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ABSTRACT

The free space transmission estimation of ultra wideband impulse radio
(UWB-IR) was developed by using the extension of Friis’ transmission formula. It
considered the transmitted waveform and its distortion due to the channel and the
transmitter (Tx) and receiver (Rx) antennas for the free space link budget evaluation
of UWB-IR. This thesis presents the two path evaluation formula of the ground
reflection path loss for UWB-IR systems that based on the extension of
Friss’ transmission formula. Since the antennas are the pulse-shaping filters in UWB-IR
systems, the biconical antennas are experimentally examined, especially focusing the
effect of template waveforms. Furthermore, the correlation receiver is used for
evaluation of the signal transmission by using the appropriated scheme. This thesis is

very useful and its will be also used to realize UWB-IR system.
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2.1 na1u

welulaBnnsdeansl¥anouaunineds (Ultra Wideband: UWB) lumnealuladfilésu
auaulafivtuediannlutiagdu dmsunmsussgndldlussuudoasengg Sanalulad
wauntads Wumeluladiignosnuuusnvdmuiilunisiudsteyaiigddlussoznslnd 4
Tnefiszaene 10 w3 agiimuisa 110 Mbps witedidhmmssudsdoyaigedulussosmig
fduas Tnefisvorme 2 wes efiAnnangaasde 480 Mbps f9uuudinifineferas
AUATENINN 3.1 GHz §9.10.6 GHz warflouiauuusinviindu 7.5 GHz [2] sl
maiuiaﬁLLﬂUﬂﬁN?ﬁﬁﬁmﬁUéﬁa%aﬁﬂmm%aqwm Warszezn19liiAY 10 LWAT NITEs
FuanameuvaluladuauniieBafesvhnisddyanaludnuurvesiad ivisauauuing

Fawadndlgrwraiuaug srdaunasunning lmasusm azauisalenaaunatedInnl
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wounineBely laddeanisgunsainfinualy giiassAIung WUAINean  ANgLan way
a ¢ & v A e v ¢ = Y a A I P
finwes \Jwiu NMnanuiiRuihivieunsalveanaluladuoundnsdalisingn vuiaian wagly
Aaeuan iWeiflguiuszuunisdearsuaunauntdiued anusenmsniedygiuuuuiay
N899 8L dRAIUVBILUUM AN IUNITAININNINAINNU 20 % VDIAUANUDNANT I
1] a ' =1 W = oA | P

AT h L UAINUDNINNIINTBWINNU 500 MHz  F998nUINHAININAIILAUANUIVBITEUUNS
doansliaenldivedludagduunn

npuantRne vewnaluladuounindsiling sswuldinuminzauiunsld
uludnwazvedassieliarsdiuynaa (Wireless Personal Area Network: WPANs) N3
a oA | &1 v 1 v A g o aaa v = PP
Ansodoassenittgunsalingg Tumssudsloyanidudafiify (Toyanin (dee Iale a)
nivunvesdeyaillng fdoin13nNTIMazANgNABIlUNITTUEY 1Y N1shndodadns

| A a & A a & 9 P % | a ¢ & Py

TENI1UATOIADUN MBS LATRINN ndeslfle ndesdtesy iaTesaunuiues Wusu
wialulaguauninedsfaiunsasesduniiudeanisaenan oy

diedsanmiunalulaguauniedsluldenuass msldnuarlidinegualuaniie
windeunelue1as uiaziinisldnuiegluannzuindeusenitanigluuazniguanaing
%Qﬁqmaﬂi“m@iaé’mmmﬁ%ﬂﬁ ANYIUNUFIILLEUDNTIATIZIDINANTENUIINANIY
WINADUAINATD mmaa%ammm aznanasluunsell Tnefluuniay nandsse Sauas
Adunn nannIsIUgIULAETBMUUARTY 9 yeameluladnisdoansuuunaunineda
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Wosanwaluladuaunindelulddadinavuinlunisdsdyaruanaiaddludiniasu



3

nRadiidinaatuavinniios slvmaluladuauninedaduuudinidiniiaan 9
gnsumuldienn immndigauaraninsoldnuiussuumsieansliaefuisloguaals
weluladnmsdeanslsmeuaunineddllimelulad vl gndunuadsusnlaeanslei
(Guglielmo Marconi) 1ud) a.a. 1901 Tddesiiauea (Morse code) selflaatnusmanms
wonuaudnlaglfinsesdsatrinuiy egnslsfnmusslovivesnslduvudingiiniauas
auasatunsldnuuvunaieglilasnisdeiadusivdn i Al iAadulunouty
Mntudszanm 15 Useunnisdeansildwadlunisdedyanaldsunsudniulildluna
msnmsluguvesduriadisns (Impulse radars) 9nEulu® a.a. 1960 - 1990 wialuladils
gnirfnnsldanlunesimmmsuazununnmsunasesiiunudunissvnia wunsdeans
fifesnmsarutaondeiigs egslsfinuluneudniuinnivedilasluwamesuazaing
dasonnuniigilumaluladissinousninosldibimaluladuauninsdaneudiniuns
Uszgnaldluganglvd
nnimaluladuavnadsldfuanuaulalufunismdudiunndunaivasd
Fimurszuutauninsdaanfuaasulinisaasnssunsnisnisieansuisanigeiuing
(Federal Communications Commission: FCC) [3] ousf@lildnumalulaguauniisdslud
wdind aniulud am 2002 FCC doyifisisnuuasdatsduatiufivis (First Report and
Order, RRO) dnsunisldsumaluladuaunitedsludsmidve nelinissfaiidsauilsd
Tunsuwsnszaendudiviugunsaling 4 sgransinin Gsmnufuinlnedeveunalulad

wounIaBelananesisgun 2.1
Federal
Commission
RV FCC aandaninun

w3asdasUnsnuiy L‘smimrwi.m‘iuﬁ% YBITTUUNSERENT
(Hertz,Marconi) RRACRPVPHIS L5084 wasgruduiiusaly
] ] ] ] >
A.fA. 1900  A.A. 1960 A.A. 1990 f.A. 2002

JUN 2.1 Ysgthenudunnveanaluladuounineg [4]

(% o o 14 a

2.3 anwuzlnenaluvasszuudaansuuunauninedy
walulagnisdeansuuukauniedaiugniunldlussvunisieasuuulfanelaed
gnIN1TdvayaNgInLazdlldaunns1RINTEUUNNTEDAITNINARUANNATNYUUUR LY
= < Moy Y A ¢ o | o gy & o & = & v eaa
Ao Wuszuunliaesldaduniv lagagvinisdedyraniidnvauziluiad Jasduiadnd
AnUndlusEaiuulwIug (Nanosecond: ns) ilefiansantulaluuiial arewmntiawinl
FYUULAMNUVUIRILYBILAUMEIU (Power Spectral Density: PSD) Asaungulugianinud
Y 1 o a acs . = = 1Y -
Andanegluseauiingddn (Gigahertz  GHz) lulauuai1ud waziiasnieszuuilll
LUUATIANTANTUINTeaN505035udns1nsdetoyalags widledadinluseAuves



danuildds vildsseznmadunsbivinsgndidnegiuseana 10 was Jadudervun
Y9N IMIg1U IEEE802.15.3a (WPAN) Tneluguil 2.2 wandbiiiufieszAuanumuiwiues
waumasulussuukaunIsBadioinsissuifisuiussuunsaeansliatonuudu 9

Bluetooth
: 802.11a
» B02.11b <«

Cordless Phones
Microwave Ovens

Power Spectrum Density

Part 15 Limit

-41.3 dBm/MHz

16 1.9 24 31 9 10.6
Frequency (GHz)

JUN 2.2 MsidSeuiisusgivanamusiukauiasnulussuuiaunedeiusyuudug

dnwazlomzlagiluvesdyaniuauniieds wu msdeamsamiaganglutiu
vieudinseiigunsniledetnemsgsia lasgunsaiiufosarmsaiinusglutaseuidoud
3.1 GHz 4 10.6 GHz Bazgnosnuuuiiielfaunsnftagyinnuldnteluermstintunie fes
iiildfugunsalvunailede Fse19azgniunltludnuuzansdeasuuugasiogn Tngsh
unsnsraeaduLaunBstuResinIsoanLUIa3UTesI NI TUNINTE ALY
wuuFiasisaus 20 dB Fosegnelusaumnuivessruunaunineds wasAuuudl avifides
figmlagTafiszsumasn 10 dB 2INTefUgsgauaInITuNsnsEatewinfiy 500 MHz Tagsesy
qqqmﬁagmmiﬁmiLL‘Wi'ﬂis:maﬁﬁé’amuﬁm%’ué’mmmwuLLaUﬂﬁwagaﬁuQﬂﬁwwumHﬁ
-41.3 dBm/MHz (Noise floor limit) stwazﬁ?uiumsaiamué’mzymumﬂ%a?ja 1A
Fuduedrdsidesinnanisormuasing o wisltlunmsesnuuusunaudnaaddaegud
2.3 azuansliiiufiadadinnang

PSD mask
10dB -41.3 dBm/MHz

(Part 15 Limit)

20 dB Bandwidth

UWB EIRP emission level [dBm/MHz]

i g

min c max

Frequency [MHz]

5UN 2.3 gafiansantunisesnuuudayanuauninegs [4]



2.4 ALAUYDITZUULAUNINNEN [5]
AnwuEIDINadNtYIa AUl lumalulaguauninede d9efvateUsenisiile

'
al

= o = v v X = ¢ a Yy a
NYUNAUIZTUUNTEBDATLLOULLAU IU'W'JSU@‘UQSﬂaqjﬁﬂﬂigiﬂsﬂusﬂ@ﬁLWﬂhﬂ;aEJLLQUﬂ'J']QEJﬂV]Q%

Pranlglunisdeansliane

o/

24.1 mmq%m‘daaammmmn

[ )
=

asudAyvINsiuuRIninIsdmiuiaduauninsdefenisviliaugues
sziaqé’agmzumﬁu ImEJmmwmﬁaaﬁ’mmm‘m’%aé’mﬁﬂWiéqsﬁauaazuaﬂﬁwmmaaﬁﬁaua

mwmmmmmmmwﬁaqammmmiaamwammmm wummmmwmﬂmaqmums
ﬁaammumwmawmiawmﬁmﬂmmﬂamsuammuuau (Hartley-Shannon) fsaunsdi 2.1

C =Blog,(1+SNR) (2.1)
e C Ag  A1ANYYOIFRY e AR
B A LUUIAN
SNR Ao SnsdQa uAadyInIUNIU

PNauNIST 2.1 %Lﬁu'jwmmmqmaw}aqﬁ'@mmzﬁﬂ'wLﬁm%yu dowvudiavidiunn
Tu inszariudygasoun B ditwunsiaiiangs 7.5 GHz Wlnilensinisdstayaly
sefunaneesngSaseiunfl wiegralsinay wesnn FCC liddamdsdvasmalulad
waunnedsld Swhliaunsafierdedoyadaoanuiiadussesrdu q wihbu ilivalulas
LLaUﬁN'@'qL“ﬁlué’hLﬁaﬂﬁmé’umuma‘fm%’uﬁzwmi?ﬁ‘amsﬁmmw3§uﬁﬁmmﬁagja LU
szuulassinglsanediuyama Judu

2.4.2 fdsnulunisdei

nndermualasamgnIsnsn1snTReasuisanssesnlaivualviidsnuly
msdﬁagmmmaqL%ﬂiuiagLLﬂUﬂfﬂqéaﬁuﬁﬁwgaqﬂlﬁLﬁu -41.3 dBm/MHz vinlAdeyanaives
LwﬂiuiaﬁLL.mJﬂﬁwaﬁdﬂfuﬁmmwémzmaﬁwé’mﬂuisé’ms‘?’ﬂmaQiuizéﬁ’usuaaﬁmuzymiumu
(Noise floor) ?Nv‘fﬂﬁszwSuuaqdwé@mmmaqLLaUﬂfwaﬁqﬁLﬁuﬁmmwmﬁumul,aagﬂﬁﬁﬂ
genl lidyanamssuaunibslifinansenuiussuudue

2.4.3 Tanman1sgnaniensansradulaenn

dlesnniimduadslunisdedisn ildnaluladnisdeasuauninededinnuanuise
lunmsgnenileiaznsiadulaenn miaqammmmamaaawmmﬂmmﬂﬂwvmaqasﬂﬂaﬂum
dedynyinann Wssuas 1 wing) iefinzanunsansiadutnansiiddld uenaintuiadues
azgapml,l,mﬂmasmﬂumma@Lammmm (Time modulation) MgsHalRNIEEMTUNAES
waznAfutiy 9 mma@LammmmﬁuaqLmUﬂ"mEﬁﬁﬁaﬁﬁLmumm 9 9zgr8Lfiuny
Uaeaselunisdsdyanas iesnnisfisgasiaduiadluseduiiniund (Picosecond) e
Li¥dynradedonluuda sindensmaaziusuuuuvesdyyia ety walulauoy
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nsBdadumeluladiifiauvasndeas sindensenilsuazasiadu nsdearsifens
ousulutoliianisdeansvaenasiniazuaunnsunAses

