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ABSTRACT

This thesis proposes the characteristics of Ultra wideband (UWB) radio channel with the human
body shadowing effects, which are studied and analyzed based on the measurement. There are two
measurements; (1) the first measurement is carried out in an anechoic chamber and the second
measurement is performed in an indoor environment. Each measurement is modelled and defined the
method of measurement by considering the real human body to investigate the shadowing and
interaction effects occurring in the channel. The vector network analyzer (VNA) is the main
equipment used in measurement. The measured data are analyzed to find the parameters which show
the effects of UWB channel due to the human body. Moreover, this effect can formulate the
mathematics model by using the linear least-square regression method which can be used to analyse

the performance and parameter of UWB communication systems.
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Ll'E!iJ!L‘ﬂ'; (Ampere) A
IATBLUA (Decibel) dB
W39 (Farad) F
1§30°% (Hertz) Hz
AnzI85A% (Gigahertz) GHz
11A3 (meter) m
M (Second) 5
w v (Nanosecond) ns
}J’ﬂﬁ’ (Watt) W
fiadina (Milliwatt) mw
daduUUAIAN (Fractional bandwidth) B,

AMMIS Es (Velocity of light), ¢ = fA =1/ Jeu, =3x10%,m/s ¢

528¢N14 (distance), m

ﬂﬂl.l?; (Frequency), Hz I
MANALUYBISTUUMIAOT3 £
MANuAANYBITTUILMIADMS £,
DATIVEIVDITWOINIATY (Receiver gain), dB G,
DRI IVEIWVDIT W INIAA (transmitter gain), dB G,
ﬁaﬁ%’udwiaumammﬁ (Frequency transfer function) H(a))
'ﬁm'mi;ﬂmm?; (Sampling number) Moo
ﬁ1ﬁaa1uﬁ§u1ﬁ (Receive power), W 25
515\1011&%??0 (Transmitt power), W B
193995 (Receiver) Rx
dulszd Yl‘i?‘mi @9 (Transmission coefficient) Sy

~

a1 (Time), s

{N3DIa (Transmitter) Tx
ANINNITAANDU (Attenuation constant), Np'm" W30 dB-m”' a

o ar
#anN¥u Dirac delta 5(!)
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'F)'J'IllUTJﬂ?llu (Wavelength), m

ﬁnﬁuﬂu%ﬁuw?u% (Intrinsic impedance), 1 = m,ﬂ

ANINBBY (Permittivity), & = &,&,, Fm™

ﬁmdﬁ'lﬂglaﬂﬂ?ﬂ (Dielectric constant)

ANTNUONVDIDINIAI (Permittivity of free space), &, = /367 x 10°, Fm™
ANNGUID 1A (Permeability), u = u,u,, Hm™

ANUBUAD 1AYDI0IN A1 (Permeability of free space), 4, =400z x10~°, Hm™'
ANuFusIL TATUANT (Relative permeability)

ﬂ'uu?iurmnls 279 (Mean excess delay), s

AM3LUA5279 (RMS delay spread), s

o o a o w o 3 i
ﬁdﬁ'ﬁuﬁuﬂizﬁﬂﬁ ANTUNUT (Correlation coefficient)

XX



<3| o
1.1 ananiuinuazanudmnyvestym

. .= ; T

TuilsgtiumaTuladuuy B¥meldidunivnumluamsdemsnniumemun

o a ' " o @ o
azansaaisalumsasdeseningdnsainislueims meludninaunioudinsznaniolu
v 4 § 4 v g da v v vy 44 ”
thu Faduszuunsdeans Ifmoszozdu Mllanudesmssasinmisdedoyangunosesiy

@ oS oA 4

b 1 a’ b o o d'l - ')

szuudaan@e dannudeimsmari lagnih ludinsauwenuna Tulagiamisasessv

3/ ' d’ = Y 1 - ° an vy - a ' 9 a P}

anudaanismaliivaziuul Iuezinisitewna lulad 15 aenGonimounatansoe
' I'd . c; @ o - o 4

9an31 1AUUA (ultra-wideband) 1911150 Taouur TWunsanauldiimsiszuudoas

¥ ks Y a ¥ ¥ da
.liﬁWUi:UtffuLL‘UULLQ‘Uﬂ')NUQL‘U'ﬂJﬂ‘NWH iR

" a4 4 4w ’ Y ¥ o
1. Anudesmsnmuiustnsasdmiumsdemsdoya limelugnssiuuunn
.:ia 9 g P J (=1 - = Yo a - o
W1 AANuABIMIsIUUAIAN NI uLATISIMAgNas uaziimi Fhasnuid
= o n'l ) ar -;::a o
2 iRennususvesms I numlnasuanuaninssaass i1y
a 9 - ¢ o o [ o [
3. maauTavesmslFnudumesmanusIga lumuIsIULATIANITAIN 9 5
89 TuWNeIfY Lazmuan UNTITITULAI 9
a ° o 4 o e 3 Yo o n:iv i 'd
4. faamavegdnssiasnidnii souiams Igmidsnumissasvesginsal
Tumsiszuranadygin

4; 9 -~ 1

v ay ad 4 ¥ o A o
szummumnuqmﬂﬂwmuan’n‘szuvﬁams15ﬂ105zusﬁuxlnuau 1 ATINTINIINADA

ar - = J ] 3 ﬁ‘ z o .
adpasunua ItufiAatuddu1dandt Taonisdeasuuuaunegaiuin1diui

a

33ansveeszuunsdeans 13aw Tasinis 1dueuanudlumsdennaunlsenouny

s

Yo oAy o Yy A & a v w 4 ¥ a
1sdadeiiters dyamvesszuunounadniuiinnuuandeiuszuumsdems 1imoin
9 ar 1 £ - oo Y a a’: o [
¥ ruegluilogiiu 2 Uszmsie msdedyyriauvunauniiegs duzimsdeadya iy
[ - ar o -1 o s Y o o s o
gnuuznduiad Taoliiimainerdygudoyaliiinisvequaanudayaruniv on
& as a @ ' a o .
Yszmanilsfedyanauuuiouninstaziidadiuvoauuian (fractional bandwidth) 1ums
dauInnImSemfAy 20 % voauauawNa1e n3elins IFuaunnudnnnimieminy
A = " d' 4 9 4:; Y ar r s
500 MHz Favznuiiiiannnniumouanuivesszuumsdeas 1imeildiuegluilgiv
¥ 0 ¥
10 Fromaiisal@inmaiueuna luladuuuuounhadafin sz vunievis 1imodu

A o '
1ynna (Wireless Personal Area Network : WPAN) mgnmwuﬂ“iﬁaghmmgmum IEEE



802.15.3a Tavsziludnuaznisieudeszningunsal 1wy ndesdwzdsasa ndes
" aa e o a 7 1 & A 1| Ao '
owinle aleldsienmes neunuaesduyana 184 Faezidlumsiounonionsinsds
< aw ; 4 4 ]
Joyangatlszaina 110 Mbss Tuszuzme 10 wasuaziisasimsdadoyangaiuluszosmai
v
GITGE
o n:l,‘I kY = n‘: = oA b4 A [ ::: '
Tumsthszuui T 1Fauesniu dsz@nsnmvesszuuonanas didosnnilesondwa

s

nizgnuAevosdymlunisdoms iwu gUnsaliniesldaa g mis mide dudu ven
d’w = s & = ] 1 ] ar a " a 5 o '
nnigloniatenianannsodinanesesdyaauuuuounge ldwuniy Wunae 319
¢ o a ya o A v W a
monypoues msziinnuilu T 1diseneuyudez lsununseuatudumamsidu
A b4 -:di = o ﬂ - by o [ n‘n‘: 1 '
NvoIRIU Mg Hvaiauinlunzdesiinisastvaeudnsamouyuhiiuding ao
Isaevesdyapaulunmsdemsuvviouniabs
, n g . 4 ' s
wiesdoma TuTaduuunoun$defigniun 1 lumsdemsseningnsaiiognioly
A = U ar 1 ) : o ar
omsdsiinnuniu 18 hdyraiigndiesnmnnmeemminenszgnaanoumidanu
(power attenuation) 1aviladus14 9 o9y gnaaneuTasmimiedmmavesoins nndag
< A ¥ - 1 a Y - 3/ v a
gunsalinTeelden g negluusnulndifvinTeudnseiuiadnyuzveansnamonuy
Ma1630 (multipath fading #1350 small-scale fading) SUITIBIU19INAITNTINAYINNAIL 9 501
4 ¥ Y a ¥ o o - 3 : a ¥
Idwaliifamsasiounazmsinmussdyanalunatoiiema Wudu vamuainldnar
‘:yy Y o ' ar cqlu Y 1o e ar oA U A c:
nHamudddIHanszny laoassrogunmvesdyaunsy 14 uadiiiiledednediamiian
Y ¥ EV - P ] s & o A oA <
Tanarwudluneudu wuide masinsramouyud yauiluilvionilindimotguninuea
] a 9/ [ s ar c’: = =Y (-:lyd Y o - [ St 1
oy uAIuUAN AU luIneinus it 1A imsAnuifananiniemouyudniiae
[] o P d ar ] o
yoadgyaruuvunauniedsludsziauvesnisgruaialass 190108y 6 (human body
. = a v W = 3 ' 1 o a w i
shadowing) 182N 15IAAYHAUWUT (interaction) 313193 uMEBUYHETUA TR IMANTTZUL

