117 1351 16.178436
0.5 4 1.6 5531168706 | 51.7769328 | 14.83 18.105013




o 5 d 1
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WAL X AU y WY z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1 1 1.6 46.2856294 | 44.8887851 6.14 8.0863809
1 15 1.6 48.27629473 | 46.4142799 7.41 9.7441766
1 2 1.6 49.68571361 | 47.0200657 8.85 11.422867
1 2.5 1.6 50.90827759 | 47.5649502 10.26 13.316624
1 3 1.6 53.19907352 | 50.0554156 11.95 14.802788
1 3.5 1.6 55.09446794 | 50.7350287 13.47 16.643799
1 4 1.6 55.79714145 | 51.3148082 15.11 18.978254

1.5 1 1.6 49.63740208 | 47.8287572 7.39 9.9704459
1.5 15 1.6 50.6250213 48.56135 8.46 11.24407
1.5 2 1.6 52.05553982 | 49.1756776 9.75 12.869043
1.5 2D 1.6 52.66612368 | 49.3546684 11 1.7 14.252158
1.5 3 15 53.45016625 | 49.4866847 12.6 15.770682
1.5 3.5 1.6 55.30630763 | 51.6852715 14.09 17.318231
1.5 4 1.6 55.95819055 | 51.3962982 15,5 19.281202
2 1 1.6 49.40238944 | 47.0194931 8.79 11.314591
2 1.5 1.6 50.59223362 | 48.1512853 9.6 12.569672
2 2 1.6 51.42674727 | 48.6715262 10.72 13.358873
2 2.5 1.6 53.05209023 | 49.0254442 1%.93 14.846089
2 3 1.6 54.21875714 | 50.6170206 13.31 16.196709
2 3.5 1.6 55.33192316 | 51.1963146 14.72 18.071958
2 4 1.6 56.36722286 | 51.763572 16.26 19.169678

= 1 [
WULNE: LAY X WAU Yy LAY AW z AnUelu lwes
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AU X (N TRY WAY z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
0 1 1.4 43.43779866 | 41.5107337 4.76 6.0289708
0 1.5 1.4 47.1620957 | 44.4968376 6.36 8.133106
0 2 1.4 49.40204567 | 459728144 8.07 10.237338
0 2.5 1.4 51.53076538 | 48.8260188 9.72 12.343508
0 5] 1.4 54.22916066 | 50.7514615 11.35 14.68779
0 3.5 1.4 5470733303 | 50.8095979 13.07 15.890933
0 4 1.4 _DANTEAZ9 | 50.521 3042 14.71 17.655166

0.5 1 1.4 45.45851311 | 44.4711636 613 6.6928894
0.5 1.5 14 48.22668605 | 46.0173168 6.68 8.9925887
0.5 2 i 50.5290981 | 479049753 | 8.28 11.539272
0.5 2.5 1.4 51.43479436 | 47.9283787 | 9.81 12.864635
0.5 3 1.4 53.39736437 | 49.5429114 1157 14.4315
0.5 3.5 1.4 54.92668563 | 51.3102887 13.15 16.642576
0.5 4 1.4 56.32329165 | 52.7202036 14.79 18.337562
1 1 1.4 47.20060871 | 45.9303426 6.11 8.0207272
1 1.5 1.4 49.27699195 | 47.3842277 7.42 9.9295954
1 2 1.4 51.00417101 | 47.9528762 8.9 12.08461
1 2% 1.4 52.57004724 | 49.0022577 10.38 13.625068
1 3 1.4 53.56469311 | 50.1840066 11.87 15.049411
1 35 1.4 55.50929383 | 50.9059614 13.5 16.798924
1 4 1.4 55.63161708 | 51.4646676 15.13 18.116763
1.5 1 1.4 49.23862108 | 47.7196347 1.37 9.8150102
1.5 1.5 1.4 50.50306016 | 48.5955463 8.48 11.283665
1.5 2 1.4 51.8322396 | 48.9923285 9.72 12.820876
1.5 2.5 1.4 52.76756072 | 49.221027 11.08 14.427099
1.5 3 14 53.8192456 | 49.8329048 12.56 15.406829
1.5 3.5 1.4 54.71843449 | 51.3320426 14.03 17.269915
1.5 q 1.4 56.32155146 | 51.3524758 15.61 19.40137