2.4.4 AMUAUNIUIINNTYNTUNIUYYI (Jamming)

mnFeufisuiuuauanuivesnisiealsuauuauudl unuauivesnisdeans
uaunieBstunasuagquittvesaud ivinnirluszdunatefngidsa n1sdiniudd
‘vimfmmmaqé’ﬁgmmuauﬂ”m?J'wﬁ’ﬂﬁﬁﬂ’amﬁmmwiamsgﬂiumué’cy,ﬁymhjdﬂ%Li“jJumi
sunmulnesdlandoldladsle wsgillfigivinssuniudygnaaulnuiiannsasuniu
é’ﬁgzgmiummmﬁ'suaﬂLmummﬁﬂ’ﬁwﬁqlﬁuﬂ%’jﬂLﬁm azﬁ?ufﬁmmﬁlmﬂmmﬁlgﬂiumu
waunadefidandorisnnuidnannmnedilignld

2.4.5 Tnssadnaiilidudaunazdumuni

aududoutiasuazdunuiidivesszuunouninduiniuandadensdnuaue
Lwakuug (Baseband) GU'eNmidaﬁ’ﬁyﬁmme'?faliu'mﬁauﬁmzwmsdqé’maﬁm%mLLUU?jub‘]
Tnefia3asdasrinsaddygiaiadifinnuniswesdugadesung Tulauuniaeial
Faanunsaiazunsnszaneaauseniulagsaninmsiinanudingisndunvisandily
warludurensrudyonaivgtuandunsiedygauauudsdilusuadund
Wethedyanailudununnuiifaudnvarlunsunsnszaisausufosnisdsdyyuas
gnunsnsza1eldAlasusiaannaanadesnislunisfinnisuuasaanuiligedy
(Up-conversion) LLasmsLﬁmﬁwé’ﬂﬁqﬂﬁu (Amplification)  Taelunisudasaatuiag
(Down-conversion) WaggnanAaA (Local oscillator) 3aliididuluiadassuuuuuauniig
Seshewuiuwhliannmdudeunesszuuiagiunlunisudnaslnn

ANUBINARS . ANLRINATL

¥
daya

4
3 fngef Nawas

vanandaya
4 J

LRI
Fuagiandoya —

o o <
LATRIUENEINNAY LATBNUEINEY

ATUnUITUNIUEN

ADRTALALAAT o 204TALALABT

(a)

- Ane1aNIATL
ANEANIARY T

1 ¥
LATRITENE 1238

RN

Tawmas Aoy nusunousn

A LR
—»-uagandaya
A

WU LANAUAUS

wiaearinfiniad
(b)

waungnaga

5UN 2.4 1as9a19v0esruUMTAIUA ML UNINBILAL SEUULAULAY [6]
a) vaanlrazwnsunird-niasuvsavalulaguaulau
b) vdanlaozknsuninde-nasureanaluladuauninegs
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N3N 24 areds-anafuveamaluladuauniiedaiilaseainsidiendn
spvuLauLA Hosanmsdeansuouninedeilinadniidsdeinaglisndudostigunsal
we18fds (Power Amplifier: PA) luniads wazainnisiinisdeanswauniedalaidnisld
deyraunst Flrlddududesddfinees (Mixer) uaveoadaiamas (Oscillators) Tun1suuas
Al dunnuarudfifesnistilumasuuasnads

1 o

2.4.6 AAMUAIUNUADYDINYEYIUNAILID

[

Juiidfuinisifedesdygranarsitidudsivanidedaildlunsdoasliane G
Hunawannnisagiiouvesdynanisdealsainvaie ﬁﬂmﬂﬁi’a@mm 19U 91A75 16z
e viseaunsaldtinau Wusy uneananeeiniadsludiasoinasulaensaisanii
@useduanenn (Line of Sight: LOS) duué’muzywmﬁLﬁmmﬂﬂ’]iazﬁaumﬂﬁuﬁﬁa@mq 9 g
lifudumasefuanes (Non Line of Sight: NLOS) Tneguft 2.5 uansteansiinaduvaie

A TUTLUUBAULAULAZ LAUN B

LOS

TX RX
(@

LOS
@
el
=
= NLOS
E .
<
LOS + NLOS
Ti
(b) ime (sec)
LOS NLOS

{c)

UM 2.5 HavestesdyaavasIflussuuiausaulaskauninegs [6]

o

[

(a) MsiAngesdyaurateinlunsdeanslias

o

(b) NAYDIVDIFUUIUNAIYID PUSTEUULDULAU

g

() NAYBIVDIFUANNANYID MU EUUBAUNI19E

e
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[
= 1 v

1N5UN 2.5 WavesdeddygIavateId S uA Yy 1w uLAUIL L AATUABUYNS
NN YQIULAUNTNET 119991nA1TTINAURUUANLNE (Out of Phase) voddyey1auiiun

D Ag7}
v

31n9iAN19 LOS wag NLOS vinlszduvadneundgaanadiin uwilumalulaguauninedenig
dsiadnilgraaiuauann o vinlimaluladdlasunansznuaintasdyyraraisiniesnin
LU9997N929181N1 TN UYIRAd U0 L UNINNBITIIaIdUN I ulWIud vinladadAe
4 = 3 PN = I v o ¢d &
nMsagyisuiilonatesinniaglufamieuiuiadndu LOS

2.5 n1sdssinuAdudyyIn
HaNTENURBNITERUA YA @wsautsesnlalu 3 dnwug Ml Ae nsazviou
(Reflection) n1sideaLuu (Diffraction) nMsuannsEa18 (Scattering) Fsaglaaduly maly

Diffuse
-+~ 7 T~ reflection e
4 LY ’
I A ’
I LY I
! » 4
i f«\’w N Diffuse !
1 I scattering
\ !
/4 !/ » \
\\ \ ’ \ : .
~ ’ 0, ~
""‘-:.— v s A |l ~
~ A"
-~ AY 1
f~ ~ - Y 1
A Y
— ~o Y 'l,".'\
~ Y 4-;\‘.':
Diffraction n L3
- g - -
- -
- -~ e
X Specular
R reflection
l -
I Waveguide
\
\ g effect
\ g ~
\\ +8 \\
. - ! o v
I 1
! 1
\ !
AY
b ,I

JUN 2.6 nalnn1sunsnIzeAAUYRITEUUNM A TUAY Y10 [7]

2.5.1 n1sazviau (Reflection)
v A o a X A A o A P A P |
nMsazvieuvasdudyaaniniuilenduinisinioufivindonalsusznmnilslug
= a ’N P aa A A v ad a o ' =~ ~ ) A
denansonviianils lnevdenaresiinansardoadifiuiflngundiefisutuainueinau
F971AnTUARD AAUUNIAIUIETNISA R UDONLAYdIUNLNADALAADUNNIY
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dhddonanviiniiaes Medrsweansasviouvairduiliintuissassiiy n1sirdundoud
hnsgnuiune visediuivedlan s

2.5.2 msiagau (Diffraction)

madeuureseauiatulunsdlif nguesiifveuinunsedseinsgunnisy
wazgunsaldadayeyn ﬁﬂﬁlﬁﬁLé’umamﬁwdwqﬂﬂiai‘}??qaaqﬁﬂﬁué’mmmmmmﬁamu
e ﬂimgmszﬁﬁlﬁwﬁuﬁﬁa ﬂ?ﬂlué’aujigm%émé’aui’mqﬁ?uﬂ nsEeLYesdanaiied
s dsanunsasudygralauisdiu 5&LLﬁ’J"1Lﬂ%@ﬂ%Uﬁiy,iyﬂmﬂ3QﬂU®ﬁQﬁ?8§ﬂﬁWU’J’N
97’38Lmﬁmitﬁmwusuaﬂﬂﬁué’m@m%ﬂﬁﬂiﬂ%ﬁﬁamidqsimé’ag@m

2.5.3 N13n923AN32378 (Scattering)
a &£ = A a Ql' o A & a <@ = )= [y
NIUANNTEINLITLAATULLBAGULARBUNNTENUING VS DN URITWIALEN WWalfiguiy

AsETIAAUTeIdy AN IiRaudyaasinnsnszidavesdg iy 11e9319s @lay
Trlenuauu Tuld wasiiuranugusy Wusiu

Yy o o = Yy a
2.6 ﬂ{]‘UE]U\‘lﬂ‘U‘UEN5$UUﬁaﬁq5LLﬂUﬂqq\‘lﬁl\‘i

2.6.1. ngfevifuvesszuutauniredsluanigendn

Tutudt 14 punius U am. 2002 FCC ldpanngdmiuszuunaunineds duduns
fvLAYeULIAYRINTITUNINTE I MAsUaTUTIvEadmTuss uuLaUN 198 waziaynn
Tidumaluladildludnwarnenisdnde Tnesenusgavosisynawazszdouns
atuinislsinaunsasarsisamuluiui 22 iWonswiou T aa. 2002 Fsluenansle
namfansoygaldruluszuuuouninbet 3 Yssnuile ssuamatunin szuuisnnslu
IUNMUE TEUUMTIANAEANTABANT 1S MUATEUAN TN NS BNE A MY
mﬂ%’wuiuﬂism‘mzwmaﬁamiﬁngﬂﬁmumﬂ'wé’mahumauwuﬁ%ﬁ (Fractional
bandwidth) 1laflsidngn 0.2 vienuuiaisiuimaun faslisingt 500 MHz Falenumy
aunsi 2.2 uay 2.3 uagfvuetenudldawlin 3.1 GHz fs 10.6 GHz Taedediianis
unsnszanemAINUIesTEUULaUNsBsiidmunlag FCC uandliifiulumsned 2.1 wazgud
2.7 dsuldlumsdearsdayaismelunazaneuaneinis

Fractional bandwidth > 2u or (2.2)
f, +f,
UWB bandwidth > f,, — f, (23)

et fL flo Avudsgn
f,, Ao Amudasan
U 9
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AN5199 2.1 UoINNAUNISENINSEANAaUlag FCC dmsunsidanulunisdeansng
meluwazneuane1s [8]

o mzﬂumms AMYUNDIAT
AU [MHZ]
EIRP in dBm EIRP in dBm
960 - 1610 -75.3 753
1610 — 1990 -53.3 -63.3
1990 - 3100 513 61.3
3100 - 10600 413 413
4131 10600 -51.3 -61.3
=40 T T T T ! T T T T T T T T !
50| I\ L -
60— —

PSD (dBm/MHz)
-
i
|

80— —

90— —
— Part 15 noise limit
---- FCC spectral mask for indoor limit

| oy | \ 4 a3 FCC spectral mask for outdoor limit
100 T T T I T T—T T
10° 10"
Frequency (GHz)

JUN 2.7 anuvunwiuvedsaunnsumasuaudenivue FCC part 15 limit dmsu
nsdeanssruUkUULaUNIeBsglulaznguene s (8]

2.6.2. ngUavsAuvasTTUULaUNIeEdluglsy
Jagtulassssvesderimunssuuwaunineddunivglsveglutissedeyananaia

'
P

fiieaunansgnuressrvuuaun B suusruunidldftuoglnensglsuduuisdiuves
Formunazanunitmesnsanizewin imsemadiuglsuiuludiuveanaluladlnddes
wansliiuindanansenutesvielidimaldonedoszuuiduifioglnodedidanis
undnszeidsnudmiunmsldnuiiniglusagnisuoneinsiituslay MU u3e ETS
wamsliifulumsedl 2.2
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lnglugui 23 wansbiiufsnisSeuiisudefmuanisunsnssaiemaeauly
ainasuadudvesssuuuauninegasening FCC uay ETSI

ANUAINU

aelulaznigusne1nng

A5199 2.2 UINNAUNISENINSEANEAaIULAY ETSI dmsunisidanulunisdeansng
Aeluwazneusnansg [9]

m’m?i [MHZ]

PSD (dBm/MHz)

f< 31 3.1< f <10.6 f >10.6
aeluemns | -51.3+87log( f /3.1) -41.3 -51.3+87log( f /10.6)
aeuanaIms | -61.3+87log( f /3.1) -41.3 -61.3+87log( f /10.6)
40 I 1 | I I 1 1

— ETSlindoor mask
-—-—- ETSI| outdoor mask

100 1 1 |

Frequency (GHz)

