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ABSTRACT

This thesis is studies the phase distortion due to antenna on free space
transmission in UWB-IR system. We develop the free space link budget evaluation
scheme in the term of frequency transfer function for UWB-IR system that takes into
account the transmitted waveform, its distortion due to the antennas, the channel
and the correlation receiver. Root raised cosine passband waveform is used as the
UWB-R transmitted waveform. Experimental investigations are done for different
types of the antennas. The distortion quantities in the terms of phase are defined
and shown. This scheme provides some useful physical insights and optimized design
procedure with clear and accessible description of the UWB-IR link budget comprised
of practical antennas.
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msUssdiunamsia ntuseiildennsiauseiiunamnieudang Sasweneluns
derinu antufiisuidieumnuuansesswinesansaldintssfunuuandunusidaa o
suldunfudygrufunuy waznsdiildindscwuvanduiuindygalelonsetmdy
Sygausiunuu ﬁﬂzv‘h'lﬁiﬁamwutﬁﬂuﬁmmwmuauniwqﬁalﬁ

1.5 Y2ULURNISANEN
Ineniinudildausuvuusumsusadiunaruieudaraiidninasene was
Yosdyaunisuninssneaduuauniieis vuilugugrInisdshuremia uasmeinuiy
IRasanldiadesiuuuvanduius dumsin Wihnsmeaedideluieddnisasiou wda
msinawarufinnadsirlainnsilassewuunnees uarldldasenmeauauninass
sinlunisusediunamsia sntuhaaildannsiaunyseidiunariisuiBana uas
Smsmenslumsaeinusouninidasltiniseiunuuanduwus



1.6 SumounsAnT

MnuARwaendnmsiildiausluineinusatull annseaguiiuduneunisfinm
Bunnsinsmgeiuasndnnsussiiunanuiaiureuna Snsniseenenmsdeinu
ﬁaeé’tgzmmuuv‘fugwqmsmsaimw'uam%a uaAdasfunvvandutug sndunanis
Funsunmeasdidy ludueinstaiitunsareloudesdygalngliindadiase
TesstheuvunninesuasansaniAununin quasaiiilineassiss wazguuuuiinsialng
Savdnamuuuunuiteanuuuly Wilmnsauuasannsaussgndliade

Ingninuseduilduvuilonitu 6 un fie Tuundl 1 ndmdsrrundusnvesmidde
ABjaueuay nqUIzasd aunfgny vquiild veuiunvesnnside uartuneunsfine
Pntuunit 2 ndmBanaluladnsdeansuauntubs Ussneudieuss3ussarmnduin
dnvalneiluressruuuaunings iruresssuvLaun b sUuuuvesdrygnilély
msde unil 3 sgndmfanquiuazudnnisussiiiunaresmamiisuidana Sharverens
deriutesdygramauniieds unil 4 naMfgUuuunsdnast nsdn nswIsunsin uas
myTadgygrauauniaebs Ussneuse 31Jﬂ€1'un'lsaiaunun":'w€ie angenAilivedeu uax
Amndiineding quinimaiildanmsinluhmsiieset uarmsusufiunanmvaasside
uanaliluunil 5 uazunil 6 anduagunantsideuasdoiauouus
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2.1 umi

msfoansuuuuaundneds Wussuuifinisdedygratudneanduiaddy q &
Frarvamiaduauinnuasldmdenulumsdedoygadiaei ﬂmqﬁ’uﬁmﬂiulaﬁunum’w‘ia
Wuauaulastauwivans awnsahluussgnlfausutunisdeansifaeiesssiu
mwdaamsvasidny meluladuouniredadumaluladitimuasiBeamalasmunangs
Faduammyilfinaluladifisnuiiomssgunnsuiu soawmsuilsansinuuudio
vesssuukauninBaniann Snvadeiiauantilunmeqneaisdefinnléf sndaetn
1wy s I¥egiiuss@niam Seaznanisluidedaly dygravessruuuaunireda &
wuumaiannAIIMIawiiy 500 MHz wiefiwuuaiaviiBaavdiumnnimiswiniu 0.2 90
grInMamAIngYestesdggnun i Shannon Ifnanly wandmiiuin sruuuaunta
89 Wonuudiavinireesyiliifidimiuquestesdggasnn vivddayaldluuiinuiiuin
u amsasassudldenldsuaunnmuluie andldndnundreiunisdedygyinees
sruuuunid 1fuﬂzv‘hmseiae‘t’zu:mcuu"\u-&aeé’cgcmmﬁé‘u‘iwq’lué’numsﬁtﬂuﬁuﬁaﬁ' Tow
Lifinmhiedygadeyalvvemaniudygummi esiumatavesssuuifdiduiuses
WHiniwe iladeszuulfie auneannd aunseadieszuuhninduazniauli
sagn funui Wewisuidisufusruunisdeasuvusuaniildaiuauding (Radio
Frequency : RF)

Useinveamalulatuauninds  Idgninunldaudaud 100 T s Tae G,
Marconi IévinsmaassasuuulFanssewiianas lste of Wight lugunie Comwall (st
amtﬂummﬁam’%aﬁuuﬁuuﬂwaqﬂszmﬂé’onqw Tael¥in3nsds spark- gap [31-I5]

souvaluladinglignitann Weliusnstussuuinsiwiddlumeutudldseuy
usuzdion sunseialddinmavannidussuuidneauasgnlénudustrsunivarslunan
sioan Tugaeseving a.a. 1960 fla 1990 asdnsvvnsvesUseinmansgowisn Iamihssuuuay
n¥uds inldaudmiussuuniniseaseni deunlula3anfngiy 1998 AuEnITNBNIIANS
Aoaswvieanigauidng (Federal Communications Commission: FCC) iFufin1sdnusequ
uazdndormuadmivmaluladuaunings  1Guadiusn sunsedlunatdens ey
auamius U aa. 2002 FCC lrasfuazitauessiuegitiunensdwiviedvuauay
Fedrinveamaluladuauninegs Inseyd@lilfluidamdediunistdauvegunsad
aidnnsafindhmAuuuuaumnudiléfimual’ uasdesimumnuiuidudeannaiuide
aa 6]

ilosarnsruunauntieds shemuutsoumsdiifuuudnindre dafu Foec 3
fvusmmuILiLsane i udriemailunmsdsdyguresssuunounini
LAy -41.3 dBm/MHz ietesfulilssuuuaunitegs Tunsnasafussuuuauuaudy 1
feaumpienanesiiuissduamumuiuaneiuidnuressruutauninge egeh



ninseAudgygIsunu (Part 15 limit) Asumaluladuaunings Jsaunsaldnulanu
- d a - - v
welulagrauingdulagsziintsunsnasatios