A1 9 AU

1.2 Amnjaninanaz Ingiszasnveamsanmn
1ua1u3iuf':¢’fmmsﬁw%mﬁwansz‘numnﬁNmuuqyéﬁﬁﬂ'mimﬁ'mviymuuun"in?}a
5&«1“?“15mm;iuuﬁuim'umn15"J'ﬂﬁyﬂuﬁnnmnﬂﬁ’auiuﬁaaﬁﬁmsgwﬁumiﬁzﬁawm
AR (anechoic chamber) 10216 1UDIATS (indoor) TavlHinTeadinsrzriravsshonuunnnes
(Vector Network Analyzer : VNA) iffuginsainanlumsdasaufuaiveiniasmiuasnas

u’; @ A Y o a o - o - Vv d =2
‘IJ'i:.-’ﬂﬂ'lJ i]'lﬂ'LIuN?Iﬂ13')ﬂ‘n~1ﬂ%$0ﬂ‘u’lulﬂ'llﬂi“lﬁ,’HH'IW'lﬁ'illma'iﬂ'N | ﬂllﬂﬂﬂjﬂlﬁUﬂQNﬁﬂ'ﬁ

W

&y

q' ] ar s " o [ 1 q' =y
navunlasvesresdyauduiionnnnsImenyyd 15U AuRdoIa115239 (mean excess
delay) MIMSUHUTEII (RMS delay spread) A1R10IWBY (distortion) LAZNITAANDUMNIU

ot o = ' { ot " (=] ' o
vosdyam laoiimsnlSoumoussnansainiinanininnouaz biinasinsemouywd



& Y d =2 - a J " " A a ar .3'
l'ﬂﬂ“ﬁﬂ\‘n"lﬂuﬂQNaﬂ5$“Uﬂlﬂﬂﬂuﬂaﬂ1illwiﬂixﬂ]ﬂﬂﬁull'UUllfnJﬂ%'NUQvlﬁ"lfﬂmuﬂ'lﬂﬂu

v
@ e o

o a o ) ° ° a o A
ﬂﬂnqu@u‘lﬂaﬂ_]s'uﬂi13"1}13’(‘{31]‘lﬂﬂ]ﬂ'ﬁ‘f)TﬂENllUU“1\1ﬂmﬂﬁ1ﬁﬂﬁlwa‘1ﬁuﬂ1i ﬂ53n1ﬂlﬂa

a4 a 4
NNAYU

= =
1.3 aHUAFIHUDINMSANE

N [

- . 'Y g
wiosnnluaddeil Idhnsiansumafideduensumeuyusifinesesdaygy oy
< 3 o 4 H v .
uauninanuRugmvesmsia s luduasuvesnisianoluiosgasumsazfeuves
' L o
aduuilumssmuadulsiifeidestvannzuadousoudra anugavesdive e

J n’: o 9 - a' Y o4 - a "
5363‘“‘105ZH')'N?T'IUEHﬂ’IﬁTNﬁB\‘lfNﬂ‘IJizﬂﬂ"l.l1Hﬂ~WHWE]']!.ﬂ‘i']zHﬂ~1Nﬁ1’llﬂﬂ'B'Iﬂ‘i'lw‘lﬂWU

L

¥
o " ' @ @ o @ o 1 " '
uypiuAIiNALIBNNId N Tadumisvesmeeimemadudaliog lunuaueu

v :
A o =

. ° v ' 3 ”q LY
(horizontal) M ¥ juvuMsunsnszowaduvesmoomemuuuuEiensi s ndunan

- ' @ 1 & o 3 9 @ - a '
(main beam) %3733 195 19monyud Favi ldgrvaanansaziouvesinglusiamail

]
o

= ar 4 " =1 [ a 1 e
apsmsinsan ldlussduniia edlsfamudiinavosmsgadeifasnawdsdyain

-

P Y "y =1 K = rd ' ° [
unzapuAADI N 1FTunInaassegihe uan IdgnaaTasinioaTinsziaaessuvin 1
5 _ J L} L} s o 1 : ar : o @
waninavu linsenurenamsIauimin daudunsuveimsianiolueinistiu1ds muasa
wlsaan Tanan ldud Idnsimudorduenuannzinadeuniolueins s lvinaii g
o ) ' o ) ¥y & yyva
namsiatsznev lidnaninsenouysdiazsannannznadouseuded ldnnsan
= A’ o 3/ = " ar :
wuwalagsiu nsmmﬂm'hﬂamufnsquazNaummummﬂﬂmmag“luNamnﬂmmmﬁm
n’: a 1 3/ 3 qqy ° ar [ [ ﬂ
Tunoun ldnanuwditiedu Taslunsdiilszdmuanisnadivesmoeinmadaas sy
n’; . 4 o Vv ] e ' &
HUVUUIAN (vertical) Favi IR anweImadudadinuauidlunsunsnsznoaawilunuy
v
39UA7 (omni-directional) HoN 1NN LA nVuzveInIsIanw Iy laninisnaaou
1 1 o " o [ 1 oA [
FLUTHNIENINAWOIMANYI WNBUYHY T2ULHNTENINA0INATIN U108 IMATY
¥ (=] ar ar o' o 0 g P [ ar [
Awniianuduwusludnvus lauazdawaremsinlasunlasvesvesdyanuoiialslaslu

»

WosAumAINIzdIHANT T NUABAUANYNLYBITDIT Y IR ITU Y

s A = / a s
1.4 ngugnseuudfanlylumside

o 3 a = idy I = 1 ot ar "
11111‘)1]8’3‘110']1.|WUEU1ﬂﬁﬂH1ﬂQNﬁﬂ‘iST’I"Ui]’lﬂi'ldﬂ‘lﬂll‘l-g‘lsltlﬂuﬁf)ﬂmﬂﬂ'tlmz'ﬂﬂﬁ‘ﬁﬂﬁ

a

.
LY =)

Fyaaunauinguuunouniiets éaﬁmmmuﬁugmumms5@1ﬂﬂi%’;ﬂ?ﬂ@31ﬂﬂ:ﬁ1ws
dwnuunamed Tasldmooinmaiidnyuzmuninszneadunuusousa Tasinsia
ANBATIIAMNARAIA 3 GHz 719 11 GHz aseUAqUTAMNERSMUa I IF o lumsdems
AoRald 3.1 GHz 73 10.6 GHz éqgﬂﬁmuﬂlﬂmmzﬂsimﬁ'mimsﬁ'ﬂmﬁuﬁaﬁw%’gmn?m

v ¥
(Federal communication commission : FCC) °lm°1'u¢|E)ummnwﬁ’ﬂﬂu‘lﬁ'ﬁmﬁmaewg 2@



9 A i Y o s v e o ¥ - -i ' c;
Fufudo dausnldimsiameludesiimsgadumsasiouvenduuazdiuiaesld

wmsianwlueins Tavlumsiaudazdiuldsaswnsdmuadnymeisnisiaey 2 wuy

dd‘dl

- o - e o A =) =1 = - a 3 ] []
fo ﬂimwmnmumgymmzﬂmn'lumnnwuuyummﬂiuumUumwnmnﬂwmwm
W S o i a . , @ P
ﬁi.lJuﬂ,JJ’lmﬁﬂﬂwaﬂ‘lﬂ'liﬂﬂﬁﬂugqN‘ﬂ‘ﬁlﬂﬂiﬂﬂ’iSUSHNS311’)‘14’(’11061?‘1’1?[1‘1‘1]5"NﬂTUNI{BtT‘h’Q
' - v ow A - s e o aa '
ity 2 NINAFUAUAD NTHN 1 AW INMARANDINNUNYBOLAZNITUN 2 AW INIA DY
[ " 4 [ ] 1 i
'm-mnsNmumgumﬂmzuzma 11003 TUaUYDINISNAAIUTLIZNIITSHINA WD INIAT
s v
wazmeemasuiu lasmualdimsnsdumisvesmeeinasuluszozriiemang nuaa
v v ¥
seue 2 QURY 10 1185 VINEIWEINIAFIAINEINY TavanyueITMIian lananuiavuail
o tg A ﬂ = = J ad e [ a [ °
Smuavuioilunsnageunansenunasanavu lunsainii ld1dnuess nawnm

o t:i o = - ¢ A U =Y o
msia wan ldazgminndnsizidrelsunsuaeuiuaeINoATINAB AT NIABIAN

o =4 Vv U

v y oy A o R T e -

W 1dnaundl ludeduionwamsnlasunlasninavy danada lavimsnfsvuimouna
g - o v [F-1 [ o A o

sznansdims Iafinanng 1enouypiiaz Bisinavinimouyud Feesildomnse
o o P 1 ' Vo A 4 " a aa
Funamiunansznuiiifiatuning umouypdlddanuunntdadiu Tasmwizediadalunsaii
Py s " ] Ca z a H =Y g ' =1
RANI3UAT VD93 19010801 AN BNINIZIAAM S AoUYBINITIIRDIAI 9 WINNIINTY
4 4 = " o P o 'L [] °
auq davznanaldiiuluumas ) gavhoesiwaii ldsinmsdnsizv lusdnllvims