10"

5UN 2.8 anuvukuuvesaEnasumasnunudenivue ETSI dmsunisdedns
szuuwuukaunIsBanelularanguene1ns (9]
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2.7 nMsuszgndlFauvasszuuuaunins
nndefveunaluladuounibeilénananudtu shlvineluladdannsmiluuse
mnsuifisussuuiiumelulaBogng Wi-Fi 3e Bluetooth wéafiagnuiiszuuununing
faaziuszavsnminilendmaluladfinanisdnuamilumsiudstoga msldndsnud
Mt audannuannsalunsivdsieyanzanearsitudsinvndldfninnaluladdug
Faildnaninudadiadu Tuvaedl Wi-Fi - anunsafudedeyagean 54 Mops uagmin
Wisuifisuiy Bluetooth  Fafumaluladfiidslésuanuiondmiviaiediolianediu
yanaludagdu UWB fisnsnssudadoyagenin Bluetooth fis 100 wihdsdnoannmisalu
syiufana1n UWB Jadumeluladfimunzavdmiunisldanlunsdensegunsaisziam
Iianutuitanglutiny (Home Entertainment) visonis¥udstayanigludinau

(gj (v Cable {—-"_ q

T MP3 i — Modem Hl—‘:i
\ Player ’ HDD Printer
- % -
% . Wireles™
| CWEB i srouter
% AR Media PC
Desktop PC ‘
“'
1/ C/\ l I Wireless Media Player IP Camera
Lo

Digifal camera

JUN 2.9 msuszgndldnugunsallSanedmsussuunisdeansiauninegs



unii 3
N uaENaNNITIATIE YD Id ey sy
NNSEINIUAINSULAUNIN9E I UUED9ID

1 o
3.1 Na1UN
TuunfingaSursfangukasnannisiugIureIgeIdyyIunIsLNINIEaY

a a

gduiaduuusaunieddduanswindeunisluearsdmiussuvdeansuuulians oy

1 v

gatiuluFowomsavviounaznsnsedanszaevesdygnaluszuuuaunineds nouiuas
nann1sNsdsiudyIuvasnsa (Friis” transmission formula) MgufvedkuudanIng
azviouuuiy (Ground reflection model) ¥auuus1ansaasia (Two path model) %gu)
NTIAATIEATIGDAUAZ NI TN TR ﬁﬁwaﬁaﬂmﬂﬁsmuﬂammé’nwmmawaqé’zyzmm
Msuninszaeingduwaduuukounieds wunsanneuTeIiANIY HANITNTEINEN
1280 LLazmwﬂmﬁau%aﬁzy@ﬁm Judu Fadeniomaiianusnduedddiniu
msﬁmfmLLazv‘huwﬁmé’mmmmnm’;"mzm8’3%&4§mﬁaﬁuwLLaUﬂ%fN?J'Q

3.2 Wuudnasvesdumnvateddluszuuuuusaundnes

lumaiinnssassuuurosdaaiuasinnsnsgeuiuus aostnglildianves
st UTTUURUULIUN 1989 wildfiaTsanduusiaeshludunmngaufiasinuneSuieds
mé’ﬂmsﬁugmﬁuaqmiﬁwamLstu'aaa*’anggm Snvadsauarmnuaziielunuusiaes
AMTUNITLANIE N LN IZVIYBIF UL UAITUNS NTEIBRUULAUNT 198 0TI
wuusaesrullseiiewnuian Discrete time)  wuusiaewaedd (Multipath) w3e
wuusassranauaveseuiad (Judy ludniisldionsantmansenuanduaiavansda
Tneamgesabesduausuulfaeluannzwindonnnslueins %aLﬁuﬁugmaéwwﬁq
vosdnyyadutaduuuLaun eBeisarlanads

Fyaramaneiddulsngnisainiameiuaiesiundenfiinisdeinudyyo
youdmanlnfmaudunaiigg uinuneludnadessu mﬂéf’;aﬂ’mgﬂﬁ 3.1 LAAININIg
LLWi’mzmUﬂﬁlmwuwma%ﬁ%maﬂizmuﬁﬁmmmmmaamaazﬁau N15ANAY
(Absorption) mﬁlﬁmLuuu,azmﬁﬂiz%’mﬂszmmaawé’qmuLLﬁLMﬁﬂlWﬁ’]ﬁﬂiwuﬁui’mq
seminansdeiudyyIunesosddluguasosdu wu e fun Usee wagnteig
Juiu  wazdmnladifnquiaiiinisganduniensasiiouresndsnuiiiatuas fuogiu
AndnunizuazAuaiTRvesaee ATty
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~

/ “~_Receiver
Local /
scattering ‘ it
RS

/
s
/ /
s ,
s /
73

el P,

Line-of-sight 7
transmission 7

Received
signal

Emitted |
signal

Reflector

|
5

Propagation channel

Transmitter

E'U 7 3.1 LUUINADIVDITD ut?y WEMLLQ‘Uﬂ’JNENLLUU%@WEJ’JOQ’]EISLUE)'WYW [7]

3.2.1 AuanwMzNITAATIBUYBIAAIAl @nsanueanleilu 3 Uszian fe
- N5gaaenda3a (Path loss) Jumsaaveuresdyyaiuusmuszeema
s¥UINNIAdILaZAATUdYY I 15UNITAIUINAT Path loss Tuuhamee dannina
asmmsamnauﬁuaaamanmmmwaﬂuummmaﬂwmLuamwﬂwmm‘vmmlm N9l
Hapmsundwesdyaanideunainin enns uazanui
- NTURYSAY I8l (Shadowing %39 Large-scale  fading) LARINNTTH
fynnaundugnuatsludivnzanndanadouseuths 1wy ems i defliiadeud
senanushaty dyaaiisuldfeedidusdinniy fduseiuresdyaaiisuldtnasy
Wasuuadlugaesyezwing furuinvesdsinuans felnevnluudiazegusyuiamansdu
wn3 giethsdnunze sy aildunansenuanulnddslugud 2.12

FRN T UUE - Multipath fading

RN T UUD 4 Bhadowing

/_Fx\._ﬁn
WW\@éE,/

U =
Anafavaadfiyniu

[

3UN 3.2 uansdnwuznsiisuslasdnyaeseauvesdyyiunsulalieintanseny

VBARNIMNARILALILAIDY [6]
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- MITeNMIEveNA Y IsendunaIe3s (Multipath fading 3o Small-
scale fading) @® Lﬁ@mﬂmiﬁmammmmLﬂ'%laa%’ué’qmﬁmag%é’ﬁu%ﬁamn oty
Aafinn96ine 9 seudededwaliAnnisazieusasnisinmvesdyaalunaiefianig
daavhiduaafisuld Ussneude siuiudyaiamans o dygaiidunianainiienig
funndneiu Tnefliuunuasainvansieiu nansenuvesifainmais vldsyiures
é’igggﬁmﬁ%’uié’ﬁmimﬁauLLanﬁauSﬁNﬂaaﬂg’wmLLazmiLﬂﬁammaaﬁuumsuaaé’cyzyﬂm

Tnemiluageglusedufediuiuruinvesanueiniy

o = a ad
3.3 LLUUQ']ﬁ@\‘]ﬂ']'iEJEUULﬁEJL?IQ'Jﬂ
= a aa < [ d‘ 1
NIgQLaLTNn (Path loss) 1UUNITAANDUVDIAYYIUNLUTNINTLYENINTENIN
nadinaznInsulasNAaasiaedygiaazanasinal d " lay d Ao szEEng
sEmInanIrdsazn1asy @ n WuaipsAviledlvunuanataiuluaiuaninvesusiiai
doyayroudanu lagAnsgaydeidaldluenaaziiafuiiosnintadesag q wu

3.3.1 ﬂﬂigmuLgﬂiuaﬁnﬂﬂdﬂa (Free space path loss)

Tussuudeanslaedynindifuiatuanmadiazdeailudoudraseinia
Wewdasdaadliinluiduaduusingnlnd Electromagnetic wave) dmsuunsnszane
Nutedymddaeillifesinie Wedymiafunianinnasuivzdasoiniasu

duaadsihmthnnduiuannamgs Aevinisudasmauwshivanininaduluiludy ol

[
[

ANATY TUNISANWSTDINITRININTLAYARUIZ S UNINTUIINLAAINWLANLNTLNINTLIE

D

v o

seAufAsuRULYATiANIg (sotropic radiator) suanslusui 3.3 Tnglunisdsaaudya
NUBINIATN ST finvgllenulirinisgadeidadnluainiadng (Free space path loss) 1A
Hudnsrdauszninsidsuvesdyaramiuldieddsnuresdyyadignasesnun dsdl
AuduiusaINaun1sh 3.1 lneaunisanuduiusildasiFonduialuiaunisnisdaniu
dryeyrauuasna (Friis’ transmission equation) [10]

5UN 3.3 undariilladayaraanuunniiania [10]
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P =PG,G,G, (3.1)

12
G =| — 3.2
() 352)

Tnen

'
o w L% )

Wumasanueesdyaunsula

A

a

-0

&

o w (% )

WWunaunuesdyaiundionnin

A

-0

I

WudnsinsveevesaigaInIdn uas (Tx)

<

WUDRIINNSVL8UBIAIEDINIANIUSU (RX)

O O O

—

WWudns1n15v818u09n15uNI N2 TuIN1AI19 (F998taunin
nihelun1suRUR93g)

: | g C
yl Wuamuenedu 38 A = s

= !

- 8
lag?l ¢ fAw ANAINILS LG (3x 10" m/s)

A ArANDYRId QI (H2)

49
S

<

d 1 JUsEeLinIsEnINga@gNNIAR IUAILALEIERINIARIUSY (M)

a o w

ﬂ"lmifgjmLaamaammmé’mmmlummﬂ’j’mimaﬁ’ﬂﬂLLﬁa%ﬁm’]Lﬂwﬂw%q

o > Ag7)

' -

WRLUA (dB) f9RAWAINU

L,s =10log(P,) -10log(P,)
= 32.44 + 20log( f ) + 20log(d) - 10log(G,) - 10log(G, ) (dB)  (3.3)

Taed d Sniaedunes (m) way f Swhoduwnsdsed (MHz2)  anaunisilay
Wulddnainisagidsvesdyyiudgiiuniussegniwava1n i veIniudyyio
N3N 3.2 61 P, 3 ullnn1a9IU (Point source) WaIANMUKIUAGIUYBId Y10

dl o 1 | a0 1 U
VlG]’]LL‘VM\‘]‘MNE)@ﬂbL‘U d AzUAUNINY

P 2 v 2
d)=| — I9H/M1T1UANT (3.4)
o= 1)

v
A a

Taen 4zd? A9 NuRITeWTINANNLSATLYINAY d



21

° = y &
3.4 LUUINAINWHNIIEASNDUIINNUY

Tx antenna
V 0s
L) : g Rx antenna
1 T Vtot :Vlos +Vref

ht Vi V

ref hr

d,
N :
E
et d S

UM 3.4 uuuiasensagvieuiuasindmsuliae iy IunsamILLauN 198

9n3UT 3.4 LR T IUUSIa0InTarouaIn luAaniowu LS e esdeitidy
wuudtaesiifiansanduana 2 Fyaufodyaindiinnfianimss (Direct path) 1Ju
Fugaiiiunisanaigeniesvanisasainesusulagliiaafiaunnsedienad
vonftulduagdyanafinnannnisaziion Reflection  path) 1Judygradiiunisain
angenIARud BN RsnsaMAsLy Tneduanaesiiumensgnuiiufinuasazioundun

TnganunsafuIMmsTegmIssniagaInAd i vatanadusulufianed
wauiiuld (d,) uagsregmeseminaeamMamudstuagamadiusuluiiameiiagyion
Nl (d,) fsaunnsi 3.5 wag 3.6

d, =4/(h,=h ) +d? (3.5)
d, =+/(h, +h f +d? (3.6)

g d A9IzEENIIsENINAIIOINIANUAINUAIE9INIANIUSU tag h, h @D

ANNGIVBIEYINIAATUAITUAUSY MINEU UagaUNTaAIAMANANNTENY (6,)
INANNTN 3.7

0, = tanl(
d

h+h) (3.7)

dudyeraunusvanunsamuulandy g uAuIneINIAINTINRUR T
ALVNDUNIINNURY AIduNI59 3.8
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V,

tot

=V,

los

ref

Ty v, Fedyqrufiaigeiniasiuiuasiaaeuls was V,, Aodyginainiianig
lusgauansn uaz vV, fedyqufiasyiauainiuiy 33 v, @awnsarnalaainaunis
oIuIa a1V, awnsasunnlaainaunisi 3.9

