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ABSTRACT

Ultra wideband impulse radio (UWB-IR) system can be extremely distorted
through a channel even for free space transmission because of antenna dispersion.
Therefore, the understand of antenna characteristics, which effects on waveform
distortion, is necessary. This thesis studies the free space transmission waveform in
UWB-IR system. The free space link budset is usually evaluated by using the Friis’
transmission formula. However, it is not directly applicable to the UWB-IR
transmission system. The link budget evaluation formula attended from conventional
Friis” transmission that take into account the transmitted waveform, its distortion due
to the antennas, the channel and the correlation receiver is proposed. Since the
antenna are significant pulse-shaping filters in UWB-IR system, the various kinds of the
antennas are experimentally examined, especially focused on the effect of the

template waveforms.
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nsdeansiiarsuauniieds uszsuuldaneiifinnsdsdyaraludnvunduiad 3
Fraavesiaduauinnuagldfdanilunisdedyanadans ﬁﬁ]ﬁ;ﬁuﬁmﬂiu‘[a%aun”s’wéa
Ii3uanuaulagraunivanes annsailudssgndldnusmiunisieansliaeiiiosesiu
Anudesnsvesildan waluladuounhedadumealuladnianuaziBeamalammunags
Faduaungilivaluladifienuiesmsegunnuiu foanvmsuidownanuuudia
vosszuvLaUni B enn - Snildilanautilunisneauzaisdinundldd enfeehs
W e Idegnefiuseansnm Fesnandduidedaly duaiamesssuuuaunineds 3
WUUAIANLIAATINTBLUIAY 500 MHZ #IeflUuaAIaviTaaAYaIuNInNnImIaLiifu 0.2 910
zjmmi‘mmmmwaqﬁmé’mymmmﬁ Shannon lana1ly wansliifiuin seuukauning
?Ja idleuvudinvinaagyiliiiiannuguesdesdyanmnn sildsdoyalaluuiunaiiun
u mmmiammm’mimmu’mu1ﬂmuvL‘UmsJ ﬁ]’mmlmﬂm:}mmqmumimammmmaq
SEUURAUNT9BY uummmiaqammmmuﬁuaaammmﬂammﬂuaﬂwﬁuumﬂuamwaa Tng
Lifimsendyaruteyaluteganiudyaaniv aztunaiavessruuisdisidudes
Tfinwed dldadessuulding Suueaauii aunsoadissruuninindasaznnasulsd
$1P1gn Funuen WsiSsufisuivszuunsdomsuuduanildaduaanuding (Radio
Frequency: RF)

Usgdveamaluladuauniabs Tegmimnldaumemmadunaniuniy 100 U 4

B1ULn 198 G, Marconi  avinnisvnaassasuulsaigsenitnnienialddanis Cornwall

(%
Y

maaviuuﬁumuﬁummsLwﬂé“ﬂﬂqwimai%lﬂ%imdﬂ spark- gap [3]-[5]

sommalulagingldgniaun Welviuinstussuulnsdmigsluneududdissuy
wourden aunseislafimsiwuliduszuuaineauazgaldnufiuegraunsnatsluna
sou Tutieszndngd a.e. 1960 83 1990 a3AnIMNTVIUsEImMAan3aIsn louszuunay
i inldudmiuszuuninisense deslulialaddngiy 1998 AngnTsENIINg
doansuvisanigoiuini (Federal Communications Commission: FCO) aaiin1sdnusea
wazsredatmuadimsumaluladuauniieds  1uadiusn sunseitslunaidewn e
nunus U eue. 2002 FCC loasufuagihauesisnuegindumansdmsudenmuauay
Yodrinveunaluladuounineds Ingeyddlildludemndsdiunisldeuvesgunsal
Budnnsedindsrufuvuuauaudfldfvuely uasdosdinnumruuiuidudaunnfudids
Al [6]

desnsruuuaunines ieuuutiuauauiifuuudiainte fadu Fec 3
fruaeuRiLT AU A Ui sudaenudlunsdedyaaueasuusauni1abs
T3iA -41.3 dBm/MHz wietlestulalfsyuunauniebs Tunsnaenfussuunauuaudy 9
fheamndsnanazuisefuaImuLLuaUn s dsuvesssuULaUn B g
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ANSEAUFNSUNIY (Part 15 limit) Asdumalulaguaunineds Fearunsaldaulanu

A

A a A

wialulaginduingdulagagiinsunsnaentoy

2.2 197399932 UUNTARAITLAUNI19B Y
NAITINRALYRY FCC lanmualiin nisdsiiudygialussuulauninegs A

dygrala o AHLULAIAMITUABEIUNINAIINIDWIIAU 0.2 ¥ILLUUAIANUINNIINTD
WU 500 MHz uanslansaunis 2.1

B, >0.2, %50
B, > 500 MHz (2.1)

Fawvuninndsawaiulatonll fie snsiduveUUnInidyuneaLINaTs [6]

B :BW: (fH_fL)
NI70 | (XY 2

Narrow band

A\,

Power Spectral Denslity (dB)

>
¥ fe fa

Frequency (Hz)

JUN 2.1 N15WUS8UTBULULAIANLENLAYEAIUUDITEUUNTADAN TLOULAULAL SEUUNTHOENS
wouninada [6]

laedl £, uae £, e anudgeanilddauazamiaeildds Wotaseiuanuinin
AU UUASUTIEUNATY (PSD masks) Part 15 limit 8311 10 dB 91ua6u Bw  fe
wuuRInTivesdtym wae £ A ANAnans

mﬂguﬁ 2.1 dlevhnisiseuiteussuunisdoansidesssuy asfiuinszuunis
deansuuusaiy (Wauwav) szfluuudinidaavdiutosniissuunsaeasuaunineds
BNFIDE1Y NSEVBITZUY UMTS (Universal Mobile Telephone System) i suunaag
LaUALAUSTINR 2 GHZ uasiiuuuidaviussanm 5 MHz euinasBonssuviinuuusniie



WHONINLSIRAITUINAUNITA 2.2 ATWUUAIAVLTILAYAIUNA1WIMBNUE LAWNAU
0.0025 @9iiANUagnI1 0.2 YB9ISLUUNSADEITHAUNINGEY

Bluetooth,

802.11b WLAN 802.11a WLAN
Emitted Cordless Phones Cordless Phones

Signal Microwave Ovens
Power

“FCC Part 15 Limit”
41 dBm/Mhz - - — - L

—_

16 19 24
Note: not to scale F_rgguency(G_Hz)__ \

JUN 2.2 Madeuiiguseauanavikiumauaiune Suvessruunsdeasuaundnegs
WaE TEUUNIFOETUOULAUDU 9 [7]

2.3 farmunvasszuun1siossuaunineds
AvdAnyegnnisitldgndmuatulussuunisdeaisuouniieds  dufdonisdaass
anudlunisldan Geletinguvinuluanigeninilswersnuiinisnenneunisdinves
Formualunisldauranuivesnaluladuauniiegs anngdeteduifuves FCC lng
ﬂémﬁwamﬁlﬁﬁa§Q§u981@Lﬂumamﬂmﬂﬁa’h Ultra-Wideband Working Group (UWBWG)
Wievhmsasamdennasiuiu FCC wudniuduluglsufldtinsmdennasnisinass
AAuAIALaE MIUINaonvesrEd meTsluagtudihiinsimunwounnuddmiuns
THulussuuwaundneds  luanrdudmusuinsgiunislnsauuiauuisanninglsy
(European Telecommunications Standards Institute: ETSI) #38 a@uWuslnsauuiaw

SerngUsend (International Telecommunication Union: [TU)

2.3.1 ngdetisfuvasszuuuauniasts luavigauizng

Tl a.e. 1998 FCC ldeanUsznieiieatiunisnsiaaau (Notice of Inquiry: NOI)
LﬁaammwﬂiuiaﬁLLmJﬂ”i’N@lqﬁmiLLmﬂaamﬁ’UﬁzgzgwmizwﬁﬁagLauu,amzwmm
Yasndslufanisnstunaziienmslunisduainiefuindosdddussuuuauniieds  dae
wuitu Tududl 14 nuanius O aa. 2002 FCC Tdpanngdmiuszuunounineds dadunis
fvuaYeULIAYeINTLNINTE e suatuinisdmiussuuuaunineds wazdieygyn
T dumeluladfildludnuvazinisédnie Tnensnuaanvesiussnauagseidounis
atufinddldinsunssoasisausuluiui 22 Wouwwiou Y am. 2002 Fsluienansly
nandamseyaalinulussuunsdeasuaunineds uazmsfmusveulvANIUNINTEANY
wasudusunslaludssianeis 9 lngandeud1aaulaiinisn1vuaAIuUAIAILTS



wivdau (B) Tiuinndmsamindu 0.20 993R28na18 (£) Weinseduainuiininaiy

RUMUUM AT Un®SY Part 15 limit (-41.3 dBm/MHz) asdn 10 dB d1msudednianis
doarsneluenais (Indoor  Limit) waz 20 dB  dusudesiinnisdeaisnieusneinns
(Outdoor Limit) auaunisi 2.2 waztesiinnisunsnszareiasiulay FCC lauansiily
p3197i 2.1 dwsuldlunisdeanstoyaianielusaznisuonains (6]

A15199 2.1 VBINNAMUNITENINTEINYMaULAY FCC dusunistdanulussuunisaaans
Pangludasnieusneneg

sUN 2.3 anununduidadealnasuaiudeninun FCC

waunIneganielukaznieusnenas [7]

AUd PSD (dBm/MHz) PSD (dBm/MHz)
(MHz) dmsunisdeansniglu dMmsunsaedsn1euen
1A 1A
$Jp8n31 960 41.3 413
960-1610 -75.3 -75.3
1610-1990 -53.3 -63.3
1990-3100 -51.3 -61.3
3100-10600 -41.3 -41.3
11nA71 10600 -51.3 -61.3
'40 1 1 1 I | | I 1 1 1 1 1 |
50— —_ (A7 —
— -60_ .......................... -
N
Nl N\NTeY s
=
E 70— —
z
[a]
7]
o
80— —
90— —
— Part 15 noise limit
---- FCC spectral mask for indoor limit
100 | oy R M FCIC spelctrallmaslk ﬂ.’r olutqoor limit
10° 10
Frequency (GHz)