" & a ¢ A i 2 a4
?f'iNLL‘U‘U‘ilmi)dﬂwﬂmﬂﬂ“lﬁﬁi‘limﬂﬂ‘i:‘n"lf.uﬂWNﬂﬂ’l'inJﬁUllu‘lJﬁimﬂﬂ‘Uu

=]
1.5 YoULVANIANH
- = s o - = 1 S 11 [ ¥
INOTINUTHILHINMSANYINIWANTZNVYDITNMUNY BINTIADFOITYY MUV VLAV I
A a s @ v o ¥ A 4 a0 Y
51 Tavdinszanwamsianeluiesgasumsazieuvesnauuazniolueins Fawaila
=y a ar ' =Y a v ar 9/ '
1AM Ingiaananzuaasluzueansiimesan g dullsznov lawaimsnizae
b
yanm manuAaiouazAImsaaneuyeamduvesdygin lasszimsnSouiiioy
' Ada -] ' o 9 ° a a J ° ¥
seniansdininanar lifnansznunniumouyud gamowhraiifiadulihimsais
° a o I 1 o o a = “
wuniaoamandamani laoldiimslsznaninsoanssiddeuududumiosia

(Linear Least-Squares Regression)

) =
1.6 YUADUMSANY)
a o Ap Y Y ¥ W > =2 o o
MnuuIAauazndanmsh iananuudaludhedu annsaaglifuiuaoumsanudmiy
= = o ar :-.ly A - u‘: w o (L ar S o 3/
Snoiiwuiaail SusnAnudatuseulunmsianusisesdyy v gunssinveiunlduaz
aa o < v o o Y a > 4 o < a 7
WunAsmsalastandnamdanyauzmain I 1Faues imivaihmsanymsiaesh
= P o a ] [ a
fAurteaiszamnsouaaalfiifuinnudoumlasvesresdyyin sulsznouhidw

= a ] s ' Y ) '
wisieesnuaaslfiuimsnsznemanawesdygie ManuHouve Ty INIaA



o a as aa 9 & Y o 0 d’a ar ar
ﬂ'liﬁﬂﬂfi‘u'llﬂﬂﬂ1ﬁ\1~3'lu'llﬂﬂﬂiyiy1mﬂ‘iﬂ1?] mmsmmasmmunmi‘]uﬂwunan"lumi
o a0 [ vy : Y o =Y o
AUAIZHYDITYYIN il"lﬂ'uN‘ﬂ:lﬁu‘lluﬂﬂucluﬂ"liﬁﬂﬂ'lﬁ\ﬂ%ﬂ"lﬁ%'lf‘lﬂﬂull‘UﬂNﬂWﬁTﬁﬂ‘iTﬂﬂ

14
-

= = o et o ' " o o = —
‘lu’mumwuﬁu'lﬁmaﬂﬁ"mm‘smsunﬂ ﬂTi']J‘ixlI'lmﬂ'lﬂﬁﬂﬂQBUﬂ1ﬂQﬁﬂQlLUU1T\1LﬁHWﬁBU

= A " = - a J ' ar Y o ar '
gamelszinuammsnldouuasnifarunnyesdyanulvoglugdvsauilassdna



VNN 2

SEUVADATHVVHAVN N8

Ll o
2.1 nA
= y Yy a . - ey ar
ma TuTatns@ea15uuvn0un31984 (Ultra-Wideband ; UWB) $i1)52 @b oumndaniun?
ot Ve A o a 4 ' d i
wudsaadon 13 Iall (Marconi) TdnaassaBamnsosdsar)rsnud (spark gap) Tunsda
Ty ingtuumaymsueauauanIuil 1901 vimivmaluTagnmsd@emsuuvuouniiesa
14 o b4 ~ ar o as ' oA A '
Tagminn1dluTasanmsidluanudoveanesinaniza Turaseninadl 1960-1990 Fanui
) Yy a - ° 3 o 4 « a ' - ~
ma TuTadupvuoundanungneniinlddumsdemsveusainaznmsannedomsni
AvIn1sANulanang douniioidounguniaull f.f 2000 N1AUATTNITNIIMsToMTS
ureav ‘;"j 9145 n1 (Federal Communications Commission; FCC) 1doeanmniTad o Notice of
i 4 a ] " o a o ' = °
Proposed Rule Making (NPRM) G aFgysau1#niiaoaiuaia q duauedefamuaie q fvzii
nlFdsvlgunlungdevnuves Fec meniunuuaziinanididsdygisvesssuuuny
ndute TavdorfarulmiiildgniszmaeenulFaudioideununiiusi a.e 2002 Ak
ar = o = a @ o o 4
Tuilagiiu IdimsWannmaTuTadvesaInddadennuirgai Idszuunisfeasuny
a s o as o o’ 4 "
uoundeos 1suanuauledmsvmaillszgnaldluszuumsdeasiszinnaisg win
& ; 4 J . ' aw :
¥u Tavmsdomsuvuuaunings hnin1dhiduiiannmsvesszuunsdeats 13a Tau
a ¥ = A4y v g¥o w 1 &Y 4 o
ums dunvanud lumsaannhannlsgneunuldmasdenios Fadygavesszuy uay
o Ao P w § o~ o ' o )
hngniudinnuuananduszuunmsdeds 1Fmenldnuegluileyiu 2 dszmsfie msds
" L "
dyguuvuuounisnivesimsdadyain ludnuuzAduduiad Taoliinmsniue
o o o as =) A ar A =)
dygrudeyaliiinsuequanudygiuw Bndszmsnilsdygranuuuounieteel
ar [ - o' ' " e - A A
dadauveauuian lumsaauinndmseminy 20 % veawaunnudnan nielinis 1duoy
H 1 l o A L L L 4‘ 4
ANONINNIIMTOMINY 500 MHz FaagwuNiimunnniuouanuduesssuumsioems 13
i l¥nuegluilegiunin Tasine Fee 1 muanouaiudnldlussuvumsdemsuuy
= - & a = ¢ v o - y
uoun3avald 7 3.1 GHz §410.6 GHz FalluuuIanniny 7.5 GHz 9INsNTTUUMI A0
Y A qy a4 ¥ o ddqya = ) o
asuvuuaun g lduouanudnahannlasiuouanudnldn ldlimsiudeunuszuy

4 E!' ] 1 ot A o ot '
msﬁ'amsuuuunummmmunnag?u‘]]in;‘uu BFIN FCC NMHUATEALUVDIANUHUNIUY

o @ 1 3 = V@ a V a <
‘IJENﬂWh‘lffW’IBﬂ’JH.Iﬂﬁluﬂﬁﬁ@ﬂ'ﬂjﬂl'lﬂl'llﬁ31]'1J£I.0‘1Jﬂ%’1~1001%1ﬂlﬂ11 -41.3 dBm/MHz [1] %4

L)

1nMsnszuuMsdemsuuuuounNetaiinnununinYeIRd Uy IUABANLD

Ao @ o Y o aq W P Y A WY &
a1 i Indyaaun lddaluszuunmsdeaisuuy uounins ldsumansznuvesdyy i

as : =) o Qe ) 4 e o ar 0
sumuNIn AnTudeIdlinsinauenanisituaeg ivenvzuanslimutmadananlunis



4 a y a a a “I.J ‘a = 3 °
domsuvunouniduivedsulase@ninmvesszuuliatu Taginoriinusiiserinaus
o o ' S ’ o 4
MIAATITHIHANTTNUNINS MY udRLReYsdyaa Tuszuunsdemsuuunouna
a 4 - ' v ] J — Py = = ar dv 3
dageswazivoaang wnantiluunde ) Tasnluuniiszesuodmdnmsiuguuazde

HUARN 9 YDITTUUMSADATUULLOUNID

o A Y a
2.2 ANHUZIANIZVDITZVUADMSUVVUOUN 1B
szuvuaundIntutuma Tuladnmsdems ¥aeiiuanaraenmsdeasnenaunnya
a A ' Yy A da y T ¥ A
Myuuudy 9 Tavgamuvesszuunuuuauneganne uszuudemsi ludesldnaunime
4 ar c; ar Y] L4
(radio frequency, RF) i nilouluszuudu dyyravesszuvnuuniavazdudyaguwad
s 4 = o &2 o Y '
(pulse) Tavaziluwaduaug vua Uszuim 0.2 uTudud Sah sy uuou
C‘ & 41‘ 54 s n’: = ' ) - Y )
AWD (spectral density) NNNIIN AnTuTawHnszwaseunguyanud ldnialuszdud
ad A. d’d o P 9/ & o 9 - @ e
N2185A (GHz) 1agitioadusuuiiuuuaiannniauntaii I auiseiszseadusnsins

dedoya ldgadis 110 Mb/ss Tuszozmarlszaina 10 was daildnan Tudrhdyaawadi

o

v E
Tafvunanuaumniai idealdamu duy cycle) Imdataiiummailiszuuiiiing 14
o a do = o o ' o
mdandas lddelugdi 2.1 nasaIiitudszduanumuunivuauidenuluszuuuoy

A = [ 4 - [ ar o
nhadslaonfSouisuiuszuvtu 9 Taogiii 2.2 uanadsdnumzvesdyanuadlulamm

nauazuoumMasnuvoIdyIn lulamwunnud

2 Narrowband

2 (30kHz)

a

E Part 15 Limit
3 Wideband CDMA (5 MHz)

3

Y

o UWB (Several GHz) l
:

(=]

=8

Freq.