Vo =TV, (3.9)

oy T AoAduUseandnsasiouvesiiuiy (Reflection coefficient of ground)
Famuulaanaunisn 3.10

=T, +T, (3.10)

lag T, [, AeArdudseansnisasiouvasnuialulnailsioduuwuing (Vertical

polarization) Hazluaueu (Horizontal polarization) FsAuaalaanaun1sn 3.11 uaz
3.12

_—&5in0+ g —c0s* 6,

1) (3.11)
£,5iN0+ /¢, —cos 6,

sind—,/e, —cos* 0
= (3.12)

ANy
Sin 6+ +/, —cos’ 6

3.5 nMsUsrananadyIuvesszuunsasiudmiulaunisBanuuaasia

Tunisdeansl¥aotusndufoiansantaadese o fvldannisvasuulas
seauvesdyadliiteviussiuvesideny L’amﬂiﬁaﬁLﬁ@%w%ammﬁmﬁaummgﬂ
”agfgmﬁ%’uiﬁt,ﬁ'aﬁflmiaiqéfaujﬁgmmﬂmﬂdﬂﬂé’qmﬂ%’ﬂmmaﬁLﬁ@%uLwéwﬁﬂzﬁaqﬁWﬂ'ﬁ
psavaeuLbosiudeismstanniunaiildanmsiaviefidonittoyafiu Raw data) fu
$ndudenhuiinssianutuneusng o dWelinsuimansenunionsiasunaseitls
nanluudlnelutuneuiiinnuddyne 9 fuduneunisindsiinnusndudosinniy
dlalumsifimeding 4 Aderdenfionansinmeifigniesuasiietioldlngluidoiazae
namdaamensfiwesfiddy q Awunldlunisiinszinaiildannismaassinues
Ineninugatull fail
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[

3.5.1 nufn1suszendgasnisaeinudygiuvesnsa (Extension of Friis’
transmission formula) d1§uszuunsdesiudyanauuuuauniiebs
syuumsdsiuingduiaduuuuaunadslduaualaduegiann sz
mmmﬁ'ﬂfdﬂizqﬂmﬂ%’ﬁ’umiﬁamiiwzé’ju dasnisdudstoyaiige wanidunsdomsuuy
Fanefididsdedi Tunsaanisunsnasaiiinduluszuuing Suiaduu uuouniebeds
mamngthinldfuannewadeutuusaundengluotaadundn
TussuuuUULIULAUATAIETALAN (Link  budget) waansaapdomsunsnszaisly
oxmAhaUnAgnusuifiuatlasgmsnisdainudyaaeaiFassildnaunludredu 110] us
Lsﬂajmmmﬁ%ﬁmﬂﬂﬁ@Umsaﬁ’umﬁLmﬂzﬁiwwﬁaqé’@ﬁymmiLLWi'ﬂszma%wq@m
Waduuukauniededifinsuansiefedduresninud éalﬂﬂdﬂﬁugﬂﬂﬁlummﬁmmm
Anfieuiilesnauantimiudvetaseinia (111 fadunsdfiasiiddnmnisesasd
uwazazinefiaedaeil udlifinsndnfs Faudinfinsuuzdiifeadunisidainueives

A1891NARLUY9lALILLAN

ﬂb: G 1:d) F—L31 G.(£.2,) | —>

] [ 1 1 LY < o [ = Y
féU‘VI 3.5 Uaaﬂlmammﬁmqmmsmmu EyJQJ,WmsUEJQWiﬁﬁ’MSUﬁﬂ‘UUﬂ’ﬁﬂ@ﬁ’ﬁ‘wﬂﬂ

gasnseeud

]

gavessalagnihunldedieniniiasannsayssynaldly
nsmldmsutesdanalusedvatonasitae nlaainaunis

o

e} A R(f)zGt(f,Qt)Gf(f,d)Gr(er), (3.13)

azdunaladtagralsiniuluaunisi 3.13 asiaumuIzauiuAIAINA U929

(%
v

wirdusazlilaunsadnldiussuusuuuaundneddlalagnse gasnisdeihudygyinvemia
Jagnihundszyndiiieldlunisiiansansuaduvesdygranlddamuiaznsiaiiouves
Heyayod [12], [13]
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Tx - antenna Rx - antenna

f(f)

> “'H f !1
h Correlator

v[(r)l @? [

I

d Template
P

waveform

Pulse
generator

(1) 4o

UM 3.6 vdenlaezunsunsUszyndgnsnisdaudyanavewiadmsussuy
QRFGRGAMTERINBINGRRR

aaudune v, () Aldlun1siesginisdeinussuuwauninggs

o

y
Y
kR taunsgulunisdedgia 1 vie mildainaunis

Unaudgyead
WUV y

il dudey
[ve(t)de=1 (3.14)

n1svgregnsnisasiuvesnsaiveth luldmuinddsddaanveingduiaduay
ningsdmiukuudnaesdlueiniaisdiilsidunisaneleudesdayyias H,, a5uiglaain

aunng

Hee (f,d)=H (f,d)H (1, ﬂ) H (f 0), (3.15)

Iy H, Wuilsddunisarelovlusimeitmldan

fd — ejZ7zfd/C
o (F,d)= ﬂfd

(3.16)

namasvasilindunisatsloudsdouvesatveinia H, isudesladvaisainie

lelansataludnisauau (0, ¢)

H,(f.0,0) = H,,(f,0,0)+¢H,(.0,0), (3.17)

o
[

dlo a=r wio t, 0 uaz g Juyy azimuth waztivesiidansinauiieames
0, ¢ wandnarlsduariinsiuuanelnuiinansenauluaigeine
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Unaudggainsulavenasessu v (t) vewmuudiassluainiaitsmlaainaunis

€aN

v (t.d) = [He (F,d)V,(f)e’*"df, (3.18)

dle V() Juanesuvesdyaranldds mwnldlaenmsulasidesiielregly
NBUYBAIAHFURUUYDIATUALANNTS

V()= [ (e’ "df, (3.19)

—00

3.5.2 WUURIABINTTaLNaUNY (Ground reflection model)

drusuilsndunisatelaugesdygruuuugesin  H YIFYYIUINNT

c,2—ray 5]

(H,q) wavdnanasitaseuity ( H.,) mldan
He, o (F,d)=He(f,d)+H, (F,d), (3.20)
Hoof,d)=H,(f,d)H,(f,7-6,,7-H,(f,6,0), (3.21)
H, (f.d)=H,,(f,d")+H,(f,6,,7)-T(0,0-H(f,0,0, (22

lned 0, AeAlnanlsdvesarveinanludygiuitasuaz 6, Asrdrlnalidves

[y

aeonAvesaeo Al ludyaiaitas ey awnsamuiulalag

1
6, =r—tan™ 3.23
=T [ht —hJ (3.23)
0 =x—tan™ : (3.24)
‘ h, +h '

SLYLNTEMINA1YINAR LA kaz A8 AR USUTuAAN19mse  (d')  wae
SYLNITLNINNANYDINANUAINUA18D 1IN A USUTUR AN N dzNnouaniy (d”) A9aunis
713.10 way 3.11

d' =4/(h, —h J +d? (3.25)

d"=4/(h +h ) +d? (3.26)
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LarduUsyavEmsasveuiumlaann
L(0,,0,) = 00T,,( - 0,) + ¢oT, (1 -0,), (3.27)

T, Ao dulssdvonmsasviouvesiuinlulnalswdulunsuas T, Ae duussans

nsazviauYasfiu lulnabsiwduluife asunglaannaunis

cos @ — i—isinzé?i

& 82

[y(6) = — : (3.28)
1 1 - 2
cos 6, +\/—25|n 0.
g &
COS 6. — /& —sin’ 6.
i (77 2 ek i (3.29)

C0S 6, + /& —sin? 6,
d‘ A 1 [ U s d’i’ a I d’lj a
e &, Ao AENINYBNAUTNSVDINUAT Uag 0, ABUANNTEVUUUNURD

3.5.3 M13gauLdeIedn

Tuszuunisdeansifaretunisimesiddalunisinszdre sduyianis
uWNInNIEANEAAL Apn1sAINNITalnAIANga A s uesdyaa (PL) Suiilesunain
nsunsnsEnerduNIuTesdyin nefinnsanansasdiuserinseduidenuildduas
syiuidanuisuladalneiluiinaziandioglumhovoundiva uansldfsemunisi 3.30

PL [dB] = 20Iog(z‘ 8] (3.30)

Tnen

v v

v,(t) A szaudggaildd

>

LY

V() fe seudymnadmsuls
Iﬁ]EJmﬁLﬂi’]e‘ﬁﬁﬂ’li%ﬁgL?i&l%@x‘iﬁ’]ﬁﬂﬂ’]uiuizuuLLUULL@Uﬂ’?’N@IQ PLws huazfiansan
ﬁﬁwé’muqqqmaqé@ﬁgmﬁw@iqLLazﬁwé’qqqqmaaé’mmmﬁ%’ﬂﬁ%qLﬁuﬂqﬁﬁmaﬁwzmq
@) Tnefifeundulumuaunisdi 3.31 waz 3.32 mudv

max |V, (t)|

PL,,s(d) [dB]=20log e )

(3.31)
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Tagluaunisn 3.31 lamuualvuuievesdygrailddadaniiny 1 dsluanunsadnaunis
Tusilaeadl

PL e (d) [dB]=—-20log(max|v,(t)|) (3.32)

Twingrfnusadud lovinismAtanideidaitvestesdyyun1sunsnszaiy
Wguiaduaunindaviinisnegeuluiieslinisagyieu laeldiuuudiasinisasviounu
1WITUIRIENNTTN 3.33

PL(d) [dB] = PL(d,)+10nlog di ; d>d, (3.33)

0

Tnedi
d, Ao szEyNaieneds
n A9 A1 path loss exponent
AD SYYYNTLNINEYDINIANTUEINUAI88INFARTUSU

3.5.4 svEEAnyy (Breakpoint distance)

N13MIA5ZELIRTNYLIYUIUBNRINTTanNa Ty nlugoddyg L uULaY
naBeldl Tneszezmassninsansoinasudiazsusuegluszegneuissyozgaings oy
wuhehmsanneuresdiyy afiiatussmiioufumnsasmouvednadiiatulueinie
719 LAEHITEUENITENINAIYBINIAATUAILALATUSUNINATITLELVDIRATNYUITNUIIAN
miammammé@mmﬁLﬁ@ﬁﬁuf\]zﬁmﬂﬂdﬂﬁhmiammummé’@mmﬁLﬁ@%uiuaaﬂﬂmw %9
lun1smssesveainyuzldisnismuuu double linear regression model lngfiansaun
oejandTs fall

- FBusnagnanaunsvesesiualeudusuinils (First Fresnel zone) [13]

MUAUNTT

2 4
d, =% (22 -a%) —2(x2 —AZ)GJ +Gj (3.34)

Tngfl ==h, +h, uag A=h —h,

AatluauMIANUgAeddinuaunsveuesiualeususunvids fie
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PL(d,)+10n, log [dij d, <d <d,

f

PL,(d) [dB] = (3.35)

PL(d;)+10n, log (dij d>d,

f

- FBstiaedliitusvanuaRanainindsaesadetiosan (minimum mean
square error:  MMSE) laginAdanaInvesngudayauiazyiausiuiu
RRINTINARANAIAYDUAaENquTayanuaudd lafa1saniandiumis
yestoyailldmianainiidosiian udisfazldszorgainyuesnuiniy

aunng

PL(d,)+10n; log [dij d, <d<d,

b

PL,(d) [dB] = (3.36)

PL(d,)+10n, log (dij d>d,

b

3.6 NM33avalagIsn1sUTTINAUAINaNaINaeERLRAetaggn (Minimum

Mean Square Error: MMSE)
lunsaifieuiianaialuyateyanle wadalunisyssanaeilendunldunuye

1%

& 9 | 9] v Y o g v & 1o & v )
ayatuazlyn1sunuawualduning q veweyalaeilsitunloUszunnuulisndudesiu

Y
Y
leganandslugui 3.7 Tngnisimndsilanduiildunuyadeyatiuenavilag nsiaudui

| aa v 1% & Ias M oia Yy a ¢ v A & o & sou Ao
9]'3qﬂmﬁﬂIUﬂqiisﬂLW]uf\!ﬂsﬂaﬂdauu LLW’JﬁﬂqﬁuvLiJiJEUE)W%ﬁ]u']qLaUVVJ’]WGUUM']UULUUﬁQﬂSUUVIW

q

e

€

=<). ® D

gadmiuwnuyadoyaiunleinildlandsvilaniiendl Least-squares regression lag
LWIANYDIBIAR N1TARAIAILLANA1ITENIITRLAuAaY IR uATleAd [14]