2.2 fisavesszuunisdessuauntieds

nndfmmees FCC Iddmunliin msdeinudygraluszuuuaunitgs Ae
dygrale q AwvudiaviBamsdiuunnniviewindu 0.2 visliuuudiaviuinnimie
wirfiu 500 MHz uansladaunis 2.1

B, 202, wvie
B, > 500 MHz 2.1)

o € a ' - vea w ' fa £ ar ' -
Fauwvudiaidumsanlefonly fe Snduvesuudisidyasioruings [7]

BW (fH _fL)
By = (2.2)
NI | e~ B2
A
g
g Narrow band
e
™
:
% UWB
> 10dB
n =27 .
f: Je &

Frequency (Hz)

-l = fa - d
U 2.1 nsnBsuiisutuudinvidaesdutsssiumsdsarsuauuaula sEuuNMsAeans
wauN31984 [8]

o - - [T a8 - w -
loeh £, uae £, Ao mwn@aqm’ﬂuaauasmmnmqﬂﬁ'lﬁde WedaseAunvianin
ANUMUILLUMSUTaUnmIu (PSD masks) Part 15 limit 8311 10 dB muadu BW #Ae
o - al
wuuAIRvivesdEy I way f. An ANBnaN
< ad o A 1
INFUN 2.1 devnsiisuiiisussuumsaeansieanissuy  sviudnsruunis
doansuuunaiy (WauwAv) Fruuumiaiiduavdiutesnitsruunisdeasuauniiebs
ar ' ¥ - . B -l '
UNAIDENNYY NIUVBITEUY UMTS (Universal Mobile Telephone System) #ivi19uuuiag
- - P ] ) - P « W
LOUAMUAUTEUIN 2 GHz LasiiluuaIanuszannd 5 MHz 298n98i38nssuuiinuuuaning



| v a - ] fa & a ' e |
UWADIMINLIINTITUIINAUNTITN 2.2 ﬂ'\uUUﬂ']ﬂVll'ﬂQtﬁanuVlﬂﬂu?mﬂﬂﬂu']ﬂﬂlﬁl‘ﬂqﬂu
J I 0 AI - ]
0.0025 ﬁQﬁﬂ'lﬁﬂﬂﬂT] 0.2 ﬂﬂﬁi#UUﬂ'l'iﬁﬂﬁ‘liunUﬂ"J"Nm (\nau 80 1)

% UMTS: Universal Mobile Telephone System
UMTS 3GGP: The 3= Generation Partnership Project
3GGP WLAN: Wireless Local Area Network

UWB: Ultra Wideband

=

iz WLAN

23 IEEE 802.112
=

$3

[=]

& -

Part 15 limit

-41.3 dBm/MHz

Y 6 Frequency
2 31 S 10.6 (GHz)

d = L W oa ar -.
U 22 mswSeuidieussiumminiuidadaunadivessuunisdaasuaunins
- o
UAY SEUUMTABATTUAULAUDY

2.3 ferfmunvesszuuntsdessuaundnada

Avdrdagrmilsiildgndimustulussuumsdsarsuaunireds dufifenisinass
mmilunisléey Faldinduvinnuluaniseninldneisiuviinsosansunisdiinyes
Formuslumsldnusimuivewnaluladuounieds nngievsduidures FCC Ty
nzjnﬁm‘lﬁ'ﬁaﬁv’aﬁuadﬁaxﬁumams'inu'lﬂa:i'l Ultra-Wideband Working Group (UWBWG)
Weyhmawsswndennassaudy. FCC iwdgaiuiuluglsudldinamdennainisinass
AdumMLaEMIUNINAEnYe LR INgRuTs L binsimuakaumuiidmiuns
THluszuuuoundieds = luanfudmuauiasgrunsinsauuiauuvisannwglsy
(European Telecommunications “Standards Institute; ETSI) w38 anwusinsAuuAy
eI (International Telecommunication Union: TU)

2.3.1 ngdeteAuvesszuuuaunineds luanigonin

Tl Aa. 1998 FCC WpenUszmmAeaiunisnsiaaey (Notice of Inquiry: NOI)
ilesanninaluladuauniteddfinsunsnasafudygrusruuiilegiauarszuuainu
vasadelufismsmsunaziiamalumsfuninisrtuieiesddussuunounings e
wuifu Tudud 14 quatius O am. 2002 FCC Idpanngdmiuszuuuauniieds Sadiuns
fmunveulrarensuninsEaremdatuiinidmiussuuuauniieds uazdioygm
Tidumalulagildludnuaismmanamdnie Taesenuagavesissnmaazssidouns



atuinisldneunsdeansisarulutudl 22 Wouwwiew U aa. 2002 dsduienansla
namdsnmsaygelfilussuunsdemsuounineds uazmsimuaveulmnisunnszaty
naudmunsliludssiansing q 91 Tesnfiswtwsuldiinsmnussinuudiamids
wiwdau (B,) Wannniwdewintu 0.20 vesmuidinent (£) detassfumaninnanu
mwiufdudeaunedy Part 15 limit (-41.3 dBm/MHz) adun 10 dB dwiudedndanis
doarsneluenmis (indoor Limit) wae 20 dB dwiutesianisdeansareuenaims
(Outdoor Limit) auaunisil 2.2 uasdedianisunsnseaneidaenilae FCC Thuandlily
msil 2.1 dwiulilumsdeansteyaisngluuaznieuenerens [10]