Time Domain
T T T T T
i &
0.8 B
06} 4 @
g =S
3 K]
= 04 . 3
g -
»
il I
o
a
0.2 4
04 1 il | i i 1 100 1 1 1 1
-3 -2 -1 0 1 2 3 0 2 4 [} 8 10
Time [ns] Frequency [GHz]

1 [ ar o o o as i
3UN 2.2 dnvazvesdygraiad lulawunawazuouiiasuvesdyguluTawunnug

¥ ¥ ¥
watimnuSouifivuszuuiifuma TuTated1a Wi-Fi 130 Bluetooth HAINITNUIITZUY
v ¥
uauningaszlvszdninmmiioniumaTuTaddsnanisdunnuidilunsiudedoya
Y o oa - o ' =1 ar L Vet " -
M3 ldwasnuisindsadnnuanselumsiuddeyaladniunalulagouq Tasszuy
uoundntaeziinanuid lunisiudadoyaqaie 480 Mbps iszuzniallseum 2 wasuaz
A10157 110 Mbps N5zoen19)szu1n 10 wasaaf Idnaundidiady luvmeh wi-Fi
ar L — = ar & dd‘ o _ o
ansosudadioyagagai 54 Mbps tazmnilSuuiiouiy Bluetooth FuifumaluTadiifids
¥ v
Tasuanutivudmiuniovi limodiuyana luilsgiuiuszuvuounhadaeziisnsims
ar L] ] 1 é ar ar 1 A‘
Sudadoyngania Bluetooth 3 100 11 Fadawauisrluszaudinanszuuuouniedia
umaTuladimmezandmivns idaulunsideudegnialiszinnadanruiunianiy

Tuthu (Home Entertainment)

V4 S

i o o ada o
5UN 2.3 anvaznmisiFauginseiiadi@esnelurin



2.2.1 QAIRMYBIITUVIVULOUN NIE
¥ = Yy A - 4 a o o o o
3192na17095 5 VVUDUNIN0INTDIINDY DUWAA (impulse) Wad LAY (short-pulse)

a o g o 4 5 o @ o : .
ayaneit 1319 sy 5008 (non-sinusoidal) Fayayrau s 19 INATUNIH (carrierless) noundia

o o

"
=

a o w o < i o 3 o
87989 (super wideband) MsoaNaduuUeWIDUBYIT I (fast frequency chirp) Y WaTUUY
11Ty (mono-pulse) [8] Fuduszuund mﬂ'uﬁﬁmuhﬁm‘s"umsﬂﬂﬂﬂszqﬂﬁ“l%'“luszun
Jomsonivu
o o W ¥ ay o
- dWuszyuRlinnugudeuriosiaz IAUNUAI
a 3 v 9 a o v A - J ar [
anududeuriesuazdunuiidivesszuuuaunndaiaiunnilevuneanyuziua
o v e &4 ' [ " oa a 4 -

LUUS (baseband) YoamMsdadayanads limioususzuumsdidygainguuuoug Taoi

4 [l o ar o ddaa [ 4
m?mmi)~°nm1sﬁ%’1qﬁtummwaﬁﬁnmmn%wmﬁmmmﬁaumnq TuTamumanaida
annsafiszuninsznonaueenylavsinnnmsmunnuiing gn3enaunisamd
ua:“lufhuvaamﬁwﬁtgfmmfmqﬁuﬂ:rﬂumsﬁumﬁmumummmmuﬂnum"lﬂnnﬂau

a dl 9 o ot ::;ciq [ ] d‘l 9 J
wimietodygia Tl dwouanudniguanyuz lunIsUNINIZNIAAUATNABINI I A
@ ' Vet ¥ a Hdq w4
ﬁﬂgmﬂm%xgmmiﬂsxma"lﬂﬂTﬂuﬂswﬁmnﬂ'mmmﬂ151um'smummﬂmmmﬂnqwu

4 o w 4 e 4
(up-conversion) Az ISINNMAI1HTIVU (amplification) Taolunmsutasnuas (down-
. o = = = = "o A ar ¥V a "
converion) HAZAINAANIIND (local oscillator) 34 T uiuluin3 25 UHVVUOUNITIA T
@ o v @ .. W v =
furlfasanududeuvesszuunazdunulumsnaaadliun
- Hsgavvesdnanulndifvanudyausuniu (noise)
{ipannanununuveandsnudwazdnyuzieniz lumsguinon (pseudo-random)
ar " SR e Y o v a dydw Y ar ar & o Vv

yoadyanadss i Iddyyinuuuounedaiilanyuzsanen Ty IUTUN I Fan 1

m‘sm'mmf'?tymmﬁflﬁmnuazﬂ'aﬂsm;ﬂumnmimamﬁﬁ'uiwmifhf“f'furgmuummu

qd- .

ﬂ'JNEN'LIH1Uﬂ01ﬂlﬂﬂﬂﬁﬂ1‘iuﬂiﬂﬂﬂﬂ‘l.lﬂ»ﬁﬁiUilJ“Iﬂl‘ﬂ‘Llﬂf]‘iuUUﬂﬂNﬂ']’mﬂ'J'ﬂQB"NG] 1109910

ol [y o

ﬂtytymmaa‘s:ummumnﬁaﬁunmsuwsm:mummam‘iuszﬂumﬂizmms:ﬂmm

" . ¥
ar -~ 'oar Y a aM 0 o

FyQITVUNIU (noise floor) W I szVUDUNBINTYIUUVIAUNINGIUAD Ty U

o o v v
FUAIUIALYNAITADENIINMIHITUIVDITZUY
= 3 " A A . o Y A

- fianudumuAeniunainin (multipath) azmsTunIMvesTy U lndiRv.
A o ] ] i o
Tus2 UM NEQAANIENAN (time modulation) taasTiiuTinamuilu T/ dRez i

v o9 g) =1 s w Y =Y 1 a A o‘;‘ a 3) =Y [
msdadeyadaonnuidigaluszdundnioomnnz dadeTurfisniadaldgnisziiuludou
o yq ¥ A A a = a a0 3o - "
voadauvesdlFauluszuunisdemsuvunduinguuuduiad 1 183 mauiininn
™ A ¥y a da o o P A Y A& o YN Vo A aa
szuuia il naziiiesdefinuudianveadyaudainhalem 1 ldiumasinaaunainin
' A re] o P ¥ 3 o Y o " = " P ¥
pt19u7n WoszuuinuuaIannn el 1IN 1IANAIIN NIV DEININAFITINA

" e

» ' " ¥
fumsdadaanauuy hisaifissd v i dyyuuuuiounhadaniimsuegaanianniiu



10

AIWATUNIUADNITUNINTLIWYDIATUNAIWIDNTUUII HATAITTUNIUNTDUNINABAIIN
doygnunnudlndifios1d
- = ) o o o " o q 3
- danwazideagalulasnaidmiumsimuadumiasazmsiszgnalylu

FTUUAAAIY (tracking)

]
ot

¥ @ Y a - ' Yt @ A o dda
ANadnianyuzne lamunaiuauung nieetnan lasnioviisindlunadni

v o ¥ @ = 4 a Ao =
anuniavesdyanaioouing Wununeds ssuusauinguuuuaunadaiinanilu Ty 14H
wanNsonURUITMIzIaziIuna ldedsgndsaiud minnssuua insueniig

» ) ¥V
(global positioning system : GPS) a3z uunduInguuudug dnnadronuanialumsuns
' o Y 2 o q 3w Y a da ° ¥
nsznouiag 148 Soihlddggranuuueunheaniimsuegaanianagminnldamly
¥
o as ] " aa a wa o { =l o

szupisasszordu wulumssiomaeFiauazdfiamsilesnuervainssy wuReanums

Wluadrisazlugaamassumsiimiios udu

Y W ar d'l v .