<

y
A A

5UN 3.7 a) yateya  b) Menduildunuayadeyalagmidanawuniliusiu [14]

MBEeNENaAUedI5 Least-square regression ABNISUNUANYATRLA (x), Y1), (X,
1% v a o ' . . a I3 a vo X
Vo), o (X, V) PRELEURTINIEEAIN Linear regression Inallsuduaunisadinanslanei
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y=a,+ax+e (3.37)

do  a,uay a WuedulsyAvEiuansgadaunuuazanudu
e JummuRenainrseirwnioseninenilaidunasdoyaisa (Root Mean
Square error)
Tnedeulvvesnsmilsiduiiiiigade

9

Zn:ei Zzn:(yi _ao_a1xi) (3.38)

i=1 i=1

dlo n unuswnudoyaiionn
Seulvildilifivaedmiviladduildunudoyadunuanige fuanduzuil 3.8 lneidula q
friugnfanansszninsgaaesgaivinlirdigaveatenlvludefivindugudingzind
AANAIANA 1 UNER

23 )6l = DIy =ag—ax| (3.39)
i=1 i=1

« 2o 1A o v su A v ¥ o a [ a:l' 1%
Reoulvlngaldiigawadmsuilintunliunudoyadiuiuagn sauandusun 3.9 lasidunsy
a9 Negsenirvdulsvasuduilagyilieulrludeasslinisgn

3 S Ze _Z(yi,memured-yi,model) Z yl aO alx (340)
i=1

i=1

Reulwdl 3 U58AI1 minimum criterion dugaudmsuldiuilesntuig s lnetofueinis
TdReulalunsmileiduiiownugadeyanfe sxldilsdiduiuuiveulunisunugedaya

midpoint

P X

sUTl 3.8 Wduiiliunugndeyaiifiaesqalilaeliteulslutoniledmioniian [14]
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\

5UN 3.9 dunldunugndeuaniagnlalnefoulvludeasataosiign [14]

= d' o Mo N Y g v % ° i v &
Reulanamihayilesnduidunsenldunugatoyalalaanisiumaeuiusiiey
AU a,uay a, Al

_nYX ylzz ¥ Zzy‘ WAz a;=y-aXx (3.41)
nzxi '(in)

8

e x uaz y feA1ladeves x hay y anudeu
lngfimanuAnNaInsErIA1velsitulastayavsliuansanleann

e:\/li(yj —a—bxj)2 (3.42)

aa o U £%

amagmmqammmw

1% -

' < i © 1A e
1. ¢ x [udeyaiiudueuldlirfduiuagliiinnain

ayjam‘gﬁﬁ% Linear regression Ao

| [ I A 1 X ) P
2. Ay Wudiianuwlsuniuiiueuwaglitueg fugu
3. A1y @nsulAazA1ved x AN15N5EBUUVUNA
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3.7 WASDISUBUUENFUNUS (Correlation receiver) [11]

Rx - antenna

LASDISUANHUNUS
vr (t) v (I)
0
@
A
Template
waveform

JUN 3.10 vdenlaezunsuvesasasiuanduiusdmiussuunsamudyyauauninegs
INLBIANAVBAATOITUANANITUS v, (t) wanslasiail

v, (r) = Tv, ®)h,, (t—7)dt, (3.43)

e h,(t) Ao JUARUAUKUY WA 7 Ao NANTIABAARBINUTUARUALLUY Faia1

WNENgRa L sanlanadl

7, =arg maxv,(z). (3.44)

it h, (t) Wgnuesuvalad Tisidndu

T|hw|2dt = 2B, (3.45)

=00

1Y [y

lagl B fip wuuminviveddyqiod Aaue1finamasdyaiusuniuasianeiiiniu

= N 1 v o w (7 s .y
N,B &3 70 ADAUNUILUUALUNATUAAITOIF Y YIUTUNIULNELUUEVIUIN (Additive

White Gaussian Noise: AWGN)
Aelavedninvesaunisi 3.45 h,,(t) Yrewiali v, (z,) ldgegn e h, (t) Ae

drUNAUTDLIA AT FULULIUIAYE V, (1) NE1IFe
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\/ﬁv, (z, - 1)

hWO (t) = - !
/ [, @ ct

Gartvualst 7, vee h,,(t) =0 (t<0) wielilulumuteuls Causality lngas

(3.46)

fena h,, (1) WWuguedusuwuudganaisuld dunalddinsdssfiunanisenlosmiioudu
Tu [10] waznsaldya udunuudmsunsdlargeinidlelasnseln

V2BV, (7, —1)

J;|Vr-iso (t)|2dt

h,, (t) = (3.47)

Vo) = [H (F, AV, (F)e*"df. (3.48)
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4.1 nandn

IuwﬁﬂdnﬁﬂLLUULqumimaaﬁmLLasﬁmeﬁwaﬁlé’mmidqr;hué’igiymmmmu
n3n98s Tneruiinuusiassnsasviouitu Sedinrudfodneddunsdsediuiusyansam
maqﬁaqé’mmmﬂ'ﬁl,t,ws'ﬂssmaﬂéuﬁwqﬁuﬁaé SnvadtuansdeUsyansamanseniafiaz
wnluuszenaldanu

4.2 LLUULLNUﬂ"ITVIﬂaEN’alﬂ
WUUBNUNTTNARBIINTRITE VUM T InYadaya 1 ain sunsnszanedng Buiaduuuning
SeazUsznoulufe Infedlinnzilasatiguuunanessy HP-8510C yamadauniines
N13N52AANT¥AY (S-parameter test set) yu HP-85148 wafduAsIeimIud (Frequency
synthesized sweeper) 3u HP-83620A \lugUnsaindnlunisvnass ﬁﬂl@fLLamﬂugUﬁ 4.1 @
gNLAULALIIUTINTOYAlAENITAINITIINIATEIABNTLABSAIUYARS (Personal
Computer: PC) Tiuionserinun1sn GPIB (General Purpose Interface Bus) Imaqﬂﬂiiﬁ%ﬁﬂﬁ
wilauandinansonnatadyyadulasehovimesnuazasiwotn Felunsvnaesilay
nsiauuvasamesalnenesaiinidonesaldlunsdsdyain (7 drunesnaosazldly
n135udayas (RX) Imaﬁﬂmmmwa%mﬂgﬂaawzgﬂﬁaéf’samsmmﬁ wazinN3inlulaLu

AnudfeunIzgnimanIsIniunseilulusunsunsuiimeinety

AheguotaRuo : fardunsaelouves
W e e e ¥ - N OowTR O R\ , A
- ( ‘-‘ - . - ': 1 ‘ i - o s > ﬁjaﬂﬂﬁyiy]r]m (821)
-_—_T : "R = - T &
e . o Tulatumud
- - : Z
o o e Frequeny -
.- . - v' "TAE O g Y
W W e R . - I3 C =1 o
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ANFAATITINITT RS

Data processing

1
[

Time

Amplitude

ANSENIULUVEDR I

JUN 4.1 LUUMNUNNTNAReYInYesdy1auuuLauninees
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JU# 4.2 ipFesiiaszilassigiuunamesuazaunsaintglunmeaesiae

4.3 gngarnaidluntsnagau [13]

Tumsmiaﬂi’mﬁmé’mmmuwﬁmaﬁuﬁﬁLﬁuﬁaaﬁqﬂﬂsaﬁﬁwﬁzyﬁﬂasmwﬁﬂﬁﬁamf'l
a189111A (Antenna) Fenelunisiudsudyaaldaiiininedesddndunduudundnludin
wnsnszaeruenAlUdsatgenienisiusudaasundunndudyanalafinnnuiy
Tnglunsnaaesilléldansonieuvunsisdiluatsonianisiueds uazargeiniamg
AuTu mammmﬁm‘iﬁgﬂLLUUﬂ’]iLLWi’ﬂizﬁmﬂ?{u (Radiation  pattern) WuUTBUNANIY
(Omni-directional) wasduaearnafinevauenudlinia (Wideband) dvanunsasessu
nsldaulunuiseud 3.1 GHz 89 10.6 GHz madermungunnuinsldamessyuu
wauUN319BIes FCC
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6.53 cm

6.63 cm--, - 6.53cm !

Copper=0.1 cm
cone side view

JUN 4.4 areornakuunTIegnasaasvanysaluaglddmsunimaaedide
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AsEANSNTagvieunau (Reflection coefficient: S;;) UB9@N8RINALUUNTIYE

WiuIAFUUsEANSNTazTiauNdULLIAIPINIT -10 dB Tut9Aud fawe 3.1 84 10.6 GHz

=40 —
_45 b -
-50 1 1 1 1 1 | 1
2 4 6 8 10 12 14
Frequency (GHz)

dl ol a Q‘ v U 1
E‘U‘VI 4.5 amﬂizammiazmauﬂawmmammmwuma‘a@

Antenna gain (dBi)
o AN o

I
w

5 4 5 6 7 8 9 10 1

Frequency (GHz)

JUN 4.6 §951N13V818A1LRINALUUNTILE
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-5500

-6000

-6500

=7000

Phase (degree)

=7500

7 4 5 6 7 8 9 10 11
Frequency (GHz)

UM 4.7 wavesangeniALuuNTILe

4.4 yuuassnisiassuunsdeitudygnuauniieBeuuuaasii
nsnnaekaznsiafliitunnsatgleudesdygyin lavitnisinluieslinisazviou
(Anechoic ‘chamber) fisvinende Tokyo Institute of Technology Uizmmﬁﬂu Tnely
lediarzilasstsuuunames sddinsinsaaiosiinululnusiinevauosanud
Tnefinesn 1 desgfiuatue mamasiuds uagiesa 2 deagiuaiseinmmaduiy

/\

_@
Port 1 Port 2

AMMAAAAAAAAAAAAAAAAAAL

JUN 4.8 wuudnaeenisinuaznisinnuaiesdiedaluveslinisasvieudmiv

NNTENNIUA YL UULAUN TN
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JupouuazIsn15lunIsnnasy
TunsAapIINanaUAUDIVDIT DI,

o

ety avdedeyanisinfleidunisaneleu

= i o Al

Aud (Frequency Transfer function) w3aiSeninAnilaridunisansleudesdaymias Aildan
nMsiutufindeiaisnoufiuned ussananadyain naafe taflaidusananils
mﬂmﬁmmqmﬁuﬁﬁgmmdqﬁmfﬁ’muwﬁu WAYINNITRBULUUAETUTUNTUABLA A DS
(Simulation) ﬁ%lﬁé’cymmmaﬁm%’uﬁagﬂugﬂﬁuaﬂmuummﬁ wd Tt dya il
iigrunszruunsuUasFiesioundu (nverts Fourier) faglddnaamisiuduiieglusy
godlawunaniieilumemisfiwesa « doly Fauanatumeuntsnaaedanei

1. Bwhmsinssaeernenusuusiaes Tndyaa Tneuuudiaesnisnaassusn
AassanseiniALuUnTieaadudsasduiulii 075 ey warliszeginesening
A801NA 5 1UAT

2. mssarmfiaesauii 3 GHz B 11 GHz iftelfnsounquinsauinim
117331 EEE 802,15 3a UagAssLauganamiiil 1601 qn

3. yhimsUfuiisuniedinngilasadiguuunnneineindiuds fMeyauiuiie
Fausznauluse open circuit, short circuit Wag load

(% (%
a = o a

g.J/ ) [y = I v [ = < 1 )

4. NUUNINSUSUMGUNDIANIIAIUSU LiewdSadu Jstnateadalusany
ANDINALAINITIN

5. ¥msialaginsseenIwesaisanIeausuluasiay 0.25 RS ULASAY

6. Lﬂﬁauizﬁummqwaqawmmﬂﬁdammlﬂu 2 RS WAIINNNSIAMLauAUNY
499 5

v o A v o ® o a s a &

7. waeanle luszananasmelulusinsy Matlab  wagyinisiesigmnisiines

A 9 siold

4.5 w1s1amasnlylunisnnanslag
Wwasnidlunitsneasslawanalisiulumisian 4.1

A15199 4.1 W1NRSNITLUNITNAAD

w1518ne3 AN

RN eartn 3 GHz 99 11 GHz
F1uaugamLd 1601 90
ANGIVDIAERINIARIUAS-SU 0.75 AT LAy 2 LUAS
YHAvYDEIY8INA #80INFNTILA
N1939@80INA LUIUDY
JEHLWNTLNINEYDINAG-3U 1 1A 09 5 LUAs
SzHENNIsIAAsUTIvesEIEEINMARIUTY AILNUIAE 0.25 LUAT
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4.6 WUUINABIAEYEY IS
TutunaureInTiaTgdeyatuiUadudymiauuiauninegiidlunisdslagn