A1M5USEUUNISARENST
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2.3.2 ngdateduvasszuunaunirsds Tuglsy

dagtiulaseirsvestermuaszuunauniiads lunivglsveglurassedoyanis
wadinfiieafunansgnuresssuuuaunigs  vuszuuduiiifldtuey  Tnevisglsudy
undvastoriuaarseursUnIweIaniTaIEN nsgynadiuglsutuludiuves
welulaglmifeanansliifiui dwansenuanndesvielifuszuuiiuiiieglasdediinnns
undnsraeindsnudmiumsldoutinmelusaznisuenaasiiduslas 11U u3e ETS
wamsliiiulunsnad 2.2 8]

A1519% 2.2 TaAPUALUNISENTNSEINEMaULAY ETSI  d@1nsunisigaulunis@aans
nelulazn1euaneInng

AYE PSD (dBm/MHz) PSD (dBm/MHz)
(GHz2) ﬂ'\EJI‘L!EJ']ﬂ’]’i ANYUBNDIATS
Uosn1 3.1 -51.3+87log( /3.1) -61.3+87 log( f/3.1)

3.1-10.6 41.3 413
11nnN71 10.6 -51.3+8710g(10.6/ f) -61.3+8710g(10.6/ )

40 T T T T | T T LI LI LI LI L] T I

PSD (dBm/MHz)
-
[—]
]

-80—

—— ETSI indoor mask
---- ETSI outdoor mask

1 L1
=100 1

10

Frequency (GHz)

5UN 2.4 anuvunuduidadsaunesuaudeimun ETSI dmiussuunisdoasuauning
gannglunaznnguenenans (8]
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Jaqtudl ETSI Idmuanisunsnszaisidsnuuamininannduegadaian
nnfetiaduresnisunsnszatsres PSD Alddnvhiutiounelfszuunisdearsuaunired
annsaldanldianzaigluennisvity nefidiouamnuildauananiu 6.0 GHz 83 8.5
GHz Fauandlunisadt 2.3 [9]

A1519% 2.3 YamuuAlUNISENSNSEAeiIasunkA bl ludlae ETSI dmsunistgauuad
seuumsaeasnglueimis

AuA (GHz) PSD (dBm/MHz)
TpunI 1.6 -90
1.6-3.8 -85
3.8-6.0 -70
6.0-8.5 -41.3
8.5-10.6 -65
11N 10.6 -85
'40 1 1 1 1 1 1 1 1 1 1 1 |
50— -
_ 60 —
N
I
=
5 70 —
z
a
(1]
o
80— -
90 —]
_100 1 1 1 1 | 1 1 1 1 1 1 1 1 I
10° 10’
Frequency (GHz)

JUT 2.5 Aamunwidumasdeanasuniudeiivue ETS Aunlulud dwmsuszuunisieans
waundnege neluenans (9]



2.3.3 ng)dedsAuvasszuuuauninets Tugdy

Jorimunszau PSD MuWnszargeanuifininualag MIC udeimundmdussuy

Y o =t a0 2 ¥ o - v Y a 1%
waundneds  Aldludssmagiu Inedudemnuaiieygialildssuuwauninggs lanielu
g1Asvitunileuiunivualae ETSI Alaudlulva Inelidiauwauanunldnuasiau s
LOUANDAAUG 3.4-4.8 GHZ WAZWAUAIUDGIATHA 7.25-10.25 GHz Aauandlilun1sied

2.4 waznywanasuanialduandliluguil 2.4 [10)

dl ¥ o L 4:1' 1 o L4 ‘ﬂ‘ 1
A15197 2.4 UaA1UATEAU PSD  MLKNATE180nNdmSUNTsdeansn18lue1Asiyin

AMuualag MIC

AYE (GHz) PSD (dBm/MH2)
Ueeni 1.6 90
1.6-2.7 -85
2.7-3.4 70
3.4-4.8 413
4.8-7.25 70
7.25-10.25 413
17177 10.25 -70

-40 T T T T |

-10—

PSD (dBm/MHz)

100 1 1 1 1 I

JUT 2.6 AmnuvuiduMmdudaanasudmiunisdeasnglusiasiivualag MIC [10]

Frequency (GHz)

10
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2.3.4 ng)dedsAuvasszuuuaunineds Nldsauiu
UaguulalinnssiulienuseninaUssmaansgeinsni nquusemaluglsy uagusewme
gUu tnefinisivualilddarmunseau PSD Awdnszarseanunsiuiu lnedalmduluaiy

o
4 o

Formuaues FCC, ETSI wag MIC wionru iiudodmusioygralildssuuuauninegs 16
aelugiaswiniy fdrsuauarudldouwdu 7.25-8.5 GHz Tasfinruds 7.25 GHz 1w
Formunves MIC uagadigs 8.5 GHz uderdmunves ETSI dauandlilunnsied 2.5
waznsmanmusnsalsuand lugun 2.5 [11]

i v o v ~ 1 o % A v a g v (%
A151991 2.599MUUATEAU PSD TILHNTLANNUEINSUNITEDEISLAUNISBIN T IUAUY

mmﬁ (GHZ) PSD (dBm/MHz)
Tpund 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
11NN1110.6 -85
-40 T T | T T T T T T+ T wl
50— —
_ 60 —
N
T
=
E 70— —
=
(=]
7]
o
80— —
-90 —
1 1 1 1 | 1 1 1 1 1 1 1 1 |
-100
10° 10’
Frequency (GHz)

5UN 2.7 avavuidumdadeaidnesudmsumsdeansnelueians nmuasiuiu
lag FCC, ETSI kg MIC
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24 Nqﬂig']UTJ'ENiS‘U‘Uﬂ’]‘ialaﬁq‘JLLﬂUﬂ%']\‘i?j\‘i

1MIFIUVDITTUULAUNTE-IR Doy 3 1nsgu A IEEE 802.15.3a dmsu
Iﬂiﬂﬁ’l&lﬁuﬁd’;uqﬂﬂaﬁma (Wireless Personal Area Network: WPAN) 5282n19lnasns
nsdstoyags IEEE 802.15.4a 1@ wm3u WPAN  szezmislnasmindedoyani uay IEEE
802.15.6 I¥dmsuszuulassreiiuiisrsne|Zane (Wireless Body Area Network: WBAN)

2.4.1 unn3g1Y IEEE 802.15.3a

U957 IEEE 802.15.3a lane1uUsul§98n3In15devaunsgu IEEE 802.15.3 v
aetulasnisinewnalulafuauniieds inld efigauszasdasiinanldiu WPAN Tnedisvoy
n9nstdute 10 m - fidnsinisdadoya 110 Mbps waziiszazndlndfouszuia 2 m
aansaiidandadoyaligeis 480 Mops [12) wiiiadgmuiesanlianmsannasiuldines
Fonldinaluladluusgnitensiiafmanduuuitennuisainvaiswny (Multi-Band
Orthogonal Frequency Division Multiplexing: MB-OFDM) fusaun319Bediunse (Direct
Sequence Ultra’ Wideband: DS-UWB) @aléunisatfuayuanaesuisitusing uagly
Fouunsian T a.e 2006 masgiuiildgnenianly

2.4.2 175314 IEEE 802.15.4a

1NA5§ IEEE 802.154a dTimninetmaluladuauniieds wussgndlddmiu
wrAN Tngusuusdlsiiszasmamsldnuitlnatulddeuszana 100 m Tasandnsdsdoyaas
forgnsldnumesumaeiiuiy savsdsinign aansaduszgndldiuszuulasstne
nsasaaduliany uarszuunmamiunsdiifaniiewssgs nsasdygnadiiuguoguy
wedanisdeiadnianunitvesiaduauinnussanaldiduduiad Iaduiinvesteuay
NH4B-IR [13]

2.4.3 173374 IEEE 802.15.6

2193974 IEEE 802.15.6 (Husnasguiinstaanlvaidmiuianussandléiu WeAN
Tnefimsldoudidyfonaguaminnesesias dadelsen sauaniuguielsn WBAN
euusnalngiu feegiu vieniglusanmevesyed lnednmsldnuduoyasenindun
melusneme uazdstoyaanirenigludsgunal maussondldiensdunisumdniody
u [14]
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doyaiile

=
=
%
A

auamw

»

Foymana -
Y

sUN 2.8 fepgramsdssenaldnunugunsalusennane 9 dmsunsdeansldaeuauning

U
a

9 [14]

9In3U7 2.8 wansdansuszendldluszuunsieansuounnegs dadumaluladfimas
ldsuanuavle uazldnuiiie deusiouazaeloudoyalutinamnn q dwiumaluladns
d0@13 4G (4 Generation) JULUUNTsuBszVLAUN DY fignihunldau Aegunsal
Sidnmsefndmimihidugunsallfasuagldneloudeya ssmine Host waggUnsaldena
fAeades Wy Aduesa wid adesfiud aunuiued wazdu 9 Judu dweluueunan
Hrammalladszuumsdeansuaunineds azthidununuiimaluladszuunsdoasuuy
Hane Tnsanunsnaialoudeyaluliuian wesesfugldouldun Snvisdianunsnds
foyandnsianuia 1000 Kbps dmiunnduuulians wazdsdogaisnsianumiy 100
Mbps dwmsunisansleulndmieninusingy wuandlanawvselndns fin [udu wazds
annsaihldUszgnaldauiuiudussuuitieitestvanindveslnddeninoasening
guUnsalBLdnnsaind iadedldlni iwulvsvieiAdnea iadedau CD/DVD indadlau MP3
wagdu 9 \Judu Tawaguuds szuunisdoasuaunineds  gnuesindumaluladidds
Windulauasiivsslondegaundmsunisiluldanusiufussuunisdeats WPAN szey
&u fidstinisldamegluilagiiu enfiwu svuunisioans 802.11 LANs u3e ugys tHusi