2.3 NHUBVINVVBITZUUMITANSUVVLAVNINE

A o w " 4 Ay w o J 4 Yy a o da [

dadiAgedianian ldgnimuavulunsdeaisuyuuouningniunnensinass

= 3y & Vet " o ar = ¥ o o o
anudlumildou Faldlingquiinuluansyensm ldwoinuiinisoeansumsinaves
doimualunmsldauginnudvesnna Tuladuounedsnnngiolsnuauvenuznsmn
= 4 ] a = ' o d’ Y : J [] ﬂ y.& 1
smsmsdemsuraaniyewim laonguinuil ldnedsvuediailunianms laslsedn
Ultra-Wideband Working Group (UWBWG) IW9%11n1319591M190ANa33 2111 FCC 15U1AY?
@ g Ya 9 ar A a da 4
aunuluglsiUnldtimsmdennasmstadssnduanuduasmsunsnaeaveInNudINGF
Tuilegiudahitinssmuauouanuddmiumsidauluszuvunounheseluaaniv
AMMUANIATFIUNI INTANWIANLHITHAINY 151 (European Telecommunications Standards

w o 1

Institute : ETSI) Y30 ANNUT INTANUIANTTH N sTIne (International Telecommunication

Union : ITU)

2.3.1 nUelIAvveIsTUUNOUN B luanigeusm

il a.er. 1998 FCC 1apondsemmioaiun13as19e@8uN3® Notice of Inquiry (NOI) lau
a  ya v o) v o w g ¥ [ o Ad4 o o o
fadnz ldmamsaineszauidenuinldlumsdesimdyguniiszdudnnn q udna
v o4 1 YA o a dagy @ Yo "y ° A ¥
daiinguinaiveyuluszuuduiiildausueg ldhmsaedumsiszvunounhaganly

o ar 4 ﬂ‘ = - ar e a
NUEMSUMIAREITVDINAIE BUT VD30N30 1AULINZINUITOINUNITAIANTITDIDINITINY

Ada ' o =

J ar L} -] ' d.
'U‘lJ"l.I‘fNiSﬂ'lJﬂ']iuﬂiﬂﬁﬂﬁiulmﬂﬂ'ﬂﬂﬂﬂﬂﬂgﬂﬂﬁﬂWﬂﬂ D1NITU LOUANND TUNITNTZIY

as w d o o o 4y a o 1
daygraInsiend uovanwdndises Bdmsuaduingnemsimansuazszuy GpS laoi

o = = ' as =
PIANTUIMITNIITUNMIANTTOINTNINGD FAA (Federal Aviation Administration) 1ALAAY



11

auiluvndensunsnasavesdygrunilaeszuunnuiasasulutenisnisiivuas e
d' s d‘l [l Vv 4:'. Y ] Y

malumsduadunoanumiesadsluszuuuaunNedad o Uy

- =t 3 a v ) [ o F a 4 -~

dowma TuTaduountslagniauedmsumainnlyludmsmsdeasvesnaiou
& as "y Yat o o @ e s a o Y 2 T 1 A a4 "
Fega T 1dinmssmualan dwmsvdnvasdygraninld 39 ldinuenuniaisen

v ¥ o 3 o v o &

DARPA (Defense Advanced Research Project Agency) Taviiniseendenimuantunvnila
) o e a & ] 4 [ ' ' [
dmsudyananuunauniti¥ieguuiugusasidmuuuaien B, veadyaulavdes

AMuINN110.25 Tasausanimua ldmuaunisn 2.1 (8]

i S
B[_zfy*’ff. @D

Taoh £ Ao anuddmaauaz £, Aeanudasaavosununnuanlsaulussuuiouniasa
L H u

TuSuit 14 quaiug 3 A 2002 Foc 1Roonngdmiuszuuuaunirutsgauiiums
AMUAYOUIAYBIN SIS NZRIMAIuRTUAniad S uszULIaUN 3198 Hazdieyana
Widhuna TuTasi 19 ludnsmzmamsidndas Tavswaumgavosinlsemaazsziion
mantuinie 1 dimounsaemsrsaan luiud 22 @eummou 1 o, 2002 Feluenas'd
na'nﬁqmsm,!mvm'I‘]’f'ﬂu“luiznmmnn%nﬁqﬁ:q 4 1U52NUATAISHIIMUAYOUVIVANITUNS
nsznondsnudmiumsidhulszinnan q Tavnntivudeduldhimsaasimsiiia B,
13 hilddndn 0.2 mwaumsii 2.1 uazdesiansunsnszaomasnuao Fec Tdumaly

o — o Y 4 -
wuluasied 2.1 dmsuldlumsdemsdoyaninmolunazaouoneims

Il ¥ v
M3199 2.1 Yesnalumsunsnszatenidinulas Fec dmsumslFanulumsdoasna

molunazmoueneins

mu'lumms nuuanN|INIg
AWE [MHZ) EIRP in dBm EIRP in dBm
960 — 1610 -75.3 -75.3
1610 — 1990 -53.3 -63.3
1990 - 3100 -51.3 -61.3
3100 - 10600 -41.3 -41.3
790731 10600 -51.3 -61.3




232 ngdetianuvesszuvuaunNaluglsy

12

TapiiuTaseswvosdadmuaszuunaunedalunidylsdeglusassedeyamanaiian

v ' [ ¥
MuauRAnTENUYBIsTUDNOUN NRBInusEUURN T 9oy TaeniagTsiuuneduves

v
dofmuarzianuaivesmaaniyomin msizmaiuglsthinludiuveana Tulaglmi

3/ v o ' ] v -~ [N -~ 1 a Ao (] Y o a "
ﬂmufma“lnmu’nmwamzwuummia'lnmwamumum)sxumﬂu‘nuagTﬂmjamnﬂmiuws

v .
aszwRIasnudmsuns IFauninmelunazniouenenisniivualae ITU 30 ETSI

v o —
uaaalviviuluaisian 2.2

" . ¥
M319n 2.2 Tesinalunisunsnszeeiasaiules ETSI dmsumsldaulumsiessns

nmulutazmousneins

%9700 [GHz]

F= 3] 3.1< f<10.6 f >106
nolueims -51.3 + 87log(f /3.1) -41.3 -51.3 + 87log (10.6/ f)
MUUDNDINTG -61.3 + 87log(f /3.1) -41.3 -61.3 + 87log (10.6/ f)

- o = S o o o as
Taoluzili 24 uaz 2.5 uaaalimudsmsulSououdedmuamsiiiamnlnasy

AMUDVBITZVVUOUNINTITZHIN FCC uag ETSI moluuagnouonoimsauaiay

40

g &

o
ol

3 &
o @
I T

3
o

UWB EIRP Emission Level in dBm

/ |
/ A
l '_': E.TS_I Indoor \
GPS l "= lI;:'?:';tlndnnr \
Band II \

Vi

10

Frequency in GHz

10

Uf 2.4 Fosmuamsiaanlnasuaiui Tav FCC uaz ETSI veaszuuununintamely

SRR P




13

A
?

A
)

&
?

UWB EIRP Emission Level in dBm
)
[=]

&
a

g
65} / \

an ETSI Portable Limit
For GPS / | — FccoutdoorLimit |\

= Part 15 Limit
sl Band I \

2 . LY
10° 10"

Frequency in GHz

g7 2.5 dodmuaniziiaminaiundwilas FCC wag ETSI vosszuuuauninbniy

HDNDINI

2.4 Unvvesdyanaduszuumsaemsuvutoun b

2.4.1 MINANNUVOITYIUNAUN 1B
¥ R w o o ¥ a o o
duznandadnuazmmng lavi llvosdyarauouniadauaysruuvesdyauudan
[ P ar 4 a ar ] 4 o 3

WssfsatumsdemsuuuuounintuezszuumsIa wu msdemsanusigameluiu
- b o ¢ M a o ¥ ° ' ' - " =<
wioudinsznagUnsaliniovionagsie Tavgunsaiiudsaitauegluyenuiiaad 3.1 09
4 (z ] by ' ' = ° b4 ' :

10.6 GHz Fginsahiuszgnesnuuuive IMuulahiamnsafizihauldmeluoimsminiu

Ay Y o yYw o a4 a4 o w y '
w3odoadniu ldfugUnisivuiaiiote Fevezgminnldludnuuzmsdoamsuvuyanoga
' v ¥ '
Taodns NIz UL N NB9TUABIRINITDONIUNAZATIVTDUINDTUTBININITUNS
. ¥ v
sz 00ATU LB INLUAIANA A 20 dB aan19nszaugegavesdlnasuidmua lideseg
moluauanudvesszuuuaunNats BnMaiuuaianmiosigaia o Muniandind
SEAUIGAVDINITUNINTZIWAIN 10 dB ni a1y 500 MHz Tavszdunousonluws
o o s v e e ° P 4

nsgnemasnudmivdygrauuouauniesniugnimua 13 41.3 dBmvMHz - dalu
Hagriuda hismasguimualdpluuuvesdyaalussuuuouniegs udlaoia hihine:

ar @ o

Y s A ¥ a o - '
snlddumaiaduuumame 19 lums Iinsiiuazannsanazuonitulszianae 9 veq

o o

=
€

=2,

a0 1AAS

2°



14

o d ¢

242 dgyanuvaduuuma

y - A ' 4 o u‘: Sy
szinnvesgUaiuiizondi gUadunuind (Gaussian waveform) 1iulAu191An5AT