Avualaeinsantuduvesdyginduiadddinuiasounaunasnniyiesi FCC Mvun

a L4 fa (3

fomaud 3.1 GHz &9 10.6 GHz TngflAnudAUENALALLULAIANTIN WNAU 6.85 GHz wae
7.5 GHz sudsu ludhwmesnmsimseiuuusiaesiuldlddyamadiisondn wausu
Awvdey Iumﬁmeﬂmaﬁmummmﬁﬁwqﬂ (f.,) WU 3.1 GHz mmﬁqqqm (frm)
Wiy 10.6 GHz wazainasuwuuaian (f,) widu 7.5 GHz EULLuusuaqé’cyzyﬂmﬁaﬁm%

a saa o = I Y] Yo PN
WATIEHUUYIUANANNIN 4.1 LLaSﬂQWNWUWLLUUﬁLUﬂmﬁﬂJLLﬁ@ﬂl@@ﬁa@Jﬂ'WﬁV] 4.2

>
Q
O
=
a
£
<

= | 1 1 1 | 1 |

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
§ Time (ns)
= =75 T T T T T T T
o -s0k -
S 80
> -85/ -
2 -oof -
S -95f -
£ 100t -
§_-105 1 1 1 I | 1 I
N 3 4 5 6 7 8 9 10 11

Frequency (GHz)

sUN 4.9 dyayraunldlunisdarinuszuuuauninegs

v (t) = fi[ frasine(2f ,t)— f sinc(2f ;t)] @.1)
b
% Hf|—fcs%
V(f)=4" 4.2)
o |f|-f, >t
2
Tnoil sinc(x) = sin(zx)

(7)
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A fo LauNAAFIEn

f e Apud (Frequency)

f. Ao AuAnans (Center frequency)

f, Ao wuuAinv (Bandwidth)
fm=(f.-f, )2 Ao franudsan (Minimum frequency)
fo = (f+f, )2 fo AAnudgean (Maximum frequency)

4 Ko 1 LY d' = & £ = a
suaduiidiaumunwivanasudusuavaeunslusuanuduinuazanuiau ag
ANnunukduaUnesusivneasiivindy A/(21,) egdludiaunaue —f, 89 —f
way f

min

fa f uaveiiwendugud suaduiifusurduuuuununiridlugaued day
JddRnsanmveuirfagsganidululfvesnuudioviungs weundgauinan wazfidsnn
anvosgUaduuvuununieds  suedudasieuaumasuuuileidug uasdidiuysznou
nszuanss (00) 1Jugud 1u3wmﬁwu§§ﬂmamﬂ%’aLﬂﬂm%fmwu‘imﬁmmé’iyzymdqagjam
n3dl Ao NIAUTILULAIATIAIEA (500 MHz) wagnsdiwuusintigean (7.5 GHz) audoriivua
FCC les3euiisunanisuszsiulssavsninvestosdaqianisasauuaunineds

ad
LUUEBNIR

40 I T T I I
B =500 MHz

N
(=)
|
|

Amplitude (kV)
[=]

-6 =4 -z 0 s 4 6

150 T T T

100 -

Amplitude (kV)
o

-100 ! | | | |
-6 -4 -2 0 2 4 6

Time (ns)

UM 4.10 anasusuuniavidayayadanldlunisdaiiussuuwauninggs
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ad

4.7 msUssalanadayafnsElden1saesinuluuEeIn

Fupoumsiangideyanisandensdehunsdagiouiuluinednusatuiuls
ponlu 2 nsdl fe

n3diusn HansdeuuuelUsunsuReRames Tifuue Aduusyaninisaziion
nduvesituu -1 (I =—-1) AINNEIVRIAIEDINANIAIUEL-SU LT 0.10 1UAT Uag 1 WAs
AUENU SEEENNTENINENE0INANIPUE-SU Baud 0.10 WA B9 100 A3

nsdifians Idsrasamsindauanasidaalduiulanynauiiuluieslimsasiou 3
M9DgUTNARINANRITTIEMITEI AN A SNUA-SU 81nA Wwazfvualiauge
YoIE80INANIIAIUES-SU LU 0.75 WnT 1ag 2 WAT ANAIRU TL8EN19TENINE80INA
MIFUA-SU Rausl 1 s 895 1mg

gﬂﬂﬁuﬁ@agwmmﬂumidqﬁgﬂamﬂszﬁ fnualradnasSunvuainniduluniu
Formunves FCC lnefinnsaidonldaunaduuuudion nsdiifdwiign fo 500 MHz uay
mgﬁﬁﬁmqqqm Mg 7.5 GHz MUFWU IINAITNNUAAIINGIALTLYENNVBIAILDINA
VeuSu-deuananaiu esnndesnsinsgidesdygiainsdeiueaun B awagyi
N13#37130419A Breakpoint et ueuinnnon Fresnel zone uazndtan Fresnel zone
e?fqﬁadwL“‘f;JumLmﬁwﬁ'iyﬁﬂwaﬂﬁw%mmmmﬂmLﬁauﬁuaqé’zgzymmidqchmmzL‘flumi
Ussiurandnuaguasasenafidialda
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5.1 wan1ssnaesiildannnisideunuudielusunsunauiames

114U145ﬁ]3@%ﬂ’185\‘maﬂﬁi%ﬂa@ﬂﬁléfﬂizLtﬁ‘lm"lﬂﬁ@iyll,?mmiﬁdﬂhu%mizuuLL‘U‘ULLQ‘U
13198980938 Tneldiadossuanduiusarufildinaus Tnsdauonaziuiouiiiou
Uizﬁw%mwmaﬁzwmiﬁqmué’fgfymLLUULLﬂUﬂ”i’NE‘Ja ﬁw’mm%a%’uﬁﬁ@hmmzamﬁq@
(gﬂﬂﬁuﬁuLLuuﬁmﬁgwm§u) wazindessunsaildarsornialelansedn nssldvianis
Wi uleuiunuideiisnsds [15] way [16] @ldldndnnmsiessiilaidunisanslouves
GUERRRRG)

9 T
80
om
o)
3
C
.9
3501 -
£
2]
&
= 40 -
Optimum template
30 Isotropic template [
- - Refference [15]
. ~ - Refference [16]
2C-1 lllllll0 L 1 LA L III1 ol 1 L1 1 1 1 2
10 10 10 10

T-R separation distance (m)
JUT 5.1 MSgeyidenserIuinINgeatseInia 1 s seeresenineangeIniAnig
AUES-5U S2829RILA 0.10 WAT 89 100 s 91 f, =500 MHz

JUM 5.1 wanaAIn1sgeiden1sae1uveIdesdy sl uunauninedeansdn lney
AUEIVDIAERINIANIGIUA-FU 1 LUAT T888UNTENINEIYINIANNAUA-TU ASU0
0.10 AT 84 100 WA aUnpFuLUUAINNUOAY QY IMEAYINAU 500 MHzZ
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1
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I
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\

Transmission loss (dB)
I~ [4)]
() ()
I |
Y
\

w
o

—— Optimum template

2 Isotropic template H
- - Refference [15]
: - - Refference [16]
1 L 1 L LA 1 11 L L L Ll LLL 1 1 1 | | -
10" 10° 10’ 10°

T-R separation distance (m)

JUN 5.2 n13gYiAenITEINIUNAINGIEIEBINTA 1 1AT SEEEN1ITENTNEIYDINANIS
AIUE-SU STEENNAIE 0.10 Lung 89 100 wns 71 f, =7.5 GHz

JUT 5.2 LaAeAINTE U AEN5a9H 1400 T YW UL UATI9BI@R D 1aeh
ANGVNAIBRINANIUAS-TU WU 1 (AT S3EEN1aTEnINaIeRINIAN 1R UAS-FU
Adusl 0.10 Luns D9 100 RS AnasuLuumInvivesdeygiaastaiiiu 7.5 GHz

1N3UN 5.1 wag 5.2 /Hanliainnsneass Laiiansmiansseen1asening
A1891N1ANNUES-3U pufssruranvinyu (Breakpoint distance) N1sgayLdenisaaniu
g v Y] sa ¢ 1 o N | v o’ v A Y] Ay v
nunlgaUnATULULAIMILYINAY 500 MHZ - dAuanssaulandesiiloiisuiunsalnldy
ANASHLUUAIANIYVINAY 7.5 GHz 2979d0InTaliamunaisadany
Meildlednsizifiansiiia Multi-path fading azwiulainnisgedenisasiunsdli
ldaunasuuuuniniiinu 500 MHz  awiAn fading 11nAIATURlgalunaSuLUUAIAN
Wiy 7.5 GHz uagliAnavdfinainisaids (Path loss exponent) Wity 2
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110,
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Transmission loss (dB)
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2‘ i i a2 aaal

—— Optimum template
Isotropic template
- = Refference [15]

1 . ' -

Refference [16]

107" 10°

. -

10" 10

T-R separation distance (m)

2

aq

5UN 5.3 M3aadun1saIuNAINEIa@I8e1nA 0.10 AT SEELYNTENINNEIEDINIANIS
ATUAI-U T28ZN9A6 0.10 Lums 89 100 1wing 91 f, =500 MHz

12 T T LI Ll

100

e = > D -
+—F A

Transmission loss (dB)

N
()]

A a3 a3l A

—— Optimum template
. |sotropic template
- = Refference [15]

- - Refference [16]

A LAl " - N —— -

10°

10’

T-R separation distance (m)

10

2

35U 5.4 M3gaylden1sarIunAINgea1EeInIa 0.10 LR S¥UrIeTEnINaNgeINIAnIg
AUAI-SU FE8EN9Raue 0.10 Luns 89 100 wes 91 f, =7.5 GHz
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Abstract— The free space transmission estimation of ultra
wideband impulse radio (UWB-IR) was developed by using the
extension of Friis’ transmission formula [1]. It considered the
transmitted waveform and its distortion due to the channel and
the transmitter (Tx) and receiver (Rx) antennas for the free space
link budget evaluation of UWB-IR. This paper presents the two
path evaluation formula of the ground reflection path loss for
UWB-IR systems that based on the extension of Friss™ trans-
mission formula. Since the antennas are the pulse-shaping filters
in UWB-IR systems, the biconical antennas are experimentally
examined, especially focusing the effect of template waveforms.

Keywords: UWB-IR, inpulse radio, two path model,
Friis” transmission formula, template waveform

I. INTRODUCTION

Recently, ultra wideband (UWB) radio technology has
become an important topic for microwave communication
because its potential is low cost and low power consump-
tion properties [2]-[6]. UWB is different from other radio
frequency (RF) technologies. Instead of a modulated carrier,
pulses are used in the range of the ultra wide frequency
spectrum. The Federal Communication Commission (FCC)
[7] in US has approved the use of a frequency spectrum
ranging from 3.1 to 10.6 GHz for UWB systems. The FCC
defined the UWB signal as those which have a fractional
bandwidth greater than 0.20 or a bandwidth greater than 500
MHz measured at -10 dB points. The power density of the
UWB signal is considered to be noise for other communication
systems because its power spectrum is below the noise level.
The UWB receiver collects the power of the received signal to
rebuild the pulse. Therefore, UWB radio technology can exist
with other RF technologies without interference. Moreover,
UWB radio technology is an ideal candidate that can be
utilized for commercial, short-range, low power, low cost
indoor communication systems such as wireless personal area
networks (WPANS) [8].

For the narrowband wireless systems, Friis’ transmission
formula is used for the line-of-sight (LOS) link budget eval-
uation [9]. However, it is not directly applicable to the UWB
impulse radio (IR) system as the bandwidth of the pulse is
extremely wide. Moreover, the effect of waveform distortion
shall be quantitatively considered in the link budget evaluation.
The complex form Friis’ transmission formula is extended for
estimating the link budget of UWB-IR systems [10]-[13]. The

special cases of constant gain and constant aperture antennas
are calculated for estimating UWB free space link budget
[14]. After that, ground reflection models are developed for
UWSB link budget. Multi-slope wave propagation model based
on UWB radio channel impulse response measurements is
proposed [15]. The ground reflection model formulas based on
the integration of continuous wave (CW) [16] and rectangular
passhand transmitted signal [17] is expressed.

In this paper, the two path model evaluation scheme for
UWB-IR is proposed. This scheme is based on the Friis’
transmission formula, adapted to UWB. The experimental
transmission loss of ground reflection channel for UWB-
IR systems is evaluated. The transmission and the receiver
template waveforms are the keys for the extension of the Friis’
formula. Experimental path loss are investigated for biconical
antenna and compared with Ref. [15] and Ref. [16].