Tuwazifioadu nilslumaluladfigniuuszgndlienlagendedeliuieureszuy
waunade tufiegunsal USB wuulfans wie WUSB (Wireless Universal Serial Bus)
wuss Ievimstaundumealuladliasuutlvaivosgunsal USB wuudady laeviinis
NALNAUsETII Az AUaenssveamaluladuuuilane ies uismnuazaInuay
fesemsldsudmiumaluladiians wuss fildsudmiuszuuwaunhids legnimus
Tng WiMedia nglfunnsgu IEEE 802.15.3a @evin9iuuudaaunuaanud 3.1 GHz -
10.6 GHz
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WUSB s833udnsnisdsdoyadt 480 Mbps aneluszasnng 2 wns wazaaansilunised
ToyadziTuanas waeUsea 110 Mbps Wassegnievesnisdsdayalnauindu uazds
anunsadsdoyalddndeszesmalnatu (Wiiu 10 wes) WUSB dudugunsalfiaduayunis
Vuaentif (Dual-role device) fia anunsavimiidugunsal Client waz Host lay
anusamuauausIlunsasloudeyald endregiuy ndesndneavimihidu Client

v A 1w a [ S o ! 3 v - a sl o v o &
wiweudeiupeuianes ntuinisargloulndnnluduasesiissinviwminduy Host
sty

2.5 YALALYBITTUUNTHDENTUAUN S4B

fragndnfessuunauniedmsesiudeduiad (mpulse)  Waduay (Short-pulse)
fyaauilillyledyvenda (Non-sinusoidal) dyanafiusiaanaaumnis (Carrer less) uay
A9Ends (Super Wideband) n1seawaduuutenduas1953 (Fast Frequency Chirp) wag
fiaduuuTulu (Mono-pulse)  waidusyuuiisigaauiiinauladmiumsiluuszgndldly
syuvdoansendt

v Wussuuidianududeutiosuasiifunusi

anududeutienuaziiduyuitiivesssuunaunirsBuintuainadenisdnumy
wauuus (Baseband)  vesmisdsdayaudlimiloutuszuunsdsdyynainguuudug
Tnefipsosdsaginnisadadyaaiadlulnuuninaifianunitwesdyaiatesunng
Faanansadlazuninszaiadueaniulngusiaainnisiiianudingmdeadunisisaudild
LLaﬂumumaamiiwé@mwmf‘mqﬁ?u%L‘flumiﬁ’lLanﬁ@mmeuaLLuuﬁﬁwLﬁﬁﬂﬂﬁmﬁuwwﬁ
iiedhedyannlufuavauindnadnuarlunisunsnizaendunudieanisdsdygaaz
gnuninszareldflaglifesendonisidasaiudlivigedu (Up-conversion) wagnisiiiuri
quﬁu (Amplification) Tnglunisulasainuiias (Down-conversion)  WagdIHANAIINE
(Local Oscillator) 3elsignduluadessuuvuaunsbseuiuriliaaninududouves
sruusazrunulunisnanaluunn

v fszfuvesdyaalndifssiudyinisuniu (Noise)

\esanmumunturemdsnumuardnunzanglunsduiiion (Pseudo-random)

yasdada i lddugauuuLauniieiidnvaradrefudyaasuniu deildns

o ¥

AIMId I lAEINuasEIUTINglUeNEIINIINTITBINNTEFY YIURUUKOUNTINER

>
'

=

dulinelimiananisunsnaenvesdyprufilsossuunduaudingdus tesandygyiu

3
[y o

gessruukaUnI s Ty fnmsunsnszaeidnulussiumussnassiuresdygasyu
U (Noise floor) 3elszuudunesidya amauninegs i e deysUIuIUNIULALY
MNANDINIINNITNINTUIVDITZUU

v’ frnudumusiendunaiedtuaznissunmuvesdyanalndides

luszuunsuagrammianan (Time Modulation) wanslsfifiudnfienandululdfiazi
mieiasﬁagaﬁaammﬁaqﬂuizﬁwﬁﬂ%@mLamﬂzﬁmGiaimﬁ%ﬂﬁgqé’qléfgﬂﬂsmﬁﬂudaumaq
Sruuvesilisnluszuunisdeansuvuadvinguuuduiadinlddwauiinnninssuuimld
waziflaaieiuuudinivesdyguaafinied wihlildsunasnadunaisidedun e
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SEUUTLUUAIANTNINUUYINTAAAAIULANAINIIAINUDDEIUIN DTN UNITA

o = o

dygranuvldaeiliesdeihlvdygyrawuuiaunindandnisueatannisiaituiniig

> e U

£ 1 A

UL NNTUNINTENVDIAAUNANLIANTULTY LAEMITTUNIUMT UM NADAIN YR
audlndiAesls
v flevwavdusgdulaumnardmiunsimussunaaznsusygndldlussuy
Ann (Tracking)

Frewadnidnvarnalauunanfiuauinng veeranaildsnenieindunadid
aunisvesdnyanaeninng duvineis ssuuaduinguuukounedalanudululfias
411130AIUANTIIERaTAIMIALIa e egndBIklug NN SEUUA IB I VBN TR
(Global positioning system: GPS) uawsvuuAdUINgUUUALY BniadeanandRluns
unsnszaesianldd Iuilddyaauaunineds finsueganmanagmitnldauly
sruusadszerdu wilumstismdeTianasuitinmsdestusvgnssy wudeatunsld

Tuawdrawaglugnamnssunisyimilous udu

2.6 @3
oy = 1 o A = v v a ! ' A

unilldnaniinnuduususefnautedagiiu Tofuasyaiaung g niiaulaves
wialulaguauninedsdnsuysegnadldiussuunisieansisans Wy s1A10unUa1 1Ay
nuwduMaLanasusn fumuseriunalsdt waviinuandeagalulawuna Wu
au lag?l FCC lanvualideyy1uinltasueiss uunauni1989 uuualiniifeasaiuuinnid
W30LINAU 0.2 M30TLUUAIANILINAIASBWINAY 500 MHZz usnandgsll n1ssausloduues

3 1 [y a 1 a Y v @ ~ [

p9ANINAUUTEINAENSIBIITN nquUssmatuglsy wavtssmadiUu sonngdeteduiiiodu
vangiulunisigalindyainuauninegs mhnldanulilvsununseunsnaenssuunis
doansuauuavay 9 Tudiugnrnevetleniluuning1i89InTgIUYRITEUULIUNIINEN B
wussenily 3 wnsgiudaeiuesi innsgiu IEEE 802.15.3a dmsSudninisdsdoyaiigs
UMW IEEE 802.15.4a dwsudnsinisdeteyaiian wavdinggiu IEEE 802.15.6 dmsu
3¥UU WBAN
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3.1 unin

msdeiusaunisdadunaluladfumnaueganndmivlulanvesiadilie uas
flFsumnuadlafuegiaun wszhannsatlussgndldfunisdeanssvesdu 28ns
nsfudsdoyaiias uasndunsdoasuuulfaeiitidsdeh Tumsannisuninaoniindy
Tuszuuuaunineds fianmameamneianldfvanzmedeunelusimsdundn

Tusguuuuuunuuay mmsaideuleswesmsgademsunsnszaglueanainsuniign
Uszillunalnegnsnsdaiiuvesia [15] wisldanmnsaiazthanldlalnensefuszuunis
deruuauniieds fediiinisuansdreieadduresninud slunirdusuaiuoiaifinany
Aniisudesanaaudfauivesaisennia [16] Tudunsdimuiifidninisveensd
wavozinoieiaedl wilifinnsnanfs fawidrinisuugidnfsifunisldaaueiives
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angonARlunebaLLLaT

3.2 WUUT1889NITENHIUIZUURAUAINNEY
gnsn1sdwiuvesiTalagnihuildedianiienig wazarunsauszgnaldlunis
Amadsutesdaalusedvaisni assilay

=G,(f,d)e,(f,2,)6,(f.2,),(f) (3.1)

go f Jumnudiiilden d usveznmessninsenseinia Tx waz R P (f) waz P.(f)
ufdsdunsdnludsaiseinia Tx  wazi1asia1fnneanaInaeeIne Rx  AIuady
G,(f,Q,) wez G,(f, Q) WushsweneUssaninavesaioeinie Tx was Rx Ay
G, (f,d) Hudnsnve1enIsunInIza0InIAINg way np(f) Huuszdnsamnisuund

walsd gnsinisuninszaneeIniAIeasaeuladu

2
G, (f,d)= (ﬁ] (3.2)

o & <
Wo C LUUAULTILEN
dmsuszuukauninegs nswenleseanainsgniintidugaslumenvesilanduane

lauAudn NS sUARUdAT AUE AR N8R INA Yadyay I wagin3easy
andusius flsfduaelousimaing H, (f,d) awnsadeulsiu
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H,(f,d)=—" gzl (3.3)
47df

Haidusnelowrosduguernaine H () dldsmasemednldidannslénis

| 1 = I3
VWARNTNTAINIUYDINIALTY

He(f) = H(f,dH.(F.2)-H (f.Q) X

deo H,(F,Q,) (a=t wder) Junnwesilsnduaisloudsdouvesaisenieiisuiu

anvanelelanselnluiims Q, = (6,,9,) tufe
Ha(f'Qa) S Ha(f’ga'gpa)
=0,H,,(f,0,,0,)+¢,H.,(.6,.0,) (3.5)

d! a v ] &
FIUAIUAUNUSLUU

2nrm

i”"H(f’9a1¢’a)||25i”9d9d¢=f7a (3.6)
00

die 17, WudssdnSamaieainie datu Aildsgnuesuualadnisaisenialelansetn
nNwasuiamiy 0, war @, uaninisiwailsduazgniuuifieuiuiiiansanauveusiag