= - o - o o o ¢ Ah Ao r ° " o
fnumaadiamansmiouduilsdumd Faddnuuziiunsszalnhlasdudwyvesgy

A o M o o /d aa &
aduuuuimdiuAewaduyumdsaliomiiulawaunis 22 uazuaasgdaauyes

s s

dyauaigln 2.6
y‘\-l (l) = K‘e’(l.’r)z (22)

Taofi —co<r<co, t A0 FIAMNANIININ (time-scaling) 1Az K, iusinafidmuavuia

Time domain

T T T T T
N =
0.8 -
1]
°
=
— - -1
go.s
04 -
0.2 .
0 1 1 1 ] 1
-3 -2 1 0 1 2 3
Time [ns]

Frequency domain

o

-50

1
-
o
(=]

Power Level [dB]
g

g

300 1 L 1 1
0 2 4 6 8 10

Frequency [GHz]

o

= o ¢ s o 4
1 2.6 pdyruaduuumdislulamwunaue: Tawunud

b



a r

243 dyananfaduuumaluluylyia

v @ o a ' 4 v o
aunaduuund 1u1u ' lmAa (Gaussian monocycle) M3 0I380DNDUIINHINOYNUT
y

@ o 4 w d o

uaunilsveavaduuumd laoligduuumuaunish 2.3 uazuaasgddyaiudagii 2.7

Ve, (1) = Kz_—%'e“””’ (2.3)
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wmdhiinduiunnninds ﬁmhmiu.‘lJmﬂﬁ"ume?m'lvlﬁmﬁu'lﬂrﬂu?“f'tyfgm'lﬂﬂﬁﬂﬂizq
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HIUUDIN  (Friis transmission equation)

P YR
ﬁ: G,G, [——} 3.1)

P, e mdanuvosdyyuninla

U o

P fie Midanuvesdyyuiiaiennn
G, 999310 VBITIUDINIAT
G, 0 9a319UWYBINWRINIAT

¥ fo Annuonadude A= %

Taun ¢ fp AT 3x 10° mvs)
£ Ao anudvosdyan (Hez)

d A9 ITUINNITHINNMATILAZNIATY (m)

mmsgideidsnuvesdyanulueinainlanialludrnzaaduilumissvesadiva
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‘§ < 1 s
(dB) auaUNINY

L, =10log(P)-10log(F;)
=32.44+20log( 1) +20log(d)-10log(G, ) —-10log(G,) (dB) (3.2)

{ " ' Y f (L
Taoh d iimiaoidlum uaz £ imisoidlu MHz swnaunistiszwiuldhansgydoves
dyanuvziuauszoznnasmaudveniudyga 903N 3.2 1 2 gaduiianids
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p(d)=-—"~ TAR/MTIUUNT (3.3)
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317 3.2 umasnuiiadyguuuNNNAN (isotropic radiator)
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A - a A o ' A a 4 A ' Y
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T = Ln (3.4)
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drsalueaniainaiu & midu 1 d@un g M1y 8.854 x 10 nielszum
-9
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V(4

I—'h — f]z B ]7[
m, +1 (3.5)
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Tavaumsiiowmanduiusd fe
ro(2)= [ v.(z)v, (1+7)ds (3.23)
wazaumsinumsaguduius fo
r,(7)= J:v, (z)v,(1+7)dt (3.24)
r(2)= [ v (z)v, (1 +7)ar (3.25)

Taon

v, (1) fio deygmuds
-

v,(f) fio dygnanivld

3.4.3.7 MNgABMAINY
| ¥ u’f’ o ° ' A oA
Tuszyumsdems Wmeiudhvinondnvesnissiaesmsuninszaunaune n1sma

msafaamanugadoiidanuvesdygia L loamnmsuwinsznwiusedyy I lay

as

< ar r J o o ar A!' ] o s Iw & &.J ar
W‘i]'liﬂﬂil'lﬂi}ﬂ'i"lﬁ".luiS‘H’JN?Sﬂ‘]Jﬂ'IﬁQQ"Iu‘Vﬂ%ﬂlez55ﬂ1jﬂ1ﬁ~1\ﬂuﬁiﬂ'lﬁ"ﬁﬂiﬂﬂ‘ﬂ')'lﬂllﬂ

wuanslieglumizvveundiua (decibel) Asmaasluaumsi 3.26

v\
L, =20log 40} 8:26)
v, (1)
Taoh

-~ @ o - Y
v, o szAudgygunlyas
- @ - o 9
v feszaudyaaniula

= o _

a o« a : = a0 w
Taolumsdnnzimsgadovesmdanulussuuuaunings PL,, Wussinsaninig

o Hg ¥ ° o — w ¥4 4o
Q'I'IJQQflﬂﬂlﬂﬂﬂfyﬂlu‘lﬂlﬂ1‘lfﬁﬁllﬂ$ﬂ'lﬁqq\1qﬂﬂlU\ﬂﬁfquUu'lﬂlﬂi‘ll.lﬁ“h'ﬁlﬂll;qﬁﬂ‘ﬁu‘ﬂﬂﬂiSUS“'N

@) Taoitioihlauannsi 3.27 uaz 3.28 AuaA

max|v, (¢
PLyyy (d)[dB] =20 108|:;‘;|v—|(1(—3{|)|} (3.27)



35

= 1

Taoluaumsi 327 1asmualivnavesdygpunlsdalinuminu 1 aAniuamnsovay

v
msInu'ldaail

(d)[dB] = -20log[ max|v, (¢,d)|] (3.28)

HWB \

35 ﬂ'liﬂ1ﬁﬂdﬂﬁiﬂﬂ']ﬁﬂ1’iﬂ'§“’ﬂ]ﬂl-lﬂ'lﬂ"l‘iﬂﬂﬂ'ﬂﬂ‘\lﬂﬂﬂ“lﬁ@ﬁﬂﬁl!ﬂﬂlﬁﬂlﬂuﬁ Touh

g (Linear Least-Squares Regression )
A = 1 ay ¥ = rl v o Aq ¥ 3
TunsaninnuiAanaalugadeyai 18 matialumsdszanumilandunlaumuygade

n,: ¥ o 3 "o o
yauvz1¥msunuawua Tiunda g ﬂaa‘ﬁ'agﬂTﬂuﬁanmuﬂ%’ﬂsxmmuu'lumﬁ‘]uv’n’amu

o

[ 4 4 fo A o o
fudeyannyanslugili 3.12 Tﬂums'lﬁ’mcm"ﬂqmmw“l%'tmufqﬂi’fmgauuawnﬂﬂumﬂm

4 = " 3

4 ] = a1 = J z
dunaang qﬂ'Iumﬂmmuqmmunuu w3t lifideRgniinduinaduuminiiy

v
A8 Ad

Fa e ad A dAa '
ﬁQﬂ unang ﬂﬂ'lﬂSULlﬂuﬁiﬂﬂlBMﬁUUﬂ’JUmﬂuﬂu.lilﬂ’lﬁ'P‘I'lN‘FIlSUﬂ’n Least-squares

¥
addad

" [y 1 o o
regression TaouurnaveaIsln ﬂ15ﬁﬂﬂ'lﬂ'J1IJl!ﬂﬂﬂ1\3'§$H'J'N‘i,l’ﬂlluﬁuﬂﬁz‘i‘l.ﬂﬂ“l_lﬂﬁqaﬂﬁﬂ-‘l
(10]

yA y 4

a) b)

i 3.12 2) gadoya b) Heduiilfunuirgadoyalaviilefann iz
3.5.1 Least-Square Regression

3.5.1.1 Linear Regression
@ ' i P ad i ' ¥
mauwﬁa‘lmﬂqmmaﬁ Least-square regression ﬁ'i)ﬂ‘lilmum%ﬂﬂﬂu‘.ﬁ (s ¥y (x5, Yo)s

H ] = - 9 s ¥
L (x.,y) AUIdUATINGENI Linear regression TaoRoudugumsnsinmeans lanail
n yn gr



36
y=a,tax+te (3.29)
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square error)

Taudeu lvvesmsmilanduinaigane

1. Ze, =Z(y, ~-a,-ax,) (3.30)
i=l i=l
A o ¥ o
o n unuswaudeyanmua
4 qyw 1A o ar fo A o w §
[oulyiida himsawedmiuindunlsunudeyasmauaega dwaasluzli 3.13 Tao
3 - & " d o Y1 s A Y A & o
dula q Akugannaeszningaaesganildmdigavesden v ludefinilailugud

q q

NFIZNMIAANAIANNA 1T UNDA

2. zn:leilzilyf_ao_alel (3.31)
i=l

i=]
! Ad e " 5w o A ° = o i
Joulufings luvanedmivieidunldunudeyasuauiye dwanaluzii 3.14 Tandu
" ¥ [ "
assla q Regsgnnaduilszaeaduiivziliitoulvludeassdinidige

3. 8,=)6% =Y (Ve = Yimot) = 2%~ —~ax,) (3.32)
i=]