P ¥ o w v o as [y v
ansedl 2.1 dedialumsunsnsearemdsulay FCC dwiunsidrulussuumsdoans
ninelunaznieusneims

Al PSD (dBm/MHz) PSD (dBm/MHz)
(MH2) dmiunisieansnely dwmiunsdeansnisuen
27115 91A13
Upeni 960 -41.3 -41.3
960-1610 -75.3 -75.3
1610-1990 -53.3 -63.3
1990-3100 -51.3 -61.3
3100-10600 -41.3 -41.3
31nN37 10600 -51.3 61.3
40 3 1 | § Li ! 1 L 1 L) 1 ¥ L ] L/ 3 T'
S50} ; p
_. of- -
N
=
=
& 2ol -
2
2
a. 20 F _
H0}—~ -
- Part 15 noise imit
--== FCC spectral mask for indoor imit
i - FCC spectral mask for outdoor limit
100 SR O T | I ooy ;
10’ 10’
Frequency (GHz)

J ) ] [v] - ar v L] .4
JU# 23 Aramuwiuidudanniuniudeivun FCC dwiussuunisieans
woumgnelunazameusnaims



10

2.3.2 ngtisvsduresizuvuaundnegs Tuglsy
Taglulaseinvesdedmunszuuuaounings  Tunivglsvegludissedeyams
waliaingfunansenurssssuuuaunings  vussuuiduniildiuey  Tnemeglsvuu
undmveserimunszisursunitvemanigauiin insenidiuglsvduludiuves
5 0] o s = ‘@ a da o w
weluladlwideauansiiiuin dwansenusnnlesvielifussuuduiiieylaedediinns
! o o o I’; A [J -4
wsnszvneidaudmiunisidnuiiniglusasmeuenenmsiimualag TU w3e ETSI
v o -l
wansliiulumsnei 2.2 [11]

d ] 1 [-] Qr o &“w 5
a1 2.2 Yermuslunisuninseaneridsnulae ETS dwiunistdaulumsdeanss

melunaznmeusnenns
Al PSD (dBm/MHz) PSD (dBm/MHz)
(GH2) mu'lumms NYUBNBIATG
Howni 3.1 -51.3+87log( £ /3.1) -61.3+87 log( £ /3.1)
3.1-10.6 -41.3 41.3
WA 10.6 -51.3+87log(10.6/ f) -61.3+87log(10.6/ f)
40 L] L] L] L ' L ] |- A | L] h L 4 | § !
50— —
A £0}— -
N \
xr
2 \
£
m 70— \_..
2 N
Q
4
80} )
.’Q . e
—— ETS! Indoor mask
/ ---- ETSI] outdoor mask
-1“ 1 1 ' 1 I q 3 I 3 /]
10’ 10’

Frequency (GHz)

ol 0w oa a ° 9
JUR 2.4 manmnuiuidadsanne Suaudeimun ETSI dwuszuumsdeatsuauning
ganelunaznigusnenans
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Yaqtuil ETSI Wdmuanisumsnszansiduuarminnannaduesisdaeu
npfetifuresnmsunsnszaneves PSD Madaintudoygralissuunsdeasuauninds
asnsalfenliamenelueimaviniy Tadvmovaruildnuananiu 6.0 GHz & 85
GHz fauandlumsni 2.3 [12]

4 ° 1] o L4 J .7}
A5 2.3 o muatuntsuninszanemasnunudleimiley TSI dAwmsunislidauluves
ssuunsdeansneluenms

Al (GHz) PSD (dBm/MHz)
Younin 1.6 -90
1.6-3.8 -85
3.8-6.0 -70
6.0-8.5 -41.3
8.5-10.6 -65
10N 10.6 -85
40 ] k] L§ 1 l 1 1] LI L) ko i S } '
S0} -
_ se -
N
x
E ] o ——d
A
[7]
[+ 8
B0 -
40 -
_1“ ;b i 1 3 I ) L 'l L L 2 1 |4 j
1¢° 10’
Frequency (GHz)

d 1} Q aF - .4 (-] A 1 o
JUR 2.5 avmuuiuidudanesusuderivue ETS Audlulv dwiuszuuniseans
waundeds aelusans
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2.3.3 ngfietsduvesszuunauninde Tudiu

Fartwuasedu PSD Aiwsinszaresnuniidmualag MIC iuterdmusdmivssuy
uouninde Alflulssmadiu Inedudedmusiioygslildsruunounireds 1anelu
srmsvumiieuuilimunalag £TS1 Aldudlolmi Tnsfivauaumnaldsuasiay Ae
uauAdIus 3.4-4.8 GHz uaruauAINAgeRaLd 7.25-10.25 GHz Fauamdl3lumsned
2.4 waznsmainmiiansalduandlilugui 2.4 [13]

al ¥ o o al [y o T & od
AT 2.4 UarviuasEAU PSD  Nuknseetwssnundmiunisdsaisanelusiansivinuun
fvuslag MIC

A (GHz) PSD (dBm/MHz)
oenit 1.6 90
1.6-2.7 -85
2.7-3.4 -70
3.4-4.8 -41.3
4,.8-7.25 -70
7.25-10.25 -41.3
NN 10.25 -70
40 N t 1] L] l L] L] § L 1] ] 3 1} | §
S0f— _
_ 60~ -
N
o
E F0}~—
=
Q
[ 7]
[«
80— —
90 —
.100 1 1 L 1 I i i [ - | 1 |1 L i l
10° 10’
Frequency (GHz)

Lo o - [y [ - o
Ul 26 wiuduEnesudmMIUNMsAsasanelusias At musley MIC
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2.3.4 ngdavisduvesszuvuauniteds Miduiu
Uaquulatimssandiefuseninasuinmanigenin nguusemaluglsy uasusewme
) = ° vy o @ < ' v - o v
fu laedinsiuualildderdmuasesu PSD Auknszarsesnuisiuiu TasBalviiduluay
v o v W ° o v Yy a v
dermuavas FCC, ETS! uaz MIC wiaufu Wudermusieygrelildssuuwaunitegs 14
Y e % < o8
melusimswindy frswouarudldoudu 7.25-8.5 GHz Taefimnuidish 7.25 GHz
v o v o Y |
Yormuaves MIC wazmudige 8.5 GHz Wudedwunues ETSI dwanslilumsieil 2.5
o '3 af
wasnImawnaiuansalauanalilugun 2.5 [14]

d Vv [-] [ 24 J t o 1 s d
A15197 2.5 Yarhvuasedu PSD  Tlusinszangeanundmiuntsdearsnieluemsingy
fvualay MIC