A1897N78 FeansalanIAuFuRuSlaLTy

0, =0 (3.7)
("}t = _(/I\)r (38)
nnmsuandlagldianmes 7, (f) Tuaunsf (3.1) logniiansandnluime
dmSuangennid Tx uay Rx wisloutunaziulusuaunisi (3.7) uag (3.8)
HasFunreloudedourasansainia Tx kag Rx aunsaideulady
H (f
H(f)=H, (f) = | Hel) (59)
H,(f,d)

suPaUdUNAATeIsU v, (t) anivualag
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v, (t) = IHc(f)Vt(f)ejZ”ﬁdf (3.10)

dlo Vi(f) Wuaunmsuveagunduds

dl o/ o/ L% -4
3.3 LAIDITUANRAUNUD

nATeSUanduiusAuandlugui 3.1 SNR  Lowdnmagduegiunisiaenjuaiu
FUMUUAITY Lo1dnRvesATassUanduius Vo (7) wansladu

v, (7) = Tvr(t)hw(t—r)dr (3.11)

dlo h, (1) Juguedusuuuy war r denadasiun1svinaaIvesgunduiuiuy n1svinaii

Y

wanzauiian 7, gnidendy
T arg[max|v0 (Z')|] (3.12)

seanild h, () svgnuesiualadidy
[Ih, @[ dt=28 (3.13)

dle B Jusuudiavivesdygia sy masdygrasuniueaymdusasivindu NoB
do Ny /2 Buanuvmuiwiuiduteanesuvesdyurusuniuliiimduuuuin (Additive
White Gaussian Noise: AWGN)

Tx-antenna Rx-antenna

)'~<7 N
) >
U A 1)

Vo(t) _
Input X =®_' J‘& o

waveform A

Template
waveform

JUN 3.1 vdenlaezunsuvesuudiassssuunmsasiud msudygauauningds
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aelddediinvesaunisi (3.13) Ny, () 9wl v (zr,) TAwndigadie h,, ()
& 9 o o, =
Wunagaunauwazidunsainaves V, (t) dumAe

\/ﬁvr (To B t)

[Iv,0F d

h,,. (t) = (3.14)

dle 7, azgnideniiievinlid h,, (t) =0 dwsu t <0 Fadulusuanuduiussenitamg

a ! = ¥

wazwa soandlu N, ()  azgniSeniisumdudusuudyaaisuls danaladnnis

Y Y
'

Usvillunanisienlesdiminduluy [17]die Ny, (1) anldduduuduwuureandesu

Y

=

3.4 anuululdvaansassuandunusnvutzauian

9
v ) q‘

dunaliinannaunisn (3.14) sUedudusuudygradsuld Lildidunandoundy
atahevessURaNEs wildsiauauURaLRTesEgo N AkaEN SuNINTENETueINAINN

Aetiy @unsafazuFuasusuriunuluumtaaandRatge N Anduagfiuyy 1iedain
sUARUITYNATINAIINAVEIF Y 1UUIRN 198 N TREADUNIVRIANUN IR VDI By ey 0

Y Y
% '
[ YY) o =4

ety azvinsiasanguedudusuuwuutnds h, ()  Tuunenaildden h(t) 7
Wi gaungadvsuatgenalelanseUnilgnsivene A tuee

v 2Bvr-iso (To { t)

[V @ F dt

(3.15)

hWC (t) =

A A a = o o ) ~ a ) P

Wegunaudunniaiessudnsunsdlvesaiveinialelanselngnldsansinu V,_,(t)
=] Y &,

aunsadeuladuy

Vo () = fo(f,d)Vt(f)e"Z”ﬁdf (3.16)

¥ 1
3.5 ANUNYUVRIFUATY
ANguYesgUadu W gniiansanlumenvesainuiigusenineguadunsulanu
surduisulalunsdlansannelelanseUngnldnnsaesinu Feansadeuladu

max j v, (t)v, , (t+7)dz

—00

JwaoFmTwmxofm

W=1- (3.17)
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die * uddndunisdgadadeu v, (t) Wugdedunsuldlulawunaiwazaiunsonila
INMILUaSIeTdaunduveIrImuLduaUNA Ty

wa):jvmfm”ﬁm (3.18)

[
aa -

Usunauflliawindu 0 illeassguaduinilouiu uazliAtanauileguaiiuiiniig
wansinaiuanu

(%

3.6 9NINVYLNITAIRY
dnsvenenisawuluingrdnusiiennluweundgargenvauorinmnaIasu

[ (% s

avduiusnldaige1n1aifiaITuIuesLNAlagaIsueUNaAAI8AYDLB N NALATEISY
anduiusnldargernielolanselniivaesinu 31nn1svinuesuualadvessunauduiuuly
aun1s9 (3.19) Uag (3.20) ANBRTIVEEHLARNIENTIVE18Y08MTT SNR ATl BRIIVEIUNTT

dsnuvesnsaauLuudyaunsuls G, Tumidie dBi annsadoulsmdu

maxjvxnhmxt-ﬂdt
G, =20log < (3.19)
max J‘Vr—iso (t)hwc (t e 2-)dt

luvhusudeniu ons1venenisasuresnsaauiuulelansetn G,, luniiy dbi
anunsadouladu

max j v.(Dh, (t—7)dt
G,,. = 20log — (3.20)
max J-Vr-iso (t)hwc (t - T)dt

ALLANANAUTENISITIvENE A uTRIN AR UL U Sy T SUlwaznsdl
funuulelenselndauansieUmmninisuresgUadu Saunnd19a1ngasnsasriues
W?mmué’?ﬁLﬁﬂﬂﬂﬁé’mwmidqmuﬁmmzamﬁqmmé’mﬁmmLLaUﬂ”J’N?J'q laaunsananadu
feuegainglagn13nniuYeIsnIIve1evesEIueINTf

3.7 sUaAudyyadvenauni1ed
nansENUTIATILiBuTsgUadLas Ll nTuidenuudiainrenntu fady

Fdldvinnnsfinnsanguaduiinseunquuaumnuivianunues FCC Hufo 3.1 GHz fla 10.6 GHz

LATLAUANATINTENIN FCC - wosansgolng n1sussauanamylsuvasnasuims
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TWswdlduazinsmuuinu/anznssun1snsdea1sdidnvseiind (European Conference of
Postal and Telecommunications Administrations/Electronic ~ Communications
Committee: CEPT/ECC) maﬁsﬂi‘d LarnsEnTRLmelnewaznsieans (Ministry of Internal
Affairs and Communications: MIC) %aﬂiijiju tfufie 7.25 GHz 4 8.5 GHz g‘dﬂ?{mmumu
snftaesvaslsilage feidummumuiiuadnniy V,, wain sl

(N [ P
2T
Vi,o(f)=1 A M<\|f|—f\s(1+ﬂ), (3.21)
| 2T © T 2T
0 otherwise

A= 1{1+ cos(ﬂ{" f|- f, —MD} (3.22)
2 B o7

[ L3

T =1/1, Juawndvvessendyanwal  f Buaaasuuousian £, 1Buanud

nane B =03 Wuwawmesaindes Jeldiasandulumuieuledornunanasuuda
(Spectrum mask) va4 FCC fmunli f fidwiniu 6.85 GHz f, fidwvindu 6.37 GHz 3u
AAudyILdetITUURUN eBsmudemunaves FCC wazwauaudisu meéﬁ’qgﬂﬁ
3.1 Wag 3.3 A1UAIAU LAZAINNUILUUNAWTIAUNATUVDIF Y 10dd I INT DA UATDY
FCC uAzWnUABATI UaRIRagUTl 3.2 wag 3.4 amdndiy
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Normalized Ampltude (V)

Time (ns)

JUN 3.2 sUrAuLauuTINTidedvedlstlageingnuesusaladiluluauanasuunda
Y4 FCC

Normalized magnitude (dBm/MHz)
1 1 1 | |
8 B B & 8 & o
1 | | | | I I
1 | | 1 1 1 1

I

&
T
1

] 1 ] ]
6 8 10 12

Frequency (GHz)

1
W5
=

UM 3.3 AnuvwkduaUnasuiignuesiualaduesguaiiuiauniusniaesvedlsdlamed
MdulumuaUnaduunda FCC
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f
<
Fs

I

l

'
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=)
I
I
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-3 -2 -1 0 1 2 3
Time (ns)

JUN 3.4 sUduLaurusINTiaevaslsilaseungnuesuualad dulunuannsuunda
YDIOUAINHNTI

Normalizlad m?gnitude [?Bm.rMHz}
]
g8 B B & 5 &b o
I | | | I ] ]
| | | | | 1 1

|
&
|
|

1 ] ] ] ] I ] 1
7.2 7.4 7.6 7.8 8 82 8.4 3.6 3.8

Frequency (GHz)

|
B

5UN 3.5 anuvwwduanasufignuesuialaduessundunauniusiniiaesvestsdlaged
ndulumuaneiuindauauaindsiy
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3.8 &3

unifldnandsnmssiassnisasindygauaunieds Tnsssulshmdoseeniu
dUANY 9 ﬁqf’f1ud’;ul,§méfuﬂénﬁwqwﬁmiﬂizqﬂmﬂ%@mmsdqmué’zgzgmsuaﬂw%faﬁm%’u
sruuMsaTudy g aLauni19Ba fmmijulﬁﬁﬂLauamwﬁLLaﬁ%mﬂ%mﬁa%mﬁzﬁm
ﬂ%mmmaamwmﬁaugﬂﬂﬁu Feonafiannaiiinainilsidunisdreloutesdaygio wieus
Ifhuuudaesresnmsnnnesidadunlddmiunsiinsesina uarludruniasudidedls
fiosanldindossvanduiusimungandian ﬁwgﬂﬂﬁuéfmwumﬂé’zyzgﬂmﬁ%’ulﬁua:ﬁ
Wisuiflsuuguaduduuuunsdiflfarsernialolansedn deunldfinismanuilsunes
suadu wisniufviinsmsamasenisdsinugesssukauninegs dugevineldnani
nouisunaudyadsaunings muderfmusues FCC telddmiunisdsinuszuuuay
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LUULNUNITNAADILASNISINAIULNSU

1 %4 1

YBIFYYIUNITAINIULAUNINNE

4.1 umin

Tuuninanfuvuisunimaaesinuasnaassnsfinuisudesnarsannia Tagld
ﬁwmimaaq?ﬁagﬂLLUUmi‘mmaaamm50LLamlﬁﬁwﬁaﬂlmammugﬂﬁ 4.1 Faflaruddy
'e)EJwaﬁﬂiuﬂﬂsLLamﬂ50U33§w%mwmiﬁﬁmaaﬂﬂmlﬂﬂizqﬂmﬂl%mu