1=] i=|

4 4 ﬂ,ﬂ i é o ar ar ar ' =
(3ou'lu# 3 T1i50n91 Minimax criterion Funuizaudmuldnunadduiie TaodoAvoans

q L : dao A '
Tou v lumsmilasfuineunugadoyanie vz IdfadduRvanivenlumsunuyadoya

y 4

Z"

0

H d’ d. 4 & r H
U0 3.3 idunldunugadoyaniidesyaldlaeldtoulvludenidisniooiiqa
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v

0 X
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A

31 3.4 iduilFunugadoyaniidye 18 lauitou lvludeansiidnioviiqa

P = ° o o ¥ a9 ¥ ¥ b4 o U w o
Rou lvnmminnmianguduasanlsunugadoya ldTasmsiiwimiaeywus

=4 ar o .:f
MYuUNy a, LA g AU

a= an,y, —Zx,Zy, o
! 2 2 »
nyx - (2x)

(3.33)

&

Il
< |
|
K
= |

e x uaz y APAUNALYEY X UAY y AWAIAY

i - ] ' o o = Q,I‘
TashimanuranaasznInmvesilnduuazdeyassaiuaunsomidon

e=\/li(yj—a—bxj)z (3.34)

a g —

auuAg N Nanad i udoyan 199133 Linear regression Ao

“u

.
3 =

L a1 x diudeyaiimiveu hildmiiquuas hifiawaia
L] 4 c;d ] IJ ¥ oar ' d‘l
2. My Wumatinnunlsdsnuniveunas hivusgiuadu

3. My dmsunAazmved x Imsnsenonuulna

3.5.1.2 Polynomial regression

¥
w

o o 1 ' a o
dmSugadeyovregain immzauiivzunudruduasaiorsidenunugadoyaiudao

aums Ind ludiva Taol43s Polynomial regression
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Aptrarunsunugateyadlvaums Ind hulivamdsaes

y=a,+ax+ax +e (3.35)

o a " ' J o w a
ﬁNﬂ‘iTliJﬂ'liNﬁﬂ\'l‘llﬂ\‘lﬂ')’lilllﬂﬂﬂ']ﬂ‘izﬂ'J'I~3ﬂ1w¢lﬂ‘h’11ﬂu‘{l’ﬂi‘\l'ﬁ‘i]'iﬂlﬂu

S, = ief = i(y, —a,—-ax, + azxf)2 (3.36)

1=l i=]

1¥wmannsiAeINunY Linear regression fionial a,, a,, a, i S, ‘ﬁﬂ"lﬁ‘ﬂuﬁqﬂ

o o = as ¥
HIDYWUTVOI Sr MuunNd a, 'lﬂ

oS
aa; = —ZZ(y’ —a, —a,x, ~azxf)

w o =t @ ¥
moyRuTYes S, 1suiy 4 14

oS
—=-2%'x(y,—a,—ax —a,x’
aal z ( 0 ! 2 )
a o =1 s v
MIDYWUTVDI S, INUUNY q, 14

as,
oa,

= —2Zx,2 (y, —-a, —ax, — azx,z)

ar 'oas o J ar l:!ly
Jaliimisugudnazdagiaeez Idssuvaumsdsdo Ui

(n)a, +(Zx,,)a, +(fo)a2 = Zy,
(X x)a+ (X5 )a +(Xx')a, =2 %, (337)
(X x)ap + (X0 )a +(Xx")a, =2 57,

MsufauMImm a,, a,, a, MAwIsmMsudszvvTuMaFudu lagasmamaums Inalu

= ) £ iy Y = = 0w gy ¥ A i
Foathaduiimmsoldmauns Ind ludivadidala o Aldmeunugadoya

: ° o
y=a,tax+ax’ +..+ax"+e o m Wudwamanlaq
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4.2.2.1 MEIMANVLNIILEG
' 4 P °
A109INAILUNT WS (biconical antenna) iuniialuawermanigminnl4lunisnaaes
Tavliguautianisunsnszauadunuusouad Uy 1A (azimuth) 18AIMIVOIW (gain) BY

Tuaa9 1.5 89 15.0 dBi 3171 4.2 f1 4.3 szuamaldiuda Inssadevesdwenayiiaii (3, 11]

Conical horng

317 4.3 MvoIMALLUNI VY
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4222 MWL IMANUIFUANNINGI
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s2enwd duasemaiannsoasuauesnud 18niafedud 3.1 GHz i 10 GHz
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(vertical) ¥oamwe M lavg 1l 4.4 uag 4.5 uaaaldmiudednuazlnssadiwasgduuums

HWINTZI0AAUYDIAIDINIARNINAIAY

Gain at 5.25 GHz, Theta=0
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(2-Degree polynomial regression model)
aun3veeIna ludvamas 2 oo

y=a+bx+cx’ te (4.2)
Taom
ddy

a,b,c A0 AININNADINIINIIY

' - 1 ' o o =
e Ao manuAanmasznINmTnFulazdoyanis

A o Ay = 9 - -
LUBﬂ'I'HUFI'Qﬂ‘H‘iﬂ‘ilﬂllﬁﬂﬂﬂdﬂ‘l‘i?ﬁ]’liﬂl'l o

£

s ¥ O Wb o (0 1)

LAZAIRANAIAT I (Total squre error) A1
q=Z:(yl—a—AchJ—(.'ch)2 (4.3)
=l

n’: o a d - g . @ o o o o
INUUNINITNIDYWUTUDY (Partial derivative) Mouduamls ab.c awdrwuaauilu

A A o Yy o v =
Rou lumilvmdanaasnniosnga

0g 0 < 2 ) 2

j=1 j=1
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dq "
ab abg(y’ @by mef =<2 3y by —e )= @.5)
6_q Z(yj-a bx, —cx) ——2fo(y1—a—bxj-cx}2)=0 (4.6)
dc Oc'a e

£ Y .
saaumsiny Taoii —2 MiInanana (4.4) 4.5) uag (4.6) w2 ldaumsnilufe

an+b2x +ch -Zy, 4.7)

j=1 J=1

aZx}+bef+ch3=Zx1y’ (4.8)
aZx +be +ch —Zx Y, (4.9)

j=1

TaoaIuITONIAISINNADIVOIAURAVANIVAANAIANAIADA (root mean square error) 8

0N

Z( —a-bx,—cx’) (4.10)

n =

4522 upuiaeimsoneesvearanyulndlubivaias 3

(3-Degree polynomial regression model)
aumsved Ina Tudivaida 3 Tllowde
y=a+bx+cx’ +dx’ te 4.11)
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L -~
HAZATIHANWAIATIN (Total squre error) AB

g=> (y,—a-bx,—cx; —dx})’ (4.12)

)=l

n’: o a da z - " =) [ T |
VINUUNINITHIDYWUTUDY (Partial derivative) munnumuﬂ‘s a,b,c,d mumﬂumuﬁu

d‘ o o Y 1= Y -
NE)N'lﬂ.mﬂﬂﬂﬂ'lHﬂWfﬂﬂ‘i'Jﬂuﬂf_l‘nﬁ.ﬂ

g Z(J’;“’ —bx, —ex] —dx})’ ——ZZ(J’J—G -bx, —cx; —dx;)=0  (4.13)
a =

6q Z(y,—a bx; —cx, —dx3 —ZZx (p,—a—bx;—ex, —dx’) 0 (4.14)
ob b = it

% Z( —a-bx,—cx! —dx})’ =-2) " xj(y, —a—bx, ~cx] —dx})=0  (4.15)
dc oc’: = ;

% Z(y —a-bx, —ex —dx) =-2) Xy, —a—bx, ~ext —dx}) =0 (4.16)
ad ad / = J J

Saaunis vt Tami—2 miseaeana (4.13) (4.14) (4.15) uag (4.16) 32 1daumsna lufe

an+be +ch +de —Z_yJ (4.17)

J= j=l =1

aZx +be +ch +de —Zx 2y (4.18)

;=1 J=1

afo+be;+ch; +dzx}5 =foy, (4.19)

J=1 J=1 J=I Jj=1 J=1

aZx +be +ch +de —Zx Y, (4.20)

i=1

TasansomiAsIniaesvesnundoanuRanmainaaod 1aen

li(yj—a—bxjfcxf—dx:)z (4.21)
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NMsNAABIN 3 N3N 1FaueINIAILUNIILE

gadoyah 1 vearinsanasvessidsnuniuldnsd hifinavinsreneuyudlusses

a4 9 218
(2, 56.849) , (4, 63.766) , (6, 68.002) , (8, 70.301) , (10, 72.988)