A (GHz) PSD (dBm/MHz)
Yoanin 1.6 -90
1.6-3.8 -85
3.8-7.25 -70
7.25-8.5 -41.3
8.5-10.25 -65
10.25-10.6 -70
1IMN10.6 -85

.‘o L L ] I ] I 1 | L] L) | ] 'FJ‘ | '

Y] -
_ 8of- -
N
=
5 70} —
=
a
(7]

[- B

80— —

90 —~

4100 PENSEY SO R T | 1 1 1 i "I T R |

10° 10’
Frequency (GHz2)

a Y [y o o oo ' [y
'é\.l“ 2.7 ﬁ']']uﬂu’]uuuﬂ']a\“‘ﬁﬁatﬂﬂmsuﬁqvﬁuﬂ"ﬁﬂﬂﬁ'ﬁﬂ"ﬁﬂuaqﬂqi NAMUATIUNU
Iny FCC, ETSI uag MIC
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2.4 AsgIUTRsTTUUAMTHBEIUAUNS1eE

1AsFINTBITEUULAUATNE-R  flog 3 annsgu Ao IEEE  802.15.3a T¥dwiy
Tnssvreiuiidauyanaliany (Wireless Personal Area Network: WPAN) szazmelndsns,
msdedoyage IEEE 802.15.4a 1ddmiu WPAN szezvnslnadmsndedoyasi uay IEEE
802.15.6 I¥dwiuszuulasetnefuiisrsnmeldane (Wireless Body Area Network: WBAN)

2.4.1 ansg1U IEEE 802.15.3a

WMIFI IEEE 802.15.3a IeinemuSuugednsimsdevesunnsgiu IEEE 802.15.3
getulnsmsinewneluladuaunirnge wnld Feilqaussasiosiunléity wean Tnsilssey
yamsldeuds 10 m #Aismsimsdedoya 110 Mbps  waziiszevmslndAeuszana 2 m
anansnildnsidedeyalageds 480 Mbps [15] wifindgiiiesnliannsaanastuldinee
donldimaluladinusywitamatafinanduuuutsanuiniainuatsuay (Multi-Band
Orthogonal Frequency Division Multiplexing: MB-OFDM) ffuuauninsBsdrdiunse (Direct
Sequence Ultra Wideband: DS-UWB) 3sl@¥umisaivayuanassuismiusiing uazlu
\Weuunsr T a.f. 2006 wasguilidgnenidnly

2.4.2 1w3g1u IEEE 802.15.4a

wmsgw IEEE 802.154a lafimsenmaluladuauniieds unuszgndlddmiu
WPAN Tagusuusliissuzmennsldauilnaduldfaussana 100 m Tnsandnsndedoyans
fiognislinurasuumaeiiui uvisisaign aunsahaunssgndldfuszuulaseing
nssaedulane uazszuunImdwnisiimmismsege msdsdygradifugiusguu
weliansdaiadfifinnuniivesiaduauinnyseinalfiduduted Sadufiuvesdeuay
n1eEe-IR [16]

2.4.3 53§ IEEE 802.15.6
a8 & ' o o Y
WMSg IEEE 802.15.6 unmsguidsdusnivnidmiviiunyssynadldiiu WBAN
=t L LY R ' & ¢ aa Y &

lngfimsldnuddgRensinguamsnineyesiae 3lisdelsn sauvisnaunuiielsn WBAN
Mmewvinalndiv Aregiu vismelusunmeveaysd Inelinsldruddioyasewintun
melusnne wazdsdayasnsranieludigunsal msuszgnaldvimesunisunwmgvienu
-
?au [17]
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Mobile phone
HDTV

Printer
i e _ 3.1GHz~10.6GHz _ —- .
. @ - 10m 3
] ; 110 Mbps i
- —— = d

i 4 480 Mbps
2 m A

-l

Laptop computer Projector

= o ' L4 « 1 ar L9 -
JUN 2.8 sretamaussgnaldaugunsaiusuianein dwusruunsdeansuauniig
[18]

93Ul 2.8 uamsdensusegnaldluszuumsdeansuaundnegs Sudumaluladiidds
5uauanls uastdruiedeudeuazdisloudeyalutiinennn 4 dwiumealuladnig
d0an3 4G4 Generation) JUnuLwilawessvuukauntieBs - Aigninldeu Aegunsal
Sidnmseundiinmimidugunsnilimeuaclfidloudoya sewing Host uazgunsairawn
figados Wy AGUBsA WNd  inTesRun aunulue? uardu 9 Judu Fwelulusuen
Hromfunaluladszuumsdearsuaunineds sshdununuiivaluladszuumsdemsuuy
e Tnsannsodslaudoyaluyfinmann assasiugldauliun Snsdsannsods
foyaidhananians 1000 Kbps  dwduunduvuliats uardidayaiidnseuds 100
Mbps dwiumsaslaulndmenusinga uarilvasnmvssinansaiin (udu wazds
annsmhliussgnalFuiniuivseuuiiiefestvansauiiwadnddoninoasewing
gunsaididnnseiind wn3ealdlnity idulnsvimiainea (n3selay CO/DVD tATaatdyu MP3
uazdu q Wusu lavaguud szuunisdeasuouninie gnuesindumaluladiida
Wigdulauaziivssloniognanndmivmmillfnuiudussuunisdeals WPAN seae
du Arndatimsldaueglullogiiy ety svuunsdeans 802.11 LANs vie ugys Wusiu