LSURUMS
L NR@EasaEn

Ty

RICEIELTRILIEE
Taq UWE
{it.

rsAALAFELgURTn]

STUNNTNAADIIA

2]
i

WinsUsuiBy VNA wasimesaansia
marelautnainin UWE

-

‘ Waaildanmeiaun e e ‘
E o = &
areTlsunsURaUILRES

e

AU
mMINAHDd

= < v 1 o a & dl'
E‘U‘VI 4.1 ‘Ua’eJﬂlﬁ‘lBBLLﬂiNﬂﬂiVIG‘Iﬁ@\‘Iﬂ’ﬁ’m%@Q UEUIEUNTINALNYULUBDIANNAIUBDINFA
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Feluuniidunisiausuuuununsiawazuuuaunsnaaes Tngldinisialuseslfnis
dgviou fuming1ds Tokyo Institute of Technology Usginadiu Faivendnusilavhnng
UssiliuusgansnmaneaniAdedviinfie @a1881N1ALUUNTILARATAI8DINALALNATIHAN
ufen Feangenesassiildiuapoimaniiuuwinvifinouausstenudduaunineds
Aodaus 3.1 GHz &1 10.6 GHz Tnesvavidontunsunisnnassasnsouandldsmeluil

y
4.2 JunauluNISAIBNNITNAADY

4.2.1 w3asiinneilassdneuuuiinines

Tuinendnusilaliiniesiiaszilassisuuunnees u HP-8757D yanaday
WTmesnInsedanszany (S-parameter test set) Ju HP-8514B wagdiduns1zindnud
(Frequency synthesized sweeper) q'u HP-83620A Lﬂuqﬂﬂiaiwé’ﬂiumimaaqﬁmamﬂﬁ
Wiulugudl 4.2 Faazgnaruauriunesialnosdiuyana (Personal Computer: PC) Tlldausio
Hutesdeasuuy GPIB (General purpose interface bus) Insgunsaivtiafasdinnautai
annsansaindyaalulasiievimespuardemiedn dslunsmaaesiariinisasiaa
wuvasanesnlaanesaiivisdenasaildlunsdsdunia Tx  dauneinaesasldlunsdu
dyaal Rx Insfiuansvnswasnivaasazgnaadoasainiauuunsaeg uazviinisialu
Taiupnudineuilazgnibmansialuiinsgimnelusunsuminesiiomes

JUT 4.2 \p3a3llaszilassieluunnmes (Vector Network Analyzer)
4.2.2 §1991NALUUNSI8A (Biconical antenna)

dnuazlasIasuazIIATeEIe N ALAAIAIIUT 4.3 Jsansainiauuunsiegidu
ANUDINNANENHULNITHNINSLANYAFULUUTBUR? LAENSIFAIUULYBIE1801N AL lUAIS
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LLwiﬂszawaﬂﬁuﬁwqdauﬂiasJﬁmemawiaﬁ’umaﬁu Fadnwanisteudyamazduns
Joudyorand 18 9di1unaninesaseInIALdIunsnszenaueansauiiAnig Iugﬂﬁ 4.4
wansrduUsEANS NNTaETieundU (Reflection Coefficient: S;,) VBIENYRINANTIUR CRTGER
Tifudeduussansnmsagiiounduiidndiindt -10 dB finseunquluraanud 3.1 GHz fs
10.6 GHz u,azgﬂﬁ 4.5 UARIDNENTIVELUAINEYRIENEDINANTIYA [19]

1 1 1 1 1
2 4 6 8 10 12 14

Frequency (GHz)

JUN 4.4 duUsednSnsagyioundu (S) YesangoINIALUUNTIYR
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1 1
N — (=]

Antenna gain (dBi)

1
(2]

3 4 5 6 7 8 9 10 11
Frequency (GHz)

1
o4

_5500 T T T T T T T

-6000

-6500

=7000

Phase (degree)

=7500

3 4 5 6 7 8 9 10 1"
Frequency (GHz)

-8000

JUT 4.5 dn1veneuazivlarasn1sanglouageInNIALUUNTIYE

4.2.3 grganidlalwasnearuden (Log periodic dipole antenna)
arwarnelalnasiearvdeniduaiverniauuulalnaifenldiudnlassadanils
Wesnpuaudivesarveniayiiaiidinisneuausiniuininednnaiisnsinisvengas
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Faduangoniafiarsdnwuiietinnldaulugavesnisdearsuuvlians agenie
lalwasiearvdoniuaisoiniausziannieiidnegluatseiniauszianuauning
(Broadband Antenna) %3 Wuanseniadiliduiuaud (Frequency - Independent
Antenna) funisldaunaziivasanudiinirdaduifoulflunudoasidedianuinia
U7 4.6 meelalnaseaudenililunsiamaasy argermealalnasioatuden [20] 7
THlunsmaaeuifuaesoinmedildluBandyd drsnsldnuvesasenniaegil 1.0 GHz A
12.4 GHz

i
),
4

L\

: Y ]

JUN 4.6 anzanalalwasieanuden (Watkins-Johnson AR7-15A)

Ny, =~ ST
s A AM o 7T Ax A
S 0 M
I R

2 4 6 8 10 12
Frequency (GHz)

LUsEANSNSAERauUndu (S, vesdgandlalnasieauden



4.3 WASAALNSN LT IUNISNAADY
wiiwosnlglunisneasslauansliiulumnisien 4.1

A15199 4.1 WA NITIUNISNAAD

N1510MD3 fin
§19A2107 7.25-8.5 GHz uaz 3 - 11 GHz
S1uugama 1601 30
ANGIVDIAERINIAR AN 1.75 m
ANUGIVBEYRINARTUTU 1.75m
YUAVDIA18DINTA a18INANTILA LAy

aga1ndlalnasiemuden

N13INELBINA WUIUBY
JEYLUNIEMINA18DINFRI-5U 4m

N1INYUAIYDINA

0 83971 - 360 D9F

NSVLUAEDINA/AS S

5 B9

JUT 4.8 wuudnaesnisveamveaesintuieslinisasviou uaznisiafegunsal

l——@

Port 1

Port 2

32
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Biconical antenna -Tx Biconical antenna -Rx

MYUATIAT 5 B9A7

—————Pn kA

AL 0 B9 360 B3N

/

~N
s s W

5UN 4.9 M3uFudumisvesaigeinia Biconical lun1snaaesin (uueimuu)

LPDA antenna -Tx LPDA antenna -Rx

. - VUUASIAS 5 931
- 5 l i |
h - N A< E :f,m‘l‘., Aawrsy 0 §1 360 a9

5UN 4.10ms5UsuAuvisvesasaInia LPDA lunsnaaesin (3asainiuuy)

4.4 \p30ediauazaunsalnldlunimaasg

A191497 4.2 semsaunsainldlunisnnaeyin

s8n159Unsal U
\A3AsZAlATIERUUNNES 1 1A38s
#goINATIEATUADN (Log Periodic Dipole Antennas ) 2 91
#1881M1ANTILA (Biconical Antennas) 2 6
yngunsalusuLiieu (Calibrate Kit) 1 %n
guUNIavyuaEINTA 1 9
aewaila 2 1du
ARPIIGIELH 2 61
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g ax

4.5 mumauuamsmﬂumwaam

1. BunsAndsanseInenuLUUsIasnisaass Taguuusiasinsneasusn
Junisldaneeniauuunsieglunisdu-ds améﬁu’qmammﬂﬁqaaaﬁmmqqmﬁuﬁaﬁ
1.75 m Lagdiseesrnasenineangenid 4 m

2. ¥amssaamnsfinesanudi 3 GHz f1 11 GHz Wisl¥asouaguraseufiniu
WIMIFU IEEE 802.15.3a LLazﬁgﬁ’]mu@mmmﬁﬁ 1601 30

3. ymsUsuliisuiaiesiiangsilasaiguuunnneinesadiuds MeyauTuiie
FeUsznouluge open circuit, short circuit Wag load

4. ntwiinisuuitsunesaniediuiu Weladedu suhasmdalusedu
AUDINIFALAINTTIA

5. ﬁwmﬁmimamumamﬂflﬁﬁwu%’ulﬂﬂ%gaaz 5 841 AUATU 360 B4 ILATIAY

6. vmswasuaisemeaduaisaimelalnanuusisaivden udwhnisnaassin
wiloutuded 5

7. wdrhwaiilsluuszananalulusunsy Matlab® wasynslessy

4.6 d3U
duSuunildnanfauuunaunisvaasua s ianaassautieudanaidosan
arwonnid Ineldvaasslurasldmsazieulngliiniasiaszilasisuuuinaeslunis
naandln Fsluuiseildthiaueaseiniaildlumsneasvasvia fe a1weInALUY
nyLALavagoINAlalNasIBATUGEN Fanourhnsinasdesinisusuiisuasedinssn
TAsstouLuunnAes AouiNTIAaINTuInISARR AL S i 5B SAINANS 19T 4. 1ud
¥msTaniunszuaunslunsuaaesnudunoud 4.5 Sildnanundnedu Gannsfimesd
Igazifum faidunmsansleunesasanmdlusiniainuddinaivuiinlursufinnesiuv
msUszananaselUsunsufiednset sy ansaansell
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NANISNAADIIALAZILATIZI

5.1 unin

GLuw?:%vaumsﬂa'nﬁﬂmﬁmev‘iuazmiaqﬂwamsmaaﬁ%’a Faldndnnns
Aaszidesdygrauauniisdasligasnisussgndnisdsinureansa uaznaduduld
iduaiAsessunuvanduTSi e dyniisuld Falduanmdnnisinszililuund 3 nadild
1NN5TANTONTNAFBUITIVBIYR A Y N TEIRUTUANINITLIARDHATY JULUUYDY
doyeyrauels wazgluuunsdnaesinla Tntuldinemantsinurinisdssdiuna et
W30 0TUNUIBUTIEULAZIATIZRNATDIANIULANANAADAIUADARADITULLINNG
wielil egnelsfnudegiavesmanianaaeideilduansduuuuni Wy auauiives
awe1n AR lFluNITIndeU TUINRALINE WAZSRTIVEENNTARNLUTE WO A IUNITHAY
nhadafensaiameemaduiuusssuduniieutulaslfaseonatuunsieg wazlunsdli
Tdaneemalalnasieaivden