Il. THEORY OF UWB TwO-PATH MODEL EVALUATION
A. Extension of Friis” Transmission Formula for UWB-IR

1) Free Space Model: The Friis’ transmission formula [9]
has been widely used to evaluate the link budget for the
narrowband LOS channels which can be written as

Gral ) = T8 = Gi(NGNGN,

where G, and G are gains of receiver and transmitter antennas
respectively. The free space propagation gain is expressed as

Gi(f) = (#l) @

where ¢ is the velocity of light, f is the operating frequency
and d is the transmitter-receiver (T-R) separation distance.

It is noted, however, that Eq. (1) is satisfied only at some
frequency, and is not directly applicable to UWB-IR systems.
The formula shall be extended to take into account the
transmission signal waveform, its distortion due to the channel,
and the receiver.

The transmitted signal waveform v is normalized to trans-
mitted energy of unity. That is

/00 v (t)dt = 1. (3)

—oo




Friis” transmission formula is extended for calculating the
UWB free space link budget. For free space model, channel
transfer function H,; are expressed as

Hep(f,d) = Hi(f )AL (f,5.m) - H(£,5,0, @)

where Hy is the free space transfer function which is expressed

as

_ c —j2nfd/c

=——2¢ . 5
Anfd ®)
The complex transfer function vector of the antenna ﬁa

relative to the isotropic antenna towards the (8, () direction

Ho(f.0,0) = 6Hug(f.0,9) +@Hap(f.0.¢0), (6)

where @ = rort, # and ¢ are the azimuthal and polar
angles of spherical coordinates. Unit vectors 6, ¢ express the
polarization and are defined with respect to the local spherical
coordinates of the antennas.

The receiver input voltage v, (¢) of free space model is given
as

Hf(f7 d)

witd) = [ oo AV HTI S, ()

where V;(f) is the spectral density of the transmitted signal
that is calculated by using Fourier transform of its time domain
waveform as

= [ 7 w)e It ®)

00!

2) Ground Reflection Model: For 2-ray model, channel
transfer function H.s_., Of direct and ground reflection
paths, H.q and H g, are superimposed as

Hc.,27ray(f7 d) Hc,d(f; d) +Hc,g(f: d): (9)

Hea(fyd) = He(f,d)H:(f 7 — 64,m)
Hy(f,64,0), (10)
Heg(fyd) = Hi(f,d")H(f,05,7)
T(6,0) - Hi(f,65.0), (1)

where 64 and 6, are the polar angle of the direct and reflection
paths at the Tx antenna which is calculated by

7 — tan d 3
hy — he

7w —tan ! d .
hy + hy

The distances of direct and ground reflection paths, d" and d"',
can be calculate by using

b =

(12)

b, = (13)

d = /(h—Mh)?+d, (14)
d'" = /(hy+h)?+d, (15)

where hy and h, are the Tx and Rx antenna heights, respec-
tively. The ground reflection model is shown in Fig. 1. The
dyadic reflection coefficient of the ground is

T(0g:¢g) = 60Tgg(m — 6g) + PPTpy(m — 6g). (16)
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Fig. 1. Two path model.
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Fig. 2. Block diagram of transmission model for UWB-IR system.

3

The T'yy and ', are Fresnel reflection coefficients of parallel
and perpendicular polarizations given as

cosf; — EL — % sin*6;

Log(8:) = — (17)
cosb; + ,/5 — = sin”6;
cosb; — /e, — sin’ 6

Tyg(0:) = (18)

cos 6; + \/m '
where 6; is the incident angle.

The receiver input voltage v, (¢) of ground reflection model
is given as

wlt,d) < [ T Heoeny (Vi ()T, (19)

B. UWB Correlation Receiver
Let us consider a correlation receiver shown in Fig. 2.
The output SNR is dependent on the choice of the template
waveform. The correlator output is therefore expressed as
oc
wr.d) = [ wldhyG-r.da, @)
where hy, is the template waveform. 7 corresponds to the

timing of the template waveform, and the optimum timing
T, chosen as

To = argmax v, (7, d). (21)
Hereafter hy, is normalized as
/ K2 (t,d)dt = 2B, (22)

where B is the signal bandwidth, so that the output noise
power is constant, that is NoB W, where N, /2 is the power
spectral density of additive white gaussian noise (AWGN).



1) Received Signal Template Correlation Receiver: Under
the constraint of Eq. (22), vo(7,, d) is maximized when hy, is
a time-reversed and scaled version of v,, i.e.

V2Bu, (1o — t,d)

VI vt dydt

where 7, is usually chosen so that hyo(t,d) = 0 for ¢ < 0
to satisfy the causality. hy, is called the optimum template
waveform. It is noted that the link budget evaluation is
identical to that in Ref. [11]-[13] when hy, is used as the
receiver template.

huwo(t, d) = (23)

2) lsotropic Template Correlation Receiver: It is obvious
from Eq. (23) that the optimum template waveform is not
the simple time-reversed version of the transmitter waveform.
It is not always feasible to adapt the template waveform to
the angular-dependent antenna and reflection characteristics,
since the waveform shall be generated at the clock rate of
tens of gigahertz. Therefore, we consider a isotropic template
waveform hyi. In this paper we have chosen hy; that is
optimum for the isotropic and the constant gain antennas in
free space, i.e.

_V 2Buvr_js0 (To —, d)

hyi(t, d) = ; (24)
\/ ffom /Ul?fiso (t7 d)dt
where
Uriso(t. d) = /Oo Hi(f, d)Vt(f)eJ27rftdf (25)

is the receiver iinput voltage of the channel for free space
including the isotropic antennas and the transmitted signal.

C. UWB Transmission Loss

The transmission loss for UWB-IR systems is considered in
time domain. Defining the UWB transmission loss PL by the
ratio between the energy of the transmitted signal and signal at
the output of correlation receiver. Since the transmitted energy
is unity from Eq. (3), the UWB transmission loss in dB can
be expressed as shown below

PL(d)[dB] = -~10log [/ = uf(td)dt]. (26)

—0C

I11. EXPERIMENTAL EVALUATION OF WIRELESS UWB-IR

In this section, transmission loss with biconical antenna is
evaluated based on the previous section.

A. Transmitted Waveform of UWB System

The effect of the waveform distortion is more obvious when
the bandwidth is wider. We considered the impulse radio signal
with center frequency is at the center of FCC band [7]. That
is fo = 6.85 GHz. Two cases of spectral bandwidths are
considered. The bandwidths are set to be B = 500 MHz
and 7.5 MHz which are the minimum and maximum UWB
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Fig. 3. UWB Transmitted waveforms.

bandwidth defined by FCC. The UWB transmitted signal in
the simulation was the passband rectangular pulse. Figure 3
shows the transmit pulse waveforms with 500 MHz and 7.5
GHz bandwidths. The expression of this pulse in time domain
v () and its spectral density function V4 (f) were

V2 [ fasinc(2fut)
vg(t) VB [ —;LsinC(Q}ILt) 7 “
= |ifl=fl< g
=) F
ST ver T Y A

where sinc(z) = sin(rz)/(nz), fu = fo — B/2 and fg =
fe+B/2 are the lower and upper frequencies. This transmitted
signal waveform has the unity energy that correspond to
Eq-38),

B. Experimental Setup

An UWB-IR two path channel transfer function was mea-
sured as Sa; in frequency domain by using a vector network
analyzer (VNA) in an anechoic chamber. The VNA was
operated in the response measurement mode, where Port-1 was
the transmitter (Tx) port and Port-2 was the receiver (Rx) port,
respectively. Both Tx and Rx antennas were fixed at the height
of 1.75 m and separated by 1 m. The setup was sketched in
Fig. 4.

We used a biconical antenna as a Tx and Rx antennas. We
have chosen this antenna for ease of fabrication, as well as its
low distortion property. The geometry of the antenna is shown
in Fig. 5. The upper cone is connected to the center conductor
of coaxial line while the lower cone is connected to the shield
conductor. The maximum diameter is 6.53 cm and length is
3.7 cm.

The experimental parameters are listed in Table I. It is noted
that the calibration of VNA is done at the connectors of the
cables to be connected to the antennas. Therefore, all the
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Fig. 5. Biconical antenna structure.

impairments of the antenna characteristics are included in the
measured results. The transfer function of biconical antenna
at each direction is evaluated by using evaluation scheme that
proposing in [10]-[13].

C. Experimental Results

In this section, the transmission losses of ground reflection
channels for the optimum and isotropic templates are evalu-
ated compared with Ref. [15] and Ref. [16] which use the
same of antenna transfer function. Figure 6 and 7 show the
transmission losses of the 1 m Tx and Rx antenna heights
along the T-R separation distance from 0.1 to 100 m for
the 500 MHz and 7.5 GHz spectral bandwidths, respectively.
In this case the considered T-R separation distance is before
the break point. The transmission losses are similar for 500
MHz spectral bandwidth and are more different for 7.5 GHz
spectral bandwidth. The transmission loss of 500 MHz spectral
bandwidth has the fading more than that of 7.5 GHz spectral
bandwidth. The path loss exponent of each transmission loss
is equal to 2.
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TABLE |
EXPERIMENTAL SETUP PARAMETERS.

Parameter Value
Frequency range 3 GHz to 11 GHz
Number of frequency points 1601
Dynamic range 80 dB

Tx and Rx antenna height 1.75 m
Distance between Tx and Rx m

Tx and Rx rotation range 0° to 360°

Tx and Rx rotation step 5°
Tx and Rx rotation cut E-plane

The transmission losses of the 0.1 m Tx and Rx antenna
heights along the T-R separation distance from 0.1 to 100
m for the 500 MHz and 7.5 GHz spectral bandwidths are
shown in Fig. 8 and 9, respectively. In this case the considered
T-R separation distance is both before and after the break
point. The transmission losses have fading at the distance
before the breakpoint and linearly increase along logd at the
distance after the breakpoint. The path loss exponent of each
transmission loss at the distance before the break point is equal
to 2. After the break point, the path loss exponent of each
transmission loss is equal to 4.

IV. CONCLUSIONS

This paper has presented how to evaluate the transmission
loss of UWB-IR with two path channel, which includes the
transmit waveform, the antenna radiation, reflection propaga-
tion, and the receiver correlator template. By using the defini-
tion, we have evaluated transmission of biconical antenna. The
results are compared with Ref. [15] and Ref. [16]. This scheme
may be effective especially to evaluate the deployable antenna
with non-ideal frequency characteristics of the return loss and
the directivity. This approach can be easily extended to the
multipath environment as well. There are two key issues: One
is the focus of this paper, i.e. the antenna transfer function
is angular-dependent. The other one is that the propagation
channel is also angular dependent at both Tx and Rx.
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Abstract—The free space link budget estimation of the ultra
wideband impulse radio (UWB-IR) was developed by using
the extension of Friis’ transmission formula, It considered the
transmitted waveform and its distortion due to the channel and
the transmitter (Tx) and receiver (Rx) antennas for the free
space link budget evaluation of the UWB-IR. This paper presents
the link budget evaluation formula of the two path model (2-
ray) path loss in UWB-IR for the WPANs that based on the
extension of Kriss’ tramsmission formula. Since the antennas
are the pulse-shaping filters in UWB-IR systems, the biconical
antennas are experimentally examined, especially focusing the
effect of template waveforms.

Index Terms—: ultra wideband (UWB), WPANs, Friis’
transmission formula, two path model, break point

I. INTRODUCTION

Recently, ultra wideband (ITWB) radio technology has
become an important topic for microwave communication
because its potential 18 low cost and low power consump-
tion properties [1]- [5]. UWB 18 different from other radio
frequency (RF) technologies. Instead of a modulated carrier,
pulses are used in the range of the ultra wide frequency
spectrum. The Federal Communication Commission (FCC)
[6] in US has approved the use of a frequency spectrum
ranging from 3.1 to 10.6 GHz for UWE systems. The FCC
defined the UWB signal as those which have a fractional
bandwidth greater than 0.20 or a bandwidth greater than 500
Mz measured at -10 dB points. The power density of the
TWB signal is considered to be noise for other communication
systems because 1fs power spectrum is below the noise level.
The UWB receiver collects the power of the received signal to
rebuild the pulse. Therefore, T'WB radio technology can exist
with other RF technologies without interference. Moreover,
LUWB radio technology 1s an ideal candidate that can be
utilized for commercial, short-range, low power, low cost
mdoer communication systems such as wireless personal area
networks (WPANs) [7].