Tuwazideniu wildlumalulagiigninussgnaldaulagendedelfiuisuvassyuy
ununireds tufRegunsel USB wuulfans wie WUSB (Wireless Universal Serial Bus)
wuss  Isvinmswaunidumelulagliaouuulmivesqunsal USB  wuusads Taevinis
NauWAsETIRAIE arAaen s veanAlulaguuuiiany iNes s MINaL
fesemslinudwiumaluladifans wuss Aldaudmiuszuunaunineds 1dgnimue
Ty WiMedia meldunmsgtu IEEE 802.15.3a fwvihauuutiswauawd 3.1 GHz -
10.6 GHz
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WUSB seefudmsimsdediayal 480 Mbps aelussezns 2 wes uazmmnilumsd
foyaaziFuanas ndoyssana 110 Mbps Wilessssmevamsdstoyalnauntu uazd
ausndedoyaladnilessesmalnatu (Wifu 10 was) Wuss Safiugunsaiffmiuayums
Yawaemiiil (Dual-ole device) Ae amnsavihwmiiiiugunsel Client way Host Tay
aunsamuguendlumsarelouteyald sndegratu ndesddneavimiiidu Clent
uFudousofupeniinned imiurhnsdlaulngamludaedesiuniivimiiidu Host
usu

2.5 yaLAuvesTEUUNTIABEsuaUndned

frasndnfessuvnaunitdmdeiufeduiad (mpulse)  Waduay (Short-pulse)
dnynnaiililsledywessdia (Non-sinusoidal) dyanaisimainaduwi (Carrier less) uay
n¥1989084 (Super Wideband) n1ssanaduuuteniduet1a3a (Fast Frequency Chirp) uay
waduuululy (Mono-putse) - Fudussuuditigauihinaulsdmiunmiluvssgndldly
syuvdeasendl wu

o Huspuvitiienududeutivsuasiidunusn
mndudoutissuasiiunuildrvessyuvuaunireBaiatuaintadoniednvus

Wakuud (Baseband) waamseiﬁm:ymﬁﬂﬁmﬁauﬁ’uszuumseiqé’msy'lm’iwquwﬁu‘]
TasflipTesdeasnsaiedygraiadllawumananfifiaruniveesdygiadesnng
Feanunsefivzuninszaradusenlulagusirsinmaiiumudingvdendunmisandily
uarludmvesmsrudygiaingiuandumahedygraasuussandluiuadunnd
Wedhedgygrailuduauamuiidnudnuuslumsuninsznenduaiosnistedygines
gnunsnszaelsalaghidosendenaulasmmdligtiu (Up-conversion) wagntsiiinnga
Tyigedu (Amplification) Taslunisuasmuiias (Down-conversion) uadnanAIMid
(Local Oscillator) FelaidndulunTesiuuuuuaunireBssotuiuvilanmadudoues
szuuuagsunulunsednasivnn

o dszduresdygnnilndlfasiudygusuniu (Noise)

iesnmmumuiuremdsnuduasinvazianizlunisduiiey (Pseudo-random)

vosdygraddwhlidygrauvuuaundiidnvuradefudygrasunu suilims
msmmé’mmmﬁ'}‘lé’mnu.a::e‘faﬂiwn;]'lutanmswNﬂ'\ﬁﬁ'a'hn'ﬁeiaéftgtmmuuuuaun"a’m‘iq
ﬁ"u‘lﬂfia'lﬁn.ﬁmamiuwsnaamaaé’zymwmﬁﬁdaszunﬂﬁuﬂ'smﬁ’mqﬁu‘] Weswndyg
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wavlaveanaluladununrebedmiuuszgndlituszuumsdoansidang 1y senduudh
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ANILAZRYINEIIIDSAM walilinnsnante fewdndinasuugiieanunisldrlue1ves
agamAlunslaLaT
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gesmsdeituveialagninnldediniiwine uazannsaussgnaldlunis
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_E()
GFrﬁs(f) “20)

=G£,d)G (1, 2)G(1,2.)n,(f) 5.1)

o £ Wumudiildon d Dusvuenesewinanseime Tx uae Rx B(f) wae P(f)
DumdBunadiludianeeonia Tx  uaziidue dnmeenanaiseinid Re  audisy
G(f, ) uwar G.(£.Q) Husnswereussaniuavesanuennie Tx uas Rx audey
G (f,d) Wudnsmenenisuninszarweamein uay 7,(f) Wuuszavsamnisund
Twarlsd dnsnsunsnssaeenmalsamsadeulaidu
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Gf(f,d)=(4;f) (3.2)
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Toumudifinrsunguadiuds aruisuiilinainaiseiniea desdgygra uasiaiasiy
anduiug Wridudreloueanming Hy(f,d) awnsadeuldidu

Ho(f,d)=7— ;# e~ I2He (3.3)

Haftuielouvosdyanaoimein H(f) Aldsmmeamadiluléeinnsidnsg
veegnInsauesiaiy

H(H=H,{f.dB(f,Q)-H(f,Q) (3.9)

ol Pl « caor o - b of 1Y)
G H(f,2) (a=t wdor) Junnmeifeidudreloudtousesaeaimaiisuiu
awonlelemselUnlufiins €, =(6,,@,) tude

H,(£,Q) =H,(1.6,.9,)

C éaHae(f’ oa’wa)+¢aHa¢(,faea9¢a) (35)

Fadirnudunusidu

2zx

21; [[IH(f.6,.0) sin6dode =n, (3.6)
00

- - L4 5 ' A’q 3 s -

die 7, WuussAvisamanseinie Ay AdSgnuesuualadimeatsonielelenseln

nnweiviimiie 6, war @, wassmsinarlsduasgnisnifisuiuitansinauveusias
P o v

aeonMA Fannsauanseadiusimdu

~

0, =6 (3.7)

T

P, =—9, (3.8)

'Y ¢ P a v
nmsuanslagldianmes 77,() Tuaumsn (3.1) Iegnfinsandiluse

° s s a 'Y a
dwiuaneainie Tx uae Rx Mivilauiuuasilulumuaunsn (3.7) uag (3.8)
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Waritugrelouidedouensaigenia Tx uag Rx ansadeulmiu

A (3.9)