5.2 HAN1SYINADIIALAZNITIATIZH

5.2.1 an1VYIENITEEU

Shamenemsdshunsdldasonawuunnedlunsiudsiageiniasuuards g
1N3UR 5.1 anfuinAdnswenediem 0 sarilas 30 e dAnAeutnninasntas
il Tneiiangageiissanm 4 dB uarluvmediyn 60 esenduiidnisidsuulasmes
dasveneanasreuinanndsdiseungadutasiifdnaasundasnngs Tuvuesud
5.4 uanIdnTIveeNTasH MU enlsansalldanseinmauuunTegiuaseindla
Tnameauendssiuinfis 0 osmiiy §anveensdsiuiianiigsninnsdldasoinia
qum’aaﬁjﬁ”’a%’uuazﬁﬂ uoileyhnsuuasansornaluiiy 30 osruaz 60 orntuayd
nMsiasunlasiidnindsundasiannidazidlansiasegadiulddnauiiafingy
A1991NALUUNTIBE TIANMHUIILIANINTUIAKALIURUUNITUNINTENBAALYDS
ameemlalnaseavdeniduunnidnnitaigenauuunsieg

5.2.2 n15Use39ngu (Group Delay)

nsUsyisnguuesasenelunsdiase AU MegeuLarasivlugy

7l 5.3 uarldaoemauuulalnaseaudenuaseiniasudsgil 5.4 Jasldinaue
TutnsunasuAe 0 83 30 B3ANLAE 60 B3FNIINNTIA LilouanITeRMAN YA YIENEDINA
AaNSNANTTUsEUTEINaY e?fqmﬂgﬂﬁy’qaaq%l,ﬁulﬁdw dgiiildindiam 0 e3ruay 30 93N
fdnwarroutradudunsofigesuuy SemnefniniaUssieiitosnn udileyunisngy
dutuAinissslanguiasiiatudae ?3@ai';uﬁtﬁmmﬂ@mé’ﬂwngﬂiwwaqmammﬂﬁlﬁ
annsadudygraldfidesanfienisnsfudygin warnsUsznguilldaeeinalalna
seaudoniiimsUsrisfiganinsdiansennmawuunniegisans
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Abstract: The most application of wireless sensor netwerks is
monitoring factory syvstems and devices. Typical narrowband
radios may be forced to increase their radiated power to
maintain network connectivity in the harsh radio environment of
a factory. UWB radios have many advantages over narrowband
radios in a sensor network. However, the radiated power of UTWE
radios is limited by regulations, so they must extend radio range
through other means. We derive the limits of UWB radio range
through link budget calculations based em the Friis equation im
free space for a realistic UWB system that includes the effects of
data rate, signal-to-noise ratio, antenna gains at the transmitter
and the receiver, and the path loss expoment. From the
calculations, we obtain some practical relationships berween
UWE system parameters and network connectivity.

Keyword: UWB; wireless sensor networks:

I INTRODUCTION

Wireless sensor networks have gamered a great deal of recent
interest from- industry and academia [11[2]. An important
application iz monitoring factory systems and dewvices. To
maintain network conmectivity in the harsh radio environment
of a factory, a radic may be forced to dymamically adjust its
range. Typical namowband radios modify their range by
adjusting the radiated power. The radiated power directly
affects the link distance and inversely affects the amonat of
co-channe] interference. There has been a great deal of interest
in ultra wideband (UWB) radio for wireless sensor networks.
Impulse based UWB (I-UWB) is particularly attractive for
sensor networks in factories due to.its resilience to mmultipath
interference, simple transceiver circuitry, accurate ranging
ability. and low transmission power [1]-[4]. To operate in the
harsh radio environment of a faetory, an I-UWB radio should
be able to dynamically adjust its range. The FCC limits the
average radiated power of IUWB to levels that are orders of
magnitude less than typical namrowband radies. Although the
low radiated power is advantageous in conserving energy. it
prevents [UWE radios from extending their range by simply
mereasing the radiated power like a traditional marrowband
radio [3]. In this paper, we show that an IUWB radio can
extend its range without increasing average radiated power or
significantly increasing hardware complexity. The paper is
organized as follows. Section II bnefly presents the

advantages of [[UWB for factory system monitoring. Section
I snvestigates the range of [-UWB radios, and Section IV
presents sitmulation results on network connectivity. Sectien V
concludes the paper.

features.

I ADVANTAGES OF UWB

FCC repulations define any UWB system as one with a
fractional bandwidth greater than 020 or an absolute
bandwidth greater than 500 MHz FCC regulations also
seguire an [TWE system to enut very low average power, -41.3
dBm/MHz, over the bandwidth from 3.1 GHz to 10.6 GHz
Thus, the average radiated power for the entire bandvwidth of
7.5 GHz is less than 360 yW. I.UWB systems commmnicate
by modulating a train of pnlses instead of a carrier. The carrier
less nature of IUWB results in simple, low-power transceiver
circuifry, which does mot require intermediate mixers and
oscillators. As the pulse duration decreases, the increased
bandwidth resnlts in many advantages for factory sensor
nefworks:
= Ranging accuracy is determined by the bandwidth so
accurate (under a centimeter) ranging and position location are
now built info the radio interface. Channel capacity increases
linearly with bandwidth, whereas it only increases
logarithmically with power. For a given offered load, a higher
data rate increases throughput. decreases delay, and decreases
collisions.
* The wide bandwidth leads to precise mmltipath resolution.
Further, the pulse repetition interval may be adjusted to avoid
inter-symbol interference. Resilience to harmful mmltipath
effects enables semsors to be placed in areas inhospitable to
marrowband systems, such as inside a factory packed with
metallic abjects.
= The 7.5 GHz of bandwidth allows many opporiunities for
multiple access.
* The wide bandwidth results in a low power spectral densify,
which in tum results in low probability of imtercept and
detection.

* The low frequency components have excellent material

penetration capabilities. T2 system. A T2 system can broadcast
a maximmum of 255 PLP per mmltiplex.



There are 3 types of PLP: common PLP of type 0 that
carries information extracted from the other data PLP such as
program guide, or other common information PLP fype 1
contains 1 slice per T2 frame while type 2 contains several
slices to carry the actual data. The data PLP of type 1 can be
used for services that require a good power saving.

In M-PLP mode. the demodulator shall receive at the same
time the common PLP and one data PLP to be able to buld
the MPEG-2 Transport Stream as it i1s recerved at the
input of the PLP builder. The demodulator can be funed to
the desired PLP thanks to the mformation extracted from the SI
tables or retrieved from the scanming. As the demodulator is
supposed fo read only one PLP at a given time there is no
limitation in the receiver side on the number of supported PLP.

Il EstovaTion oF UWB RaADio RANGE

The range of a radio system 15 usually limited by 1) noise and
wnterference, 2) regulations on radiated power, 3) available
bandwidth, and 4) implementation effictency. IUWB 1s
constrained mostly by stnet FCC emission limits. From the
Frus equation. the following deternune the path loss and range
for I-UWB in free space [6].[7]-

PLd=FIL-10*log(DR}-SNR-NF~10*log(BW/7 5}+Gan—FLref (1)
d = 10.~PLd./{10*n)) (2}

PLd 15 the path loss at range of d meters; FL 15 the
system gain at the fundamental limits; DR is the data rate in
bps: SNR 1s the Eb/NO in dB; NF' 1s the noise figure m dB
represenfing implementation loss; 8171s the bandwidih
GHz; Gant is the anfenna gain in dBi; and PLrgf is the path
loss at the close-in reference distance in dB The system gain

FL 1s defined as the required power for obtaiming a data rate of

1 bps. For IFUWB. the system gain of 173 dBmv'bps is derived
from three fundamental limits: the maxinmm radiated power
(=41.3 dBmMHz) of the IUWB signal over ifs maxinwum
bandwidth (BWmax=7.5 GHz). the minimmm SNE from
Shannon’s channel capacity theorem (Eb/ND min = -1 .59 dB).
and the thermal noise at room femperature (=-174 dBm/Hz).
The parameter 10 (2) is the path loss exponent. The path loss
exponent 15 2 for free space and varies depending on channel
conditions such whether the path is line-of-sight and whether
the environment 15 indoor or ouidoor. We consider the
following default parameter values in onr

range calculations.

* Data rate (D) 10 Mbps

* Bandwidth (BW): 1 GHz

* Required SNE. (R-SNE): 84 dB

* Noise figure (NF): 3. dB

* Antenna gain (Ganr): 0 dB1

= Path loss at the reference distance (PLrgf): 44 dB
* Path loss exponent (i) 2

Holding all other parameters at the default value. we
vary one paramefer of inferest at a fime to mvestigate ifs

52

impact on I-UWB radio range. Figure 1 shows the calculated
IUWB ranges as a parameter of inferest 1s swept. Six pomnts x1
through x6 on the y-axis denote the six values of a parameter
of interest. and their values are listed in Table 1. For example,
consider DR as the parameter of iterest. The x1 value of DR
is 30 Mbps and the x2 value is 25 Mbps and so on, while the
other parameters maintain their default values of 317'=1 GHz.
R-SNR=284dB. NF=3 dB. and Gant = (0 dB. Note that the
ranges shown in Figure 1 are optmustic as the paih loss
exponent 7 is set to 2 (which is for free space). Realistically
aclievable ranges will be shorter. because I-UWB channel
condimions will likely resultin m = 2.
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Figure 1: Range versus various parameter values.

Table 1: Parameter values for the x-axis in Figure 1.