In the narrowband wireless systems, Fris® transmission for-
mula 1s used for the line-of-sight (L1US) link budget avaluation
[8]. However, 1t 1s not directly applicable to the U'WEB impulse
radio (1K) system as the bandwidth of the pulse 15 extremely
wide. Moreover, the effect of waveform distortion shall be
quantitatively considered m the lmk budget evaluation. The
complex form Triis’ transmission formula is extended for
estimating the link budget of UWB-IR systems [9]- [13] The

Copyright and reproduction permission: All rights ars reserved by the authors, Ne
part of this publication may be reproduced or distributed without permission from the
respective authors.

speclal cases of corstant gam and constent aperlure anleras
are caleulated for estimating TJWB free space link budget
[14]. After that, ground reflection models are developed for
UWB link budget. Multi-slope wave propagation madel based
on UWB radio channel impulse response measurements is
proposed [15]. The ground reflection model formulas based on
the mtegration of continuous wave (CW) [16] and rectangular
passhand transmitted signal [17]- [18] are expressed.

In this paper, the ground retlection link budget evaluation
scheme for UWD-IR 15 proposed This scheme is based
on the Friiy’ transmission formula, adapted to UWB. The
experimental transmission loss of ground reflection channel
for TTWE-IR systems 1s evaluated. The transmission and the
recelver template wavefonns are the keys for the extension of
the Friis’ formula. Experimental path loss are mnvestigated for
biconical antenna and compared with Ref. [15] and Ref. [16].

II. THEORY OF LINK BUDGET EVALUATION
A. Extension of Friis' Transmission Fornutla for UWB Trans-
mission

2.1.1 Free Space Model

The Friig” transmission formula [8] has been widely used
to evaluate the 1ok budget for the narrowband LOS channels
which can be written as

£Lh
24

where 7, and Gy are the gams of the receiver (Rx) and trans-
mitter (Rx) antennas, respectively. The free space propagation
gain 1s exprassad as

6= {\7)

\Y

Crris(f) = = Gr(ACALNGLE, {1

2

where ¢ is the velocity of light, f is the operating frequency
and « 1s the transmitter-receiver (T-R) separation distance.

It 1s noted, however. that Eq. (1) 15 satisfied only at some
frequency, and 15 not dwectly applicable to the UWB-IR
systems. The formula shall be extended to take into account the
transmission signal wavefonn, its distortion due to the channel,
and the recewer.
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The transmitted signal waveform #; is normalized to trans-
mitted energy of unity. That is

[ = 1.
S —oe

Friis’ transmission formula is extended for calculating the
UWRB-IR free space link budget. For the free space model, the
channel transfer function H, s is expressed as

Heglfd) = B/, HL(F, 3 - HF, 3,0, @)

where H; is the free space transfer function which is expressed
as

3)

Iif(fgd} e %e*jzlffd/(:‘ (5)

afd
The complex transfer function vector of the antenna H.,
relative to the isotropic antenna towards the {f, ) direction

Ho(f,0,¢) = 6Hu(f6,¢) +¢Ho (L8¢), 6

where o =1 or t, & and ¢ are the azimuthal and polar angles
of the spherical coordinates. Unit vectors &, ¢ express the
polarization and are defined with respect to the local spherical
coordinates of the antennas.

The received input voltage ¢, (¢} of free space model is given
as

€5

Tplty i} = /m Hep(f, d}V (f)eﬁxfgdf,

where ¥, (F} is the spectral density of the transmitted signal
that is calculated by using Fourier transform of its time domain
waveform as

w = i ®)

ERUE
2.1.2 Ground Reflection Model
For 2-ray model, the channel transfer function H, 5., of
the direct and ground reflection paths, H., and H,, are
superimposed as

}I(‘,Q—I’}l_\' (,,f: {Q =
}I(‘.,(f(fﬂ d) ==

Healf,di+ Houlfhd), ()

H(f, dVH(f, 7 — b4, 7)

-H; (f) 91&: G}) (10)
Hey(fyd) = H(f,dMH{f,6,,7)
r(983(}) 'Hi{fJgg:O}J (11)

where £ and ¢, are the polar angle of the direct and reflection
paths at the Tx antenna which is calculated by

8y = z-tan ! (h dh ), {12
it T At

B, = x-~tan”! (h —fh) (13)
T 3

The distances of the direct and ground reflection paths,
and ¢", can be calculate by using

d = e~ T} B {14y
d' o= B+ Bl 2 (15)

| e

| d

Fig. 1. Ground refbetion model.

mpat
wavefoim|

Fig. 2. Block diagram of UWB transmission model for WPAN.

where £ and %, are the Tx and Rx antenna heights, respec-
tively. The ground reflection model is shawn in Fig. 1.
The dyadic reflection coefficient of the ground is
Ty s) = 00T0g(r ~ 0,) + GoTp lr — ).
(16)

The T'ss and L', are Fresnel reflection coefficients of
parallel and perpendicular polarizations given as

ol — f L L g 6

Tgp{fh} = = — (17
cosl; 4+ /& — Jrsin’ b
cost — /g, —sin’ &

Touli) = (18)

y )
cosdk + vz, — sin’ 6

where & is the incident angle.
The received input voltage »,{¢) of ground reflection model
is given as

vty d) = / Hep e f, V(£ (19)

B. Correlation Receiver

Let us consider a correlation receiver shown in Fig. 2.
The output SNR. is dependent on the choice of the template
waveform. The correlator output is therefore expressed as

O
po{Ty ) = / vty i (t — 7, d)dt, (20}
o —oo
where %y is the template waveform, r corresponds to the
timing of the template waveform, and the optimum timing
T, chosen as
To = arEMax v (T, d). 21

Hereafter /. is normalized as
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O
/ B it dydt = 28, (22)
where B 15 the signal bandwidtly so that the output noise
power 1s constant. that 1s N, B W. where N, /2 1s the power
spectral density of AWGN.

2.2.1 Optimum Template Correlation Receiver
TUnder the constraint of Eq. (22), ©,{r,.d} 15 maximized
when fiy, 18 a time-reversed and scaled version of #,, 1.e

V2Bu (1, —i,d)

Froe (i*d) = —
\/ fj: v2{, et

(23]

where 7, is usually chosen so that by, (f. &) = 0 for # < 0
to satisfy the causality, Fiyy, 18 called the optimum template
waveform. It is noted that the link budget evaluation is
identical to that in Ref. [10]- [13] when by, 15 used as the
receiver template,

2.2.2 Isotropic Template Correlation Receiver

It 1s obvious from Eq. (23) that the optimum template wave-
form is not the simple time-reversed version of the transmitter
waveform. It is not always feasible to adapt the template
waveform to the angular-dependent antenna and the reflection
characteristics. since the waveform shall be generated at the
clock rate of tens of gigahertz. Therefore, we consider a
sotropic template wavetorm 7. [n this paper we have chosen
hyi that is optunum for the 1sotropic and the constant gain
antennas in free space, 1e.

A4 28?}’1'7'159 (Tn —t, d:’
S dydi

—~

figi (b, d) = (24)

where
vt d= [ mGavipaTares)

is the recewed nput voltage of the chaunel for free space
including the 1sotropic anfennas and the fransmitted signal.

C. Transmission Loss

The transmission loss for UWB-IR systems 1s considered
in the time domam. Defining the UWB-IR transmission loss
PPL by the ratio between the energy of the transmitted signal
and the signal at the output of the correlation receiver. Since
the transmitted energy 15 unity from Eq. (3), the TWB-IR
transmission loss M dB can be expressed as shown below

/ b v, d)dt} . (28

— D

PLAAB] = —10log

IIT. EXPERIMENTAL TRANSMISSION L0OSS EVALUATION

In this section, the transmission loss with the biconical
antenna 18 evaluated based on the previous section,

4
[}

g 20 B = 500 MHz _|
]
ER
g
E-20
<L
-40
-6 -4 -2 0 2 4 6

Time (ns)

Amplitude (kV)

Time (ns}

TWB Transmitted waveforms.

A. Transmitied Waveform

The effect of the waveform distortion is more obvious when
the bandwidth 15 wider. We considered the impulse radio signal
with the center frequency is at the center of the lower band
of preliminary TJWB-IR transmission mask for the impact
analysis of Japan. That s f, = 4.1 GHz Two cases of the
spectral bandwidths are considered. The bandwidths are set
to be B = 500 MHz and 1.4 MHz which are the minimum
UWEB-IR bandwidth defined by FCC and the maxunum UWEB-
IR bandwidth of the lower band. The UWB transmitted signal
in the sunulation was the passband rectangular pulse, Figure 3
shows the transmitted pulse waveforms with 500 MHz and
1.4 GIlz bandwidths. The expression of tlus pulse m the time
domain y (fj and its spectral density function Vi{f) were

G V2 fusine2fat) .
EJE(E) - QB[—fLSiIlL‘.(?f[Af}:I. (Lf)
o JoNs Y- < d

KRR N B

where sinc(z) = siu(zz)/{7u}, f. = fo— B/2 and fy =
Jo+B/2 are the lower and upper trequencies. This transmitted
signal waveform has the umty energy that correspoud to
Eq. 3

B. Experimental Setup

An UWB ground reflection channel transfer function was
measured as Sp; in the frequency domain by using a vector
network analyzer (VNA) 1 an open area. The metallic plate
is laid on the ground. The VNA was operated in the response
measurement mode. where Port-1 was the 1% port and Port-2
was the Rx port, respectively. Both Tx and Rx antermas were
fixed at the heights of §.75 m and 2 m. The measurement T-R
separation distance is ranged from 1 m te 5 m with .25 m
distance merement step. The setup was sketched n Fig. 4.
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Fig. 4. The instrument setup.

TABLE I
EXPERIMENTAL SETUP PARAMETERS.

Paramefer Value
Frequency range 3GHzw 11 GHz
Number of requency points #01 points
Dynamic range &0 dB

Tx and Rx antenna heights 075 m, 2m
T-R separation distance rage 1 miosm
Distance increment step 25 m

Antenna polarization Horizontal polanzation

We used a bicomeal anterma as the Tx and Rx antermas. We
have chosen this antenna for case of fabrication, as well as its
low distortion property. The experimental parameters are listed
in Table I. It 1s noted that the calibration of the VINA is done at
the connectors of the cables to be connected to the antennas.
Therefore, all the impairments of the antenna characteristics
are included in the measured results. The transfer function of
the ground reflection charmel at each T-R separation distance
is evaluated by using the evaluation scheme that proposing in
(9] [13].

C. Data Processing

For considering the transmission loss of the ground reflec-
tion channel. the two cases of the Tx and Rx antenna heights
are studied. For the first case, the Tx and Rx anterma heights
are set to be hy = h, = 045 m. For‘the second case, Tx
and Rx antenna heights are set to be h, = h; = 2 m. The
transmission loss presented next section was derived by using
the proposed approach defined in Sec 2.6 for T-R separation
distance from 1 m to 3 m with 0.25 distance increment step
and the ground reflection coefficient 1s set fo be —1.

1. Results

In this section, the transmission losses of the ground re-
flection channels for the optimum and isotropic templates
are evaluated compared with Ref. [15] and Ref. [16]. Figure
5 and 6 show the transmission losses of the (.75 m Tx
and Rx antenna heights along the T-R separation distance
from 1 m to 5 m for the 500 MHz and 1.4 GHz spectral
bandwidths, respectively. In this case, the transmission loss of
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Fig. 5. Transmission losses of the 0.75 m Tx and Rx antenna heights along
the ‘[-R separation distance from 1 m te 5 m for the 500 MHz spedr

bandwidth.

Transmission loss (dB)
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Refference [15]
Refference [16]

2

3

4 3
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Fig. 6.  Transmission losses of the 0.75 m Tx and Rx anlenna heights
along the T-R separation distance from | m to 5 m for the 1.4 GHz spectral
bandwidth.

300 MIIz spectral bandwidth has the fading more than that of
1.4 GHz spectral bandwidth. The path loss exponent of each
transmission loss is equal to 2.

The transmission losses of the 2 m Tx and Rx antenna
heights along the T-R separation distance from 1 m to 5 m
for the 500 MHz and 1.4 GHz spectral bandwidths are shown
in Fig. 7 and 8, respectively. In this case, the transmission
losses of 500 MHz and 1.4 spectral bandwidth have almost
the same fading characteristic. The path loss exponent of each
transmission loss is also equal to 2.
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I'V. CONCLUSIONS

Tlus paper hies presented how to evaluate the UWD trans-
mission loss with two path model for WPAN communications,
which includes the transmitted waveform, the antennas, the
ground reflection propagation, and the receiver correlator
template. By using the defimtion. we have evaluated the
transmuission loss of the biconical antenna. The results are
compared with Ref [15] and Ref. [16]. This scheme may be
effective especially to evaluate the deployable antenna with
non-ideal frequency characteristics of the return loss and the
directivity.
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