o o W & d '
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WA x AW y wnu z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 1 1.4 50.22089132 | 48.0182871 8.83 11.338
2 1.5 1.4 51.43523823 | 48.6909059 9.72 12786619
2 2 1.4 52.70840692 | 50.1268646 10.8 13.770509
2 2.5 14 53.87304991 | 49.8887057 12.09 15.369289
2 3 1.4 54.21584381 | 50.4166038 13.42 16.914546
2 3.5 1.4 55.55531179 | 51.1477843 14.87 17.986608
2 4 1.4 56.11372605 | 51.4472836 16.29 19.756801
0 1 1.5 43.16292295 | 41.3206138 4,76 6.1723831
0 1.5 U 46.57104928 | 44.048563 6.38 8.1827765
0 2 1.5 49.50348729 | 45.8506691 8.07 10.403201
0 25 1.5 50.93365248 | 48.3173164 9.67 12.358799
0 3 15 52.71846932 | 49.7143118 1h82 14.685107
0 2.5 1.5 54.14589957 | 50.4483842 13.08 15.947859
0 4 1.5 55.51735337 | 51.175814 14.71 17.640308
0.5 1 1.5 44.00308812 | 42.8460643 5403 6.3285945
0.5 5 1.5 46.61797446 | 44.4812529 6.64 8.6037489
Q5 2 1.5 48.94962914 | 46.2865293 8.21 11.0833
0.5 pa o) 1.5 50.44945693 | 46.9946126 9.85 12.740635
0.5 3 1.8 52.59630657 | 48.8003732 1L.5 14.106491
0.5 3.5 1%, 54.47029497 | 50.8066003 131 16.624424
0.5 4 1.5 55.77762202 | 52.261916 14.85 18.527791
1 1 1.5 46.18458525 | 44.8105071 6.06 7.8069497
1 1.5 1.5 48.65855237 | 46.7056058 7.4 9.9524346
1 2 1.5 50.36976809 | 47.5427494 8.83 11.732096
1 2.5 1.5 52.44058937 | 48.8155937 10.34 13.480391
1 3 1.5 53.68500831 | 50.2723648 11.94 15.195027
1 35 1.5 54.39265516 | 50.0026818 13.57 16.837226
1 4 1.5 54.71724372 | 50.5610256 15.2 18.584867
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Yoyadwmsumamagauatedl 5 (se)

AU X AU y AU z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1.5 1 1.5 47.6721886 | 45.9125746 119 9.3783446
1.5 1.5 1.5 48.95625357 | 46.9125282 8.57 11.131466
1.5 2 1.5 50.31854965 | 47.3688977 9.79 12.595195
1.5 2.5 1.5 52.616695 49.172037 11.16 14.162215
1.5 3 1.5 53.58271801 | 49.4332371 12.61 15.837292
1.5 3.5 1.5 54.68243645 | 51.1912067 14.1 17.612446
1.5 4 75 55.77424727 | 51.2360179 | 15.63 19.097883

2 1 1:5 51.12417103 | 48.7025856 8.82 11.481469
2 1.5 1.5 52.40732316 | 49.645061 9.66 12.999388
2 2 25 51.7927335 | 49.2180613 | 10.79 13.498376
2 2D ) 55.00658348 | 50.7688927 | 12.11 15.60091
2 3 1.5 55.77396829 | 51.6516163 13.5 16.875931
2 g 1.5 57.11866621 | 52.3154822 | 14.88 18.121603
2 4 1.3 58.55165553 | 53.2438261 16.34 19.801367
0 1 1.6 43.16481463 | 41.2515755 4.71 5.9961286
0 5 1.6 46.73377455 | 44.2739306 6.36 7.9948744
0 v4 1.6 49.40045158 | 45.7197652 8.11 10.25823
0 2% 1.6 51.42359751 | 48.8653625 9.69 12.461104
0 3 1.6 53.25854953 | 50.0174944 | 11.37 14.629582
0 3.5 1.6 56.02549006 | 51.4302157 | 13.03 16.009771
0 7 1.6 57.06912841 | 52.4210352 | 14.68 17.901363
0.5 1 1.6 44.56714668 | 43.5371941 5.14 6.5262403
0.5 1.5 1.6 48.35250192 | 45.710601 6.65 8.9079351
0.5 B 1.6 50.84697952 | 47.8328483 8.29 11.4715
0.5 25 1.6 51.11757528 | 47.8779912 9.85 12851511
0.5 3 1.6 52.87938611 | 49.1005501 11.49 13.982639
0.5 3.5 1.6 54.15289665 | 50.6831941 15.1 16.137144
0.5 4 1.6 5522568792 | 51.8602937 | 14.83 18.239711
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AU X WA y WA Z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1 1 1.6 46.28718488 | 44.8118578 6.14 8.1500909
1 1.5 1.6 48.19816534 | 46.2774931 7.41 9.6642353
1 2 1.6 49.70568953 | 47.0677453 8.85 11.458607
1 25 1.6 50.91789474 | 47.4865168 10.26 13.308968
1 3 1.6 53.34306963 | 50.1181154 11.95 14.927757
1 35 1.6 5531293244 | 50.7189726 13.47 16.827225
1 4 1.6 55.54861775 | 51.2184696 15.11 18.286401