3 [
nngadeyavzmiuldin M n=smszaziuieunumalu (4.7) (4.8) iz (4.9) 9214

5

2%,

J

5 5 5
30, Y x?=220, > x; =1800, ) x; =15664
=1 J=1 =1 1=l

5 5 5

>y, =3319, Y x,y,=2069.1, ) xjy, =15494

J= Jj=1 i=

aumainlie
S5a+30b+220c=331.9
30a+ 2205 +1800c =2069.1
220a+1800b +15664c =15494

Taswamasveaaunisna liae

a=49.539, h=4.1686, c=-0.18566

910 (4.10) S INNADIVOIAURAVANUAANIIAMAITDIAD

e= li(y}—a—bx‘-cxf)z =0.44217
nia

d' U o - Y A
Weunumaalu @.2) 1 lduuudasamsonnsoFudune

y=49.539+4.1686x —0.18566x" +0.44217
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M3NARBIN 3 N38 1FM e INMALLILNTIE

gadoyan 2 ¥0afInsannueamdeuiisy 1dnsdiinannsesmouyudlussoran q

2214
(2.71.44) , (4,74.978) , (6,75.949) , (8, 76.977) , (10, 75.951)

< 1 " u’: g v
nngadoyaniin & a1 n= s mazaziudounumiaalu 4.7) (4.8) uaz (4.9) wwld

Zsl:x,:m, 35 =220, 3% =1800, 3 x! 15664
y=

J=I Jj=1 J=1

5 5 5
Yy, =3753, Y.xy, =22738, D xjy,=16741
i=1

Jj=1 J=1

aumsialife
Sa+30b+220c=3753
30a +220b +1800c =2273.8
220a + 18005 +15664¢c =16741

Taonamavveaumsni hlie

a=67217, b=2.4948, c=-0.16198

910 (4.10) MIINNTDIVDIRUNAIANUAANAIAMAINDIAD

e= li(yJ —a—bx, -r:ch.)2 =0.26329
n

=l

A ' v ° - -
11]0![7114?113@1“ (4.2) '031?\llﬁ']_li]'lﬂﬂiﬂ'liﬂﬂﬂf)ﬂl‘lﬂlﬁuﬂﬂ

y=67.217+2.4948x —-0.16198x" +0.26329
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N1INANDIN 3 ﬂﬁm1'ﬁﬁ’|ﬂﬂ‘]ﬂ'lﬁllﬂ'ﬂlﬁuﬂ?u 1NaN

yadoyah 1 wpaAn1sanavessidanuiiuidnsd hitinavinsemuonyudlusses

e ezld
(2, 58.416) , (4, 64.045) , (6, 67.739) , (8, 70.731) , (10, 72.819)

nngadeyasiudh m o= s mnzaniudeunuiaslu @.7) @.8) uaz 4.9) 9218

Tx =30, S =220, 3 ¥ =1800, Y x! =15664
J=1 =l

J=1 J=1

5 5 3
Sy, =3319, Yxy, =2069.1, D> xjy, =15494
J=1

J=1 J=1

aumsinllie
5a+30b+220c=333.75
30a+220b +1800c =2073.5
220a + 1800b +15664¢c =15506

Taonamasveaaumna llae
a=5221, b=3.4426, c=-0.136

910 (4.10) MINNABIVIAURALANUAANDIAMAIADIAD

e= —l—z”:(yj—a—bx}.—cxf)z =0.16475
na

diounuaiaslu 4.2) o2 lduuuiiasanisaansudadune

y=52.21+3.4426x—0.136x> £0.16475
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- aq 3 Y @ e
MInaand 3 Nl lFawnmauduaiInal
yadoyai 2 ypamimsanasvpeideauiisu1dnsdilinasinsamonyudluszezing q
w14

(2,71.016) , (4, 73.107) , (6, 76.663) , (8, 76.75) , (10, 76.46)

vingadoyaziiuldin ar n=s5maznziudounumiaslu @.17) (4.18) @19 uaz

(4.20) 914
5 5 ) 5
Y x, =30, 3 x?=220, Y x;=1800, > x]=15664
J=1 =l J=1 =1
5 5 5
Yy, =3753, Y xy,=22738, Y x;y,=16741
=l j=l j=1

aunsn e

S5a+30b+220c+1800d =374
30a+220b +1800c +15664d = 2273
220a +1800b +15664¢ +141600d = 16772

18004 + 15664b +141600c +1312960d =1.3756 10

Taunamasvoaaumina lae

a=68.834, b=0.7265, ¢=0.18949, d =-0.018699

10 (4.21) A3InNaplveIn R oA NURANAIARIAITDIND

e= li(yj —a-bx, —ex; —dxj)z =0.42906
n

i=l

4 ] ° Y 3
deunusiaslu @.11) w2 1duuuiasamioansuFudune

y=68.834+0.7265x + 0.1 8949x* —0.018699x” +0.42906
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Abstract: There are several factors that disturb an Ultra-Wideband (UWB) radio propagation in an indoor environment
such as path loss, shadowing and multipath fading. These factors directly affect the quality of the received signal. In this
Paper, we investigated the influence of the human body shadowing on UWB propagation based on measured wireless channel
in an anechoic chamber. The characteristics of the UWB channel including the transmitter and the receiver antenna effects are
acquired over the frequency bandwidth of 3~11 GHz. The major factors such as the power delay profile (PDP), the angular
power distribution (APD), the pulse distortion and the RMS delay spread caused by the human body shadowing are presented.

Keywords: Ultra-wideband communication, body shadowing, delay spread, pulse distortion

1. Introduction an important parameter.

In this paper, we investigated the influence of the human
body showing on the UWB propagation over the frequency
bandwidth of 3~11 GHz. The experimental channels are
taken in the anechoic chamber to avoid the environmental
effects. However, the characteristics of the transmitter and
receiver antennas are included in the channel. In the ex-
periment, a handmade biconical antenna and the commer-
cial, small-size, low profile antenna developed by Skycross,
are used at the transmitter and receiver, respectively. From
the experimental results, the channel parameters such as the
power delay profile, the RMS delay spread, the correlation
coefficient and the angular power distribution are seen di-
rectly to be affected by the human body shadowing.

Recently, the ultra wideband (UWB) radio technology is be-
coming an interesting topic for the wireless communication.
The UWB system is different from other radio communica-
tion technology. Instead of using narrow carrier frequency,
the UWB transmits the pulse of power which is in the range
of ultra-wide frequency spectrum. The US Federal Commu-
nication Commission (FCC) specifies that the UWB signal
has the frequency spectrum range from 3.1 GHz to 10.6 GHz
[1]. The UWB technology is an ideal candidate that can
be utilized for commercial, short-range, low power, and low
cost indoor communication systems such as Wireless Per-
sonal Area Networks (WPANSs) [2], [3]. Hence, the charac-
terization of an indoor radio channel is very important if we

will use this technology in the realworld. Also, the effect of ey O T %

human body shadowing affecting tothe signal level in the re- *? 2. Investigation Parameters .
ceived part are also considered. Research about the influence 2.1. Time Dispersion

of the human body on the radio channel has been in progress In order to investigate the effects of the human body shad-
for several literatures [4}-16). A recent example of such a re- owing, we considered the time delay of the arrived signal at
search by Welch et al. [4] which detailed the characteristic of the receiver. Multiple reflections of the transmitted signal
the UWB antenna using traditional anechoic-chamber mea- may arrive at Lthe receiver at different Limes, resulting in in-
surement techniques and characterize the power pattern of tersymbol interference (ISI, or bits into one another) which
the UWB antenna with as the human body obstacte in the the receiver cannot sort out. The time dispersion can be
indoor environment. The RF environment is relatively quiet analyzed by using the mean excess delay, .., and the RMS
in the frequency range of interest (1-3 GHz)., Sanchez et delay spread, 7ra., to illustrate the cHects of body shadow-
al[5]detailed their analytical results of human operator ef- ing. The mean excess delay which is the first central moment
fect on the wideband and narrowband channel and Zasowski of |h(¢)]* and the RMS delay spread which is the square root
et al [6] detailed their UWB channel measurements from of the second central moment of |A(t)|? take into account the
3~6 GHz for a body area network (BAN) in the anechoic relative powers of the taps as well as their delays, making it
chamber and an office room. But these researches do not a better indicator of system performance than the other pa-
consider the influence of the human body shadowing on the rameters. The mean excess delay, 7.., is defined as 16)

UWB communication channel by statistical process such as
the mean excess delay, the RMS delay spread elc. are also

219
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Fig. 1. The transmitted UWB signal waveform.
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and the RMS delay spread, 7rma, can be defined by

_ [ hPRdr
’"““\/ (G @

2.2. Pulse Distortion

The pulse distortion is the changing effect of the signal
(shape) when the signal is transmitted to the receiver side.
This factor shows the performance of the matched filter at
the receiver side to maximize the SNR for evaluation in the
UWRB system. For the distortion quantity of the pulse wave-
furin, we will consider the corrclation cocfficient, peg, of the
transmitted and received pulse waveform at an arbitrary an-
gle. The correlation coefficient is defined by °

max |ras(7)|

7 3
max |y/ra(7)ra(7)] @

where rq4(7) is the cross—correlation of two signals describing

the general dependence of one signal with respect to the

other, while the time lag(t) is varied and T is the time period.

The cross-correlation function, ras(7), is defined as [7]
Ryy(7) =‘z(f)y(! - 1:