H()=H(f)= H(f.d)
f s

a4 a a4 °
suruBunaATRIY v, (f) gnimualag

v © = [HOWNedf 3.10)

4 o a
die V(f) Wuawnniuvesgunrduds

X
3.3 AuNsUIB U
& - y v a P a

mnuisuvesguaauitlslunsdaiuresssuuuaunineds  anallaummiinaina

) ' 1 P a & =
vasflaridunsaneleutesdygradinisiaitey Frsuanteglumenvasvuinuasinayes

< 3 1 o/ A’

Wangunisaneleuvestiosdaye e feil

H.(f)=M(f)e*? (3.11)

A L4 I 1] o o
dis M(f)uaz O(f) Wuruawazimavessidunisdreloutosdygin amudwu
oy & a k4 Y a - .
YSurmresanuiieuidunalusgiuaaruluiBadu (Linearty) vauna
-y - o'g ¥ o ac 1 d‘ k4 Ty A’ “n -

Tuinertinusil idwauedSnswuulniieldmiviuiavesanuisudang nsdinaves
Hardunisarslouvosresdygraluinerlinusi lidwuvuitassveinisannsadadu
(Linear regression model) anlddmsunisiwsesing wazienniu

() =24t +&(f) (3.12)

4 a o F o w < [y '
die 718umsusyiduysal Fanlsnnnrsliitidaeaieniign dwandlédn

3 3
T jﬁ (S (3.13)

il £, uae f; Wummuivhgauasmmifigen iy

nsnssitenvaara O(F) WuampivilhiAaanaudou sndowiléwuni
aulududuveana ssiinmaenndesfuausuidsuniemwaiiansvenis
nssifouraana FufuuTinavesmanisudana deduninnsuniemandosuy
wwsgunsnsuiienveata o, axlid
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1 H A 2
oy = [——| (©O-pu)df (3.14)
© \/f u— L If t ©
e 42 Dusiadmsnszifenveunauazannsadould deaunis

1 fa A
M =——— | O()f (3.15)
© Ju— 1 j.fL

- “n t‘g ¥ o 3 - A - : - H Jd
Twinentinusil lavihmsesavasuanuiisuiananiniu Inefiersunlugispmi
BMIMLIENTANIY anaaInAgeaabiiu 10 dB

d o @ o
3.4 A9 UaNEUNUS

P [y} o o o : ‘ & fas «l
niasesfuanduiusiuanslugui 3.1 SNR - edwnastusgiunisidenguniu
Funuudatiu wrwaveaeiesiuanduius v,(7) uandladu

v,(7) = Tv,(t)hw (t-7)dr (3.16)

- o4 v Yy o w 3 d v o <
die A, (1) Wuguerduduuuy uas T aemrdasiumaiatvesguriuiuwuy maviiiaii

wanzauiign 7, gnideniiu
7, = arglmaxjv, (7)]] (3.17)

Reaniily h, () segnuesuualadiiu
fih, @) de=2B (3.18)

o ‘a v & o o ow ' d 1w

dis B Juuvudimiveadygu dalu ddsdygrasumuodwaludnsivniu NyB
a 1 0w & [y opn
de N,/ 2 @umnumunudumdudeanasuresdygrusunivlaiiniduuuuan (Additive
White Gaussian Noise: AWGN)
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Tx-antenna Rx-antenna
A4 A4
viZ) |e >
l t( ) d v‘,(t) -@.@: Vo(t) -
Input
waveform

Template
waveform

A o ] ) ar Al
UM 3.1 vdenleesunsuvsauuudassszuumsdwudmivdygrauaunings

aelitediinvesaunai (3.13) A0 sl v(z,) Seanniiande A0
Wunarfeunduwasifiumsanaves v,(f) thifs

\/Z_B_vr (zr,-1)

L)

[lv@ P ar

—00

B (D) = (3.19)

- - a4 oaw Y = v ¢ '

die 7, wgnifoniievilil A, ()=0 dwmiv <0 Fadulumumruduiugseniname
) & - ' a4 v o Y '

wazna Aoandly A, (0 rgnFendiguadudunvudygruniuld daunalddnis

- d <t 1 L2 A A a
Ussdiunamsitonlesdinnyiniulu [22] dio A, grldidudygaduuuureanisiy

3.5 arudululdvaseiasiuamduiusivanzauiige

Funaldinanaumsi (3.19) urdusuuuudggansuld lilddunafeunsy
stdvegUaduds uildsmnuaTRcudvetmeeImMALaznsunInsyeluaInIAing
dafu anunsefesyudsuguriuduwuunuauaniiaeeimeitusgiugu Wewn
sUARusEgnadeiimmdvesdyyuintegiesaesvivesauiigeanvesdyg

iy ssvhmsiisangUadudutuusuutygd A,0) Tuunanuilléiden A,(0) #

[

< o w o da o od o a
Lﬂuﬂzaqu@la']“illEnUﬂ']ﬂ']ﬂiaiﬁﬂiﬂﬂﬂﬂuﬂﬂsq‘uﬂ']ElﬂQ'Vl UuA

V 2Bvr_lso (To - t)

Jﬁnmmfm

h ()= (3.20)
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o d a 4 o @ < ¥ O v
deguadudunaaiasiudmiunsdvesansenialelenselngnldvivassdi v (0
annsadouldity

Vo ®= | H(f, W, (e df (3.21)

x o
3.6 AUNEUYDIFUARY
Auisureguady I gniiansanlumsuessminuneussningurdunsuladiy
ad de - v & v o - Y
sunduniulalunsdineamelelevsetngnlinvisaesiu Ssanansadeuliiy

0

max J'v: W), @+ )7
w = (3.22)

=1-
J [iv @ Pt [1v,4 0 dt

o @ o a s 4 e v
die + Wuidulumsdegaidetou v, () Wugurtunsuldlulaumnaiuazansomild
MnMIulansiesdeundurasmnuuitiuaaniy

v.()= TV, (e’ Mdf (3.23)

a - I - < [y ' < «
USinalifidindiu 0 ieassguaduivilounu waziidanasdisjuaauiinim
oW &
WANANNUUINIY