Parametar xl X2 x3 R X3 x6
Data Rate 30 25 20 15 10 5
(fbps)

BW (GHz) 0.5 1 15 2 25 3
R-SNR.[dB) | 94 8.4 74 6.4 54 4.4
NF (dB) 4] 5 4 3 2 1
Gant (dB) 0 1 2 3 5

(Note: Default values are in bold. )

As shown in Figure 1, the range is more sensifive to
the data rate and the bandwidth than to the other three
parameters. The range varies from 42 meters to 103 mefers as
the data rate changes from 30 Mbps to 5 Mbps and from 51
meters to 127 meters as the bandwidth varies from 0.5 GHz to
3 GHz. Forfunately. the two parameters can readily be
changed dynamically during operation with small additional
hardware cost Data rate can be chanped by varying
modulation or pulse rate, and bandwidth can be changed by
varving pulse shape or via pass-band filtering. Thus, both data
rate and bandwidth are good candidates to dynamically
modify the radio range in an [UWB system Finally, note that
we set Blmax to 7.5 GHz in computing the fundamental
system gain of 173 dBMbps. Varving the BW in our




calculations does not affect this fundamental limit. becanse the
effects of BW are deternuned separately i the term
10*logBW/7.5) in (1)

IV. NETWORE CONNECTIVITY SIMULATION

In a harsh radio environment. it may be necessary to
adjust the radio range dynamically to ensure network
connectivity and also fo mininnze co-channel interference
from short hops [8]. As shown above. the range of an IUWB
radio link may be adjusted without varying the average
radiated power. Therefore, in this section. we perform network
simulations that show the effects of [UWDB system parameters
on network connectivity.

A Simulation Setup
In the simulations, we consider a network topology

with 225 nodes placed randomiy in a 50 meter X 50 meter two
dimensional square. A network is considered to be connected
if each node can reach every other node either through some
nmilti-hop route or through direct radio contact. We sinmlate
the effects of each I-UWB system parameter on the
comnectivity of 20 random topologies to show the average
trend for each I-UTWB system parameter. The sinmlations
adjust three I-UWDB system parameters. one at a time. to
gradually increase the range of each unconnected node until
the network becomes connected. The three I-'UWB simmlation
parameters are bandwidth (B}, required SNE (R-SNR). and
pulse repetition interval (PRI). The PRI is the mverse of the
pulse rate, which is directly related fo the data rate scaled by
the coding fate and spreading rate. The default walue of the
PRI is set to 90 ns (which corresponds te a data rate of about
11.1 Mbps without coding or spreading).

B. Simulation Results
First. we consider the simplest method of extending

range, which is unique to I-UWB. We increase the PRI until
the network 15 connected. As the PRI increases. the energy per
pulse can also be mnecreased while nmintaming the same
average power. Therefore, the Eb/NO 15 higher and the ranpe
also increases. Assuming a constant radiated power. Figure 2
shows the effect of PRI on the connectivity of the network.
The y s denotes the probability that all nodes are connected.
As the PRI increases from 70 ns to 80 as, the network abruptly
becomes connected. Therefore, to conserve power for this
example, it is best to have a PRI of around 20 ns. Because the
radiated power P is constant, the overall energy E required to
transmit a packet of length L bits will be less for a shorter PRI
(or equivalently a faster data rafe) than a longer PRI as

follows.
E=L*P*PRI(3)
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Secondly. we vary the signal bandwidth as shown in
Figure 3. For a bandwidth above 1.5 GHz with the remaining
defanlt parameter values, the network is completely

connected.
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Figure 3: Probability{connected) vs. BW.

However, as the bandwidth increases in Figure 3. the
radiated power also mereases and so does the energy per bit
for a constant data rate. Note that increasing the bandwidth
may be accomplished dynamically through a programmable
pulse genmerator such as [9] or through an adaptive filter.
Thirdly. we consider the effects of the required SNR (RSNE)
on the probability of the connectivify of the network. As the
R-SNE decreases, the probability of connection will increase
as shown 1n Figure 4 To change the R-SNR. we change the
forward error correction coding with a convolution code.
Increasing the coding rafe decreases the necessary Eb/INO at
the receiver and also decreases the data rate due to the

incurred redundancy of the code.
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V. CONCLUSIONS

In tlus paper. we mvestigated the impact of some I-
UWB system parameters on radio range. The parameters are
pulse repetition wmterval bandwidih. required signal-to noise
ratio. noise figure (or implementation loss), and antenna gain.
For a sensor network operating in a harsh radio environment
such as a factory, it is critical to be able to adjust the radio
range to enswe connectivity and to linmt interference. For
some random network topelogies, we swept three parameters
— the pulse repetifion interval. the bandwidth. and the required
SNE — to defernune their effect on network connectivity. To
increase the probability of the metwork connectivity. an I-

UWB radio may inerease the pulse repetition mterval, merease.

the bandwidth. or decrease the required signal-to noise rafio.
The general tendency of network comnectivity versus I-UWB
system parameters is an abrupt change to a connected network
at some threshold value. Therefore, it 15 important to operate
close to this threshold fo conserve energy while maintaining
comnectivity, For our example system. the threshold points for
network connectivity are 80 ns for the PRI and 1 GHz for the
BW. In a practical sensor network, the easiest method of
modifying range 1s through the PRI (data rate). which can
readily be aclieved with moderate addifional confrol
hardware.
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Abstrace—In thiz paper, we evaluated the nltra wideband
{(UWB) antenna performance based on measument data fo con-
sider the tranzmizzion gain and group delay in UWEB transmissicn
waveform by using the Friis' tranzmizsion formula for Wille-
dia technology, However, it is mot directly applicable to ulira
wideband impulze radie (UWB-IR) tranzmission systems. This
paper presents the evaluation formula in the term of transmizsion
gan and group delay for the TWE that take: into account the
tranzmitted waveform, itz diztortion due to the amfenmas, the
channel and the correlation recemver Simce the antenma:z are
significant pulse-shaping filters in TWEB impulse radic, the two
kind: of the anfenua: are experimentally sxamined, especially
focnsed on the effect of the received signal waveform.

Index Terns—TTWEB, Wikledia TWB, WPAN, impulze radie,
Friiz’ trapsmizzion formula

I. INTRODUCTION

Becently, UWB radio draws mmch attention due to its
potemtial low cost and low power consumption properties.
The Federal Commumications Commission (FCC) is currently
working on setting emmssion himmts that would allow TWEB
communication systems to be deployed on an unlicensed
band following the Part 15 rules for radiated emissions of
mtenttonal radiators [1]. The T'WB radio: channel bandwidth
for handheld wireless commmmications 15 from 5.1 GHz to
10.6 GHz. The UWDB fransmutter sends a pulse with a chamnel
bandwidth of this wide and the receiver collects the power
of the received signal for rebmlding the pulse. In the TWB
comnmmication systems, any frequency selectivity causes dis-
tortion of the transmitting pulse shape. Therefore  antennas
usually act as sigmfican pulse-shaping filters Consequenthy.
this will increase the complexity of the detection mechanism at
the receiver [2]. Moreover; low cost, geometrically small and
still efficien stuctures are required for the fypical wireless
applications. Therefore the antenna desizn for T'WB signal
radiation is cne of the main challenges.

For narrowband wireless systems, Frus™ transmission for-
mula is used for the line-of-sight (LOSY link budget evaiua-
tion [3]. However, it is not directly applicable to the TWE-
IP. system as the bandwidth of the pulse is extremely wade.
Moreover., the effect of the waveform distortion shall be
quantitatively considered m the link budget evaluaton.

The special cases of constant gain and constant aperture
antennas are treated [4]. but no general discussion had been
made. The antenna and the receiver template waveform are
considered to evaluate the free space transmussion property
[5]. but 1t only considered the relative performance. The

O78-1-4673-2167-9/12/831 .00 €2012 TEEE

mverse Founer transform of the Fris® transmmssion formula
15 considered to discuss the waveform distortion [6], but it
did not consider the receiver. The framework for link budget
amalysis is proposed [7]. Although it considered the nultipath
environment m the comprehensive manner, it did not consider
the optimmmm comelation receiver. and the channe]l mmpulse
response 15 used for the modeling. which can not accurately
teflec the antenna property.

In this paper, we discuss the evaluation in the term of
transmission gain and group delay in UWB antenns perfor-
mance for WilMedia techmology that takes into account the
transmitted waveform. its distortion due to the antennas, the
channel and the corelation receiver This scheme 15 based
on the Fmis® transmission formmla, adapted to the UWB, m
the sense that we derive the equivalent transmission gain
of the UWB-IR systems. The transmussion and the recemver
template waveforms are the keys for the extension of the
Fris” transmussion formula for the UWB-IR systems [8]-
[10]. Expenmental mvestgations are done for different types
of the antennas.

II. Evarvation oF UWB:IE TransMIssioN WAVEFORM

A Transmission Modal for UWE-IR Systom
The Frius® transmussion fomula [3] has been widely used
to evaluate the link budget for the namowband LOS chammels.
The Eriis’ transnussion gain (i, 0 ) 15 define as
N
Bl
G ol gl £ S0 Wl i L),

()

il )

where i [)and i [ respectively are the input power to
the transmitier (Tx) antenna and the output power from the
receiver (Bx) antenna, (f [ 82 and 7o/, £ respectively
are effective gain of Tx and Bx antennas apply H,.(f. £2.)
(i Tart) iz a complex transfer fimetion vector of the
antenna Telafive fo the isotropic antenna towards the £, =
(fl,. ) direction, ie.

H.if.52) = H.(T. 0,2, (23
B, Hap [ B 0a) + BuH e B )

Cipal 1 15 the free space propagation gain and 7, () 1s the
polanization matching efficien y. The free space propagation
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Fig 1. Blodk diamam of Fras" ranwmwssion formula

gain can be wriften as
o

G f.d) = ( J_. (3)

where A — ¢/ f is the wavelength, ¢ is the veloeity of light.
f 15 the cperating frequency and «f is the separation between
Tx and Bx antennas.

Figure 1(a) shows the block diagram of Eq. (1}. In Fig. 1(a).
PPt P( £.4Y) is the effective 1sotropic radiation power from
Tx antenna toward £3, direction and &7 “ [ 1) is the effective
1sotropie recetved power at Bx antenma,

It is noted. however, that Eq. (1) is satisfie —only at some
frequency. and is not directly applicable to UWB-IR: systems:
The fornmla shall be extended to take 'into account the
transmitted waveform. itz distortion due to the antennas. the
channel and the correlation receiver [8]. [9].