1.5 1 1.6 49.7785516 | 47.8818056 7.39 9.9294175
1.5 16 1.6 50.64959348 | 48.5307238 8.46 11.523332
1.5 2 1.6 51.71412486 | 48.8090372 9.75 12.816322
1.5 D 1.6 52.76198201 | 49.5185074 11.17 14.226811
1.5 3 1.6 53.39681441 | 49.4810887 12.6 15.682539
1.5 3.5 1.6 55.46959281 | 51.8192452 14.09 17.564746
1.5 4 1.6 56.07832562 | 51.3698368 15.59 19.242103
2 1 1.6 49.17129344 | 46.8831918 8.79 11.216109
2 1.5 1.6 50.25654795 | 47.9285095 9.6 12.22352
2 2 1.6 51.49803911 | 48.6901584 10.72 13.435114
2 25 1.6 53.23068424 | 49.3046248 11.94 14.722415
2 3 1.6 54.0991929 | 50.5394784 1332 16.245412
2 35 1.6 55.53974609 | 51.1401998 14,72 18.057612
2 4 1.6 56.52372046 | 51.7022226 16.26 19.674394

NLNEME: WM X WNY Y Wag waw z Svhedu wes
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AU X wAY y WAY z PLm (dB) | Plavg (dB) | Tm (ns) | Tavg (ns)
0 1 1.4 45.5923674 | 43.92540007 4.49 5.89051812
0 1.5 1.4 49.3110816 | 46.7062637 6.14 8.04773348
0 2 1.4 51.4643432 | 47.88592952 7.81 10.2467029
0 2.5 14 535173816 | 50.80965228 9.47 12.6668094
0 3 14 55.7478408 52.36319 1131 14.8818055
0 35 14 56.9436313 | 5237939063 12.79 15.7895858
0 q 14 58.5R95625, |, 53.5275568 14.48 18.2107048

0.5 1 1.4 45.9673028 | 44.71311763 4.84 6.39151739
0.5 16 1.4 48.9525678 | 46.95005919 6.36 8.69249861
0.5 2 1.4 51.2489926 | 48.38790568 8.02 10.9994206
0.5 75 1.4 53.4031986 | 49.62669299 9.65 12751627
0.5 3 1.4 54.9585909 | 51.45783335 11.25 14.6199562
0.5 2.8 1.4 56.6765343 | 52.74342182 12.83 16.6326508
0.5 4 1.4 57.924497 | 53.89576244 14.56 18.7396114
1 1 14 48.5271039 | 47.30182679 5.87 7.78016839
1 1.5 1.4 50.8323448 | 48.34483408 7.22 9.98569721
1 ¥4 1.4 52.8202646 | 50.08061171 8.54 11.6261124
1 25 1.4 54.6897827 | 51.42796563 10.06 13.8921549
1 3 14 56.0398139 | 52.09457004 11.63 15.1477096
1 35 14 57.5238664 | 52.82090657 13.3 17.2294764
1 4 1.4 59.2218965 | 54.23414171 14.92 18.8372191
1.5 1 1.4 51.3676302 | 49.50521414 71.32 10.2149836
1.5 1.5 1.4 52.7603749 | 50.51186568 8.39 11.9005205
1.5 2 1.4 54.2177817 | 50.76340836 9.58 13.1829862
1.5 25 1.4 55.1030346 | 51.80046381 10.85 14.5945834
1.5 3 14 56.5600548 | 52.70181909 12.34 16.1651713
1.5 35 1.4 58.0815201 | 53.49215561 13.93 17.7900144
1.5 q 1.4 58.7686059 | 53.74845645 15.46 19.4514861
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AU X AU y WAU z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
2 1 14 52.6004787 | 50.44881449 8.61 11.6312524
2 1.5 14 53.5216905 | 50.46618064 9.45 13.259398
2 2 1.4 54.1212497 | 50.92281685 10.45 13.9340134
2 2.5 14 55.5572508 | 51.20699264 11.83 15.3916491
2 3 14 57.0964754 | 53.2328903 13.16 16.7153328
2 3.5 1.4 58.5103438 | 53.62751519 14.51 19.0314263
2 q 14 59.6334119 | 54.49973113 15.99 19.9977721
0 1 1.5 449245416 | 43.37030124 4.57 6.07263065
0 4 1.5 48.7714917 | 46.43030371 6.11 8.00654595
0 2 1.5 51.2010717 | 47.95381807 {12 10.2311583
0 x5 15 53.6313879 | 50.60415947 9.41 13.1112015
0 o 1.5 55.2322428 | 51.62566089 11.05 15.108765
0 2.5 1.5 56.3620657 | 52.07782627 12.75 15.9561458
0 4 11199) 57.3868888 | 52.64272131 14.42 18.0922022