3.7 daTveunIseeeig
ar 4 1] - - o‘d”n = 1 & al ¥
gns1vgrenrsdwuluInerinusuionmiuioundgnrgonvesadnaniesiy
v eddg s e 3 €y a ' a4 w
anduiusnlyaneanianirsaueiusaladieueundgnaisanteuerdnnaiosu
o v & Y ° < d v
anduiusiildasenelelenselnvisansdiu snnmavhuesuialadvesgundusunuuly
A 1 LY dl' L o o “; L
aun1Ih (3.19) uag (3.20) ABRTIVEBULAAITRIIDENEVDIBNTT SNR AU SRTITEIBNTS
5 ay o ¥ v ' - < o
deriurensdidunuudygnaniuld G, lumiie dBi annsadivuladu

@

max I v, (Dh,, (¢ —7)dt
G, =20l0 —

max| [, ,, (O, (¢ —7)dt

(3.24)
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luhusudentu sasveemsawurensdiduwuulelenselin G, lumils dBi
annsadsulaidy

o)

max| [, (Y, (¢ —7)dr
G,. =20lo =

0

max [, ,, (), (t —7)de

-0

(3.25)

AMLANARAUTENIER v sdRuTeansaifuluudy g aiiulduasnsd
FunuulelenselinduansiaUimmninuiousesguaiu Juandeangnsmsdeiees
wﬁau,'uuﬁ"uﬁﬂﬂuﬁé’mﬁmidqmuﬁmmzauﬁqmaqé’zymﬂ:uu.n'uni'we“ia Tiannsouanaiiy
figmetndelaenIguiuYBIdnTUeEYeEEB N

3.8 UaRudygudevasuaunined
wanizvm'umm'mLﬁawaqgﬂﬂﬁuasLﬁu‘lﬁiﬂu1nﬁutﬁauvuﬂ‘3ﬂﬁni’wmnﬁu ot
FaldhnsRansangueduiiaseunquuaueuivioninues FCC tufe 3.1 GHz §9 10.6 GHz
uazuUANATINTEVING FCC  gavanigawinn arsussyuavamglsuvasnusuims
Tswilduarinsmmnm/ansnssunsnisdearsdidnnsetind (Furopean Conference of
Postal and Telecommunications Administrations/Electronic Communications
Committee: CEPT/ECC) va3gl5U kaznsznsrsmmaliveuaynsdeans (Ministry of Intemal
Affairs and Communications: MIC) ‘U’e)\?ﬁjﬂu Yiufie 7.25 GHz 4 8.5 GHz gﬂn‘a'uunuvi'm
sinfiaesuadlsilavioy Heidummmuiniuannaiu ¥, wansldail

1-
b 1S prpratf
a-5) 1+5)
Vt,ro(f)=< A ""'2T‘<"f|"fc$—2-i1—-, (3.26)
0 otherwise
{

1 T 1-
A= \15[1 + 00{7[" fl-£)- —ﬁém (3.27)

T=1/ £, \Sudmndvvesdnrdydnual £, (Duanafuuuudion £, umud
nane f=03 Puawmesandes ddAnsanduluamudeuledeimusanesuanda
(Spectrum mask) ¥83 FCC fwuald /. fiswinfu 6.85 GHz f, fienwiniu 6.37 GHz U
Aaudfy g aEetsruLLaUn I Bmateruavas FCC uazuauaudisay uamc‘x’a;‘uﬁ
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Faluunindunmhiausuuuunumsiauasuuuusunsnaass lasldvinsialuieddng
avviou fumine1de Tokyo Institute of Technology UseinAdiju Feinerdiwusilldvins
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4.2.1 idedinszilasstieuvuianiae
= = L3 | - i €
Tinginusilildiniediinneilastsuuunnine U HP-8757D yavnaasu
a 3 v ' o . =
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< = - = [ - & 1 o '
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i 1 y L. : - md
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o a ' - « € -t & e w
ansonnvindygralulasstientineinuazasmeia Falunisvmasiiazinismsieia
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4.2.2 §weINIALUUNTILE (Biconical antenna)
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4.2.3 grwemAlalwasiearuiien (Log periodic dipole antenna)
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1 Introduction

This paper is studying the phase distortion due to antenna on free space transmission in UWB-
IR system. We develop the free space link budget evaluation scheme in the term of frequency
transfer function for UWB-IR system that takes into account the transmitted waveform, its
distortion due to the antennas, the channel and the correlation receiver. Root raised cosine
passband waveform is used as the UWB-IR transmitted waveform. Experimental investigations
are done for different types of the antennas. The distortion quantities in the terms of phase are
defined and shown. This scheme provides some useful physical insights and optimized design
procedure with clear and accessible description of the UWB-IR link budget comprised of practical
antennas.

2 Theory of UWB-IR

The Friis’ transmission formula [1] has been widely used to evaluate a link budget for the
narrowband LOS channels.
The Friis’ transmission gain Gryiis(f) is defined as

B(f)
P(f)’ W
= Gf(f; d)Gr(f7 ﬂ!‘)Gt(f7 nt)ﬂp(f)’

where f is the operating frequency, d is the separation between Tx and Rx antennas, P;(f) and
P,(f) respectively are the input power to the Tx antenna and the output power from the Rx
antenna, Gi(f, ;) and G:(f, ;) respectively are effective gain of Tx and Rx antennas, G¢(f, d)
is the free space propagation gain and 7,(f) is the polarization matching efficiency. The free
space propagation gain can be written as

et =(75) @

GFrijs (.f )

where c is the velocity of light.
The free space transfer function H(f,d) can be written as

Hi(f,d) = e 9. &)

Free space channel transfer function H¢(f) including the antennas is obtained by using the
extension of Friis’ transmission formula as

He(f) = Hi(f,d) He(f, ) - He(f, ), (4)

where H,(f,€,) (a = r or t) is a complex transfer function vector of the antenna relative to
the isotropic antenna towards the Q, = (6,, @,) direction, i.e.