Free space channel response including the antennas is
obtamed by using the extension of Frus® transmission formmla
as

A

dored

Helof | = Hel fod H [ f- 83 - Hyf £ 8. 4]

where the free space transfer function Hi(f. d) can be written
as

A
HA f.id) =
dir

e

|' wxpl —jhd)

)

k= 2u/M is the propagation constant and which has the
relation as

1 da T ¥ ;
o / /- [[H S .m0 ]| finbdbide =, (8)
BB il

where 7, i3 the antenna efficien v, so that the valoe iz
normalized by that for isotropic antenna. Unit vectors i, &
express the polanization and are define with respect fo the
local polar coordinates of the antennas. The following relations
can be easily derived as

i, i, (7

b = =0, ®

Figure 1(b) shows the block diagram of Eq. (4). In Fig. 1{b).
BT " f. €} is the effective isotropic radiated fiel vector
from Tx antenna toward {2, direction and EY7'( f) is the

effective isotropic received fiel vector of Bx antenna
The spectral density of the receiver input Vi [ is given by

Vel f) = Hel f1ValS). ®
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where Vi f] 15 the spectral density of the transmitted wave-
form.

B. UWE-IR Correlation Receiver
Let us consider a comelation receiver shown mm Fig 2.

The output SNR is dependent on the choice of the template
waveform. The correlator output (7] is therefore expressed

as
kS
ol 7| -/ ve(t] hwlt — 7)dt.

where i 1) 13 the recerver input waveform which 15 the inverse
Fourier transform of Eq. (9), figlt] 15 the template waveform
and 7 correspends to the timing of the template waveform.
The optinmnm timing 7, is chosen as

(10)

fp = ATgMaxvglr] (11)
Hereafter fig(f| i3 normalized as
/ [Ha(t) Pt =28, (12)

where 5 1s the signal bandwidth. so that the output noise
power iz a constant as N, M, where f is the power spectral
density of AWGN.

Under the constraint of Eq. (12), fam(1) maximizes w4(7g)
when fiam(1) 15 a time-reversed and scaled version of iy(t).

ie. g |
VB (1g — 1)

\/_;"*x gl ) |2 ekt

where 1, is usually chosen' so that fgm(t) = 0 for ¢ i
to satisfy the cauvsality, figm(f) 15 called the received signal
template waveform hereafter. It is noted that the link budget
evaluation is identical to that in [9] when ligm(t) is nsed as
the receiver template.

hem(t) =

(13)

<

C. Feasihility of the Optimum Correlation Receiver

It 15 obvious from Eq. (13) that the received signal template
waveform is not the simple time-reversed version of the trans-
mitted waveform. but including the frequency characteristics
of the antennas and the free space propagation. Therefore, it
15 not always feasible to adapt the template waveform to the
angular-dependent antenna characteristics, since the waveform
shall be generated at the clock rate of tens of gigahertz.
Therefore. we consider a canonical template waveform fgc(t).



In this paper we have chosen fig(?] that 1s optimmm for the
1sotropic and the constant gain antennas. ie.

V2 Bl — 1) 14

Twelt) = i
Vo e[t

where the receirver input voltage for the case of isotropic
antennas used i both sides vrise(?) can be written as

eialt) —[ He([Vilf)explizn f)df  (15)
L UWE-IR Transmission Gain
The transmission gain in this paper is define as the

peak amplitude of the cotrelator output with the considered
antennas normalized by that with the isotropie antennas. Due
to the normalization of template waveforms in Eqs. (13) and
(14). ths gain valpe represents the paim of sipnal-to-noise
ratio. Therefore, the transmmission gain of the received signal
template case (rym can be written as

Iﬂl<‘1.=g|=|I i it g T )it |

x

Twin

(16)

J]i:'l.\i_]l T}_ tr-izol 8wt — 7)1t

Similarly, the transmission gam of the isotropic template
caze {rg can be written as
tiax| }\"_ er(t (=)0t

[ - s
b 1k | f'll Ur e Mg (1 — 7 ) di]

(17

The difference between the transmission gain of the recerved
zignal and the isotropic template cases indicates the distortion
quantity of the waveform Different from the eriginal Friss’
transmission fornmla, the optimum transmission gam of UWB
signdl can not be simply expressed by the product of antenna
indices.

ITI. EXPERIMENTAL EVALUATION OF CHANNELS WITH
TWO UWB ANTENNAS

In this section. the 1OS links with the different kinds of the
UWB-IF. antennas are evaluated based on the previous section.

A. Transmitted Wavefarm of UWE System

For UWB waveform signal the rectangular passband wave-
form 15 considered as the UWB transmitted sipnal The ex-
pression of UWB transmitted signal (i) 1 time domamn 1s
given by

A .
nit] = j—[f”:*inu_ﬁ_,r'“f'l Susine(264)]. (18)

where A = 1 V is the maxiomm amplitode, f, = 7.7 GHz is
the occupied bandwidth, f|, — 3.1 GHz and fy; — 1.6 GHz
are the minimmm and maximnm frequencies. This transmitted
UWE signal is shown in Fig. 3
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Fiz. 3 Trammitted signal waveform of TTWB.
TABLEI
EXPERIMENTAL SETUP PARAMETERS.
Farameter
Frequency ranse
Mmnber of frequency points
Drmamic range
Tx anfenna height }
Fx anterms haight i
Dhstance between Tx and Rx Il m
Ex rotation range (¥ to 360
Ex rotation step h°
Fx rotation cut E- or H-plane

B. Experimental Setup and Measurement Model

The UWB-IR radio channel transfer fonction was measured
as o i frequency domam by vsing a vector network analyzer
(WVNA) m an anecheic chamber. The VNA was operated in
the response meavurement mode, where Port-1 was the Tx
port and Port-2 was the Bx post. respectively. Both Tx and
Rx antennas were fi ed at the height of 1.75 m and separated
by 1.m We nsed 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 gecmetry of the antenna is
shown in Fig. 4. 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 1s §5.3 mm
and the length iz 37 mm "We changed only the Bx antennas
to compare the transmission gain properties. The experimental
parameters are listed in Table I It is noted that the calibration
of VNA iz done at the connectors of the cables to be connected
to the antennas. Therefore. all the impairments of the antenna
characteristics are inchided in the measurement results.

C. UWRB-IR Data Processing

The template waveforms, we considered the received signal
template waveform lfigm(t) which was optimized for each
transmission channel setup. Le. antennas and their pointing
directicns. as well as the isotropic template waveform fgc(?)
designed for the isotropic antennas and independent of antenna
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Alithough the absolute transmission gain can be denved
by using the proposed approach, the UWB-IE. transmission
gain presented-in the next section was normalized by the
transmission gain-of the 1sofropic antendas at both Tx and
Bx sides.

I} Resuls

In this section. the two typical broadband antennas age tsed
in the measurenyent for the link burdget evaluaton Oae is the
biconical antenna, whieh is with low dispersion. The other
15 the log periodic dipole antenna (LPDA). which iz highly
dispersive.

1} Biconical Antenna: First, the same biconical antennas
were used both at Tx and Bx sides. The gain and group delay
of antenna at (1", 30)° and f(}” pointing angles are shown in
Figs. 5 and 6, respectively.

Figure 7 shows the normalized UWB-IE. transmission gain
as a function of the antenna pointing angle in the E-plane.
Well-known 8-shaped patterns were obtained. Two temgplate
waveforms were used for comparison, and the difference was
rather small. The phase center of the biconical antenna is the
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feed point and it hag theoretically the frequency independent
gain at fhe broadside direction, and that is why the waveform
distortion effect 1s small compared with the isotropic template.

2l Log-Ferfodic Dipole Antenna: A log-periodic dipole
antenna (LPDA) is also uvsed at broadband. It also has a
frequency-ndependent gain Different from the bicomical an-
tennas. however. the dispersion charactenistic of the LPDA 1s
rather big, since the phase center changes with frequency due
to the resonance of the dipole elements [11].

We used a commercial LTPDA Watlkins—Johnson’s ART-
15A. shown in Fig. 8. The antenma has been designed to
operate in the range of | to 12.4 GHz Figores 9 and 10
show the gain and group delay of antenna at (1°. 307 and 607
pointing angles, respectively.

Figure 11 shows the UTWB-IR transmission gain pattern for
biconical-I PDA link in E-plane. As is known. an LPDA is
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bni-directional and its gain is higher than that of a biconical
antenna. The degradation of the transmission gain 15 observed
when the canonical isotropic template 15 uwsed, since the
waveform dispersion is obwious [11].
IV. DISCUSSION

From these results, the UWDB transmission gain, uaing both
the received signal and the isotropic template waveforms, gives
bs the guantitative measurement of the link budget. Since
we have chosen the booadband antemnas. the trend of the
narrowband gain 4z reflecte in the TUYWB-IR transmission
gain. Another issue is the distortion of the waveform. The
difference between the optinmm and the isotropic templates
15 the measurement of the waveform dastortion. It 15 obvious
that the use of LPDA caused the biggest distortion among the
sample antennas, while its transmission gain characteristic is
significant] large.

V. CONCLUSION

This paper has presented how to evaluate the UWB antenna
performance for WilMedia technolozy which inclundes the
transmit waveform. the antennas. the free space propagation.
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and the correlation receiver. By using the defimition we have
evalpated two types of two broadband antennas. This scheme
may be effective especially to evaluate the deployable antenna
with non-ideal frequency characteristics of refum loss and
directivity. as the overall performance can be evaluated only
by the term of the T'WB transmission gain

Note that the formulation presented in [9] is a special case
for the opiimum template waveform in this paper. Therefore,
the IEEE 802.15.3a path loss model presented in [12] is also
a special case of the formmulation presented in thiz paper. by
considering the rectangular frequency spectrum_ the frequency
ndependent isofropic antenna and the received signal tem-
plate.

This appreach can be easily extended to the multipath
environment as well There are two key issues: One is the
focus of this paper. 1.e. the antenna transfer function 15 anpular-

dependent.
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