0.5 1 {lis5 46.6321988 | 45.30482682 5.06 6.80984885
0.5 1% 125 49,7035437 | 47.57119748 6.59 8.94862701
0.5 2 1.5 52.1978869 | 48.94348887 8.17 11.6230333
0.5 2.5 1.5 53.7292864 | 49.80859641 9.81 13.3955352
0.5 3 1.5 55.4752143 | 51.18113783 11.43 15.605736
0.5 3.5 1.5 56.412846 | 52.20073712 12.93 17.1816047
0.5 q 1.5 57.7431941 | 53.6023354 14.48 18.7809993
1 il 1.5 48.8756395 | 47.47511209 6.05 8.18512194
1 1.5 1.5 50.9849598 | 48.49082355 7.4 10.1961928
1 2 1.5 52.6351341 | 49.96083958 8.81 11.8957661
1 2.5 1.5 54.3419487 | 51.07789674 10.28 14.267714
1 3 1.5 55.4059636 | 51.8254647 11.84 15.0154169
1 3.5 1.5 56.644982 | 52.29823907 13.22 16.8825724
1 4 1.5 58.5007251 | 53. 77027121 14.81 19.0145761
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AU X WAU y WY z PLm (dB) Plavg (dB) | Tm (ns) | Tavg (ns)
1.5 1 1.5 50.4334458 | 48.81295072 137 9.94200026
1.5 1.5 1.5 525031672 | 50.26367913 8.41 11.6665522
1.5 2 1.5 53371295 | 50.20393886 9.49 12.7929598
1.5 2.5 1.5 55.23068 | 51.68501335 10.97 14.5994009
1.5 3 15 56.4941464 | 52.22478839 12.41 16.3018179
1.5 3.5 1.5 57.6056242 | 53.50638675 13.85 17.3355777
1.5 4 1.5 58.4186574 | 53.30867511 15.26 19.3370426

2 1 1.5 52.2530552 | 50.0854376 8.85 11.7847282
2 1.5 1.5 53.087085 | 50.49289397 9.63 12.8289243
2 2 145 54.2901562 | 51.20211218 10.75 13.910349
2 D 1.5 54.9924861 | 51.18993522 11.97 15.4304786
2 S5 1:5 56.5752057 | 53.02941496 13,35 17.057934
2 .5 1.5 57.6364388 | 52.95678432 14.76 18.0662878
2 q 1.5 58.6215709 | 53.6510685 16.1 19.7931196
0 1 1.6 44.8834698 | 43.38602866 4.51 6.04954625
0 15 1.6 48.554753 | 46.11492703 6.11 8.07716889
0 2 1.6 51.3265649 | 47.68505878 7.88 10.4514814
0 2.5 1.6 534125061 | 50.69997108 05 13.029205
0] 3 1.6 55.2254261 | 51.36784828 11.17 14.8520397
0 3:5 1.6 56.6523245 | 51.36495378 12.85 16.452095
0 4 1.6 57.5404061 | 52.55494563 14.48 18.1231548
0.5 1 1.6 45.7760677 | 44.59716321 4.93 6.65406024
0.5 1.5 1.6 48.8042736 | 46.61558418 6.38 8.72857763
0.5 2 1.6 50.9448087 | 48.01490696 7.98 11.1704611
0.5 25 1.6 52.5116362 | 48.92391432 9.56 12.8285016
0.5 3 1.6 54.2207736 | 50.65691997 11.24 14.2076711
0.5 3.5 1.6 56.5960954 | 52.30582357 12.84 17.4028269
0.5 4 1.6 57.765655 | 53.23951897 14,55 18.7188288
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,_LLn‘u % WAW y wny z PLm (dB) Plavg (dB) | Tm (ns) Tavg (ns)
1 1 1.6 48.0218369 | 46.70803108 5.9 7.98137252
1 1.5 1.6 50.0714064 | 47.7226449 7.17 9.83319677
1 2 1.6 52.4416301 | 49.44468205 8.6 12.1682484
1 2.5 1.6 53.8060857 | 50.77226157 10.05 13.7084293
1 3 1.6 55.5180171 | 51.52364697 11.6 15.2517738
1 3.5 1.6 56.7169693 | 51.94864625 13.28 17.4806923
1 4 1.6 58.2987709 | 53.54670505 14.83 19.1465782

1.5 1 1.6 51.4439913 | 49.01583581 7.25 10.7568737
1.5 14 1.6 52,5559507 | 50.36789338 8.33 11.7010983
1.5 2 1.6 54.6092289 | 50.6897384 9.65 13.334838
1.5 28 1.6 55.3732962 | 51.79865032 |  10.95 14.6586509
1.5 s 1.6 57.0988465 | 52.74168935 12.53 16.9810711
15 3.5 1.6 57.9735921 | 53.27868482 14.02 18.0263721
1.5 4q 1.6 58.7723966 | 53.23974924 1552 | 20.1179666
2 1 1.6 52.9431594 | 50.18933857 8.84 12.1299429
2 1.5 1.6 53.6964071 | 50.67899008 9.71 13.0692471
2 ¥ 1.6 55.0286268 | 51.76203774 10.74 14.7305242
2 2.5 1.6 55.9655975 | 51.85314645 11.87 15.7027662
2 3 1.6 57.4617089 | 53.31331617 | 13.26 17.375971
2 3.5 1.6 58.5645508 | 53.31278261 14.62 18.7197792
2 74 1.6 58.8282945 | 52.8447708 16.14 19.8440311

= 1 =
VIBLNE: WU X LNy Y WaE LAY z dniedy wns
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mMyATgisuiudygia WLAN ausnmnsgu IEEES02.11a dewiadiu 3 dhauau Iéud 92
HAUATWANM 5.15 GHz §4 5.25 GHz TaauauAanuanans 5.25 GHz 84 5.35 GHz waztauoy
mquﬁqa 5.725 GHz T4 5.825 GHz nufeyaa1n IEEE Std 802.11a-1999 Digital Object
Identifier: 10.1109/IEEESTD.1999.90606
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= o =2 ' a a ) ¥ a
A1319N 1Uumﬂ“ﬁﬂqﬂqqﬂwﬂwaqﬂiﬁEJSV]'Nﬂ"I{L SUEUMLLAULAULAEHEUUIULAUNINEN

Tumsmsdumua
' ANLRAAYARA uﬁﬂﬁqu’uaq Andanann | Lﬂaﬁmumﬂmm
S YaeAIRaNaIn | ARawaIn sxﬂzmq'gﬁ%jﬂ Lmusq
o FLULNY STHIN9 (Lun3) (%)
(Luns) (Lun3) | | :
UwB 0.66 0.46 2.39 79.05
WLAN Low Band 0.77 0.61 2.70 71.43
WLAN Middle Band 0.79 0.75 5.2 67.62
WLAN Upper Band 0.86 0.82 2.58 65.71

mnmiwuuwnwammmmmwmmwaumqms’wam@mmmmuu,auagymmumu
niaBslunsmiduas asuiulEdn HAANSAINNITH LML T UWB uulwmawwam
duARana1nTEEENINgEn Lﬂuimwm"uaﬂum msﬂw 5.25 mmm‘wml,mml,mummmlm
ﬂaEnumamammu,mum‘[,umsmmme Fathy 91NRENITNAEBYLEAYIT AL LEN YRS
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