Ha(fa na.) = I‘:Ia(f’ eaa Soa) (5)
5% oa.HaG(f, oa, ‘Pa) + ‘ﬁaHalp(f: 00.’ ‘Pa),
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Unit vectors éa, @, express the polarization and are defined with respect to the local polar
coordinates of the antennas.
The receiver input waveform v;(t) is given by

m »,
)= [ BV, ©
-0
where V;(f) is the spectral density of the transmitted waveform.

2.1 Phase Distortion

The waveform distortion can be caused by the phase of channel transfer function. The channel
transfer function can be written in the terms of magnitude and phase of channel transfer function
as

He(f) = M(f)e’®Y, (")

where M(f) and ©(f) are the magnitude and phase of channel transfer function, respectively.

The quantity of phase distortion depends on the linearity of its phase. In this paper, the
new quantity of phase distortion is proposed. The phase of channel transfer function is modeled
as the linear regression as

8(f) = ~2nfr +6(f), 8)

where T is the absolute delay, which is derived using least square method as
IR e(f)df, 9
s ., et ©

where fi, and fi are the lowest and highest frequencies, respectively.

The phase fluctuation ©(f), which is influential to distortion. From this definition, the
linearity of phase corresponds to the flatness of phase fluctuation. Therefore, the quantity of
phase distortion is considered in the term of standard deviation of phase fluctuation og and can
be defined as

P 6 ~)2df, 10
where pg is the means of phase fluctuation and can be written as
po = wie [0 ()
8 Ju—-fu/pn

In this paper, the phase distortion is investigated only when the transmission gain is above
10 dB threshold from its maximum.

3 Experimental Evaluation of UWB-IR Antenna Links
3.1 Transmitted Waveforms

The effect of the waveform distortion is more obvious when the bandwidth is wider. We consid-
ered the transmitted waveforms that fully cover the Federal Communications Commission (FCC)
frequency band, i.e., 3.1—10.6 GHz [2] and common frequency band available among the FCC of
USA, European Conference of Postal and Telecommunications Administrations/Electronic Com-
munications Committee (CEPT/ECC) of Europe and Ministry of Internal Affairs and Commu-
nications (MIC) of Japan, i.e., 7.25— 8.5 GHz [3]. In this paper, the root raised cosine passband
waveforms is used as the transmitted waveform.
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The root raised cosine passband waveform is the waveform with root raised cosine spectrum
and its spectral density is defined as
1~
11 - fol < S22

1
Violf) = § 4 SR <Ifl-fl<%F (12)
0

otherwise

where

A = \/-;-[ 1+cos(%[||f|"fc]—lﬁ£]) ],

T = 1/ fp is the reciprocal of the symbol-rate and f, is the spectral bandwidth, f. is the center
frequency, 3 = 0.3 is the roll-off factor. For satisfying the FCC spectral masks, f. is set to 6.85
GHz. The spectral bandwidth f, is set to 6.37 GHz. For satisfying the common frequency band
spectral mask, f. and fi, are set to 7.877 and 0.975 GHz, respectively.

3.2 Experimental Setup and Measurement Model

The UWB-IR radio channel transfer function was measured as Sp; 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 Tx port and Port-2 was the Rx port,
respectively. Both Tx and Rx antennas were fixed at the height of 1.75 m and separated by
3 m. We used a biconical antenna as the Tx antenna. We have chosen this antenna for ease
of the fabrication, as well as its low distortion property. The upper cone is connected to the
center conductor of a coaxial line while the lower cone is connected to the shield conductor. The
maximum diameter is 65.3 mm and the length is 37 mm. We changed only the Rx antennas to
compare the transmission gain properties.

4 Results and Discussion

4.1 Biconical Antenna

First, the same biconical antennas were used both at Tx and Rx sides. The channel trans-
fer function of biconical-biconical link was measured and evaluated as function of the antenna
pointing angle in the E-plane with rotation of both antennas. Figure 1 shows the phase distor-
tions in FCC frequency band compared with that in common frequency band. The biconical
antenna has low phase distortion. The phase distortion in common frequency band is clearly less
than that in FCC frequency band. The phase of the waveforms satisfying each spectral mask is
considered.

4.2 Log-Periodic Dipole Antenna

A log-periodic dipole antenna (LPDA) is also used at broadband. It also has a frequency-
independent gain. Different from the biconical antennas, however, the dispersion characteristic
of the LPDA is rather big, since the phase center changes with frequency due to the resonance of
the dipole elements [4]. The antenna has been designed to operate in the range of 1 to 12.4 GHz.

The channel transfer function of LPDA-LPDA link was measured and evaluated as function
of the antenna pointing angle in the E-plane with rotation of both antennas. Figure 2 shows
the phase distortions in FCC frequency band compared with that in common frequency band.
Similarly, the phase distortion in common frequency band is less than that in FCC frequency
band. The phase distortion of LPDA is higher than that of biconical antenna. As is known, an
LPDA is uni-directional and its gain is higher than that of a biconical antenna. As the phase
distortion in FCC frequency band is higher than that in common frequency band.
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: 150°
190° "~ Common frequency band

Figure 2: Phase distortion in FCC frequency
Figure 1: Phase distortion in FCC frequency band compared with that in common fre-
band compared with that in common fre- quency band for LPDA-LPDA link.
quency band for biconical-biconical link.

From these results, the phase distortion in UWB-IR, using both the received signal and
the isotropic template waveforms, gives us the quantitative measurement of the link budget.
Another issue is the distortion due to the antennas. It is obvious that although LPDA antenna
has higher phase, the distortion due to the LPDA antenna is more than that due to the biconical
antenna. Due to the higher spectral bandwidth, the phase distortion satisfying FCC spectral
mask are more than that satisfying common frequency band spectral mask.

5 Conclusion

This paper has presented how to evaluate the phase distortion of UWB-IR transmission, which
includes the transmit waveform, the antennas, the free space propagation, and the correlation
receiver. By using the proposed definition, we have evaluated two types of the broadband
antennas. 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. By considering the rectangular frequency spectrum, the frequency independent
isotropic antenna and the received signal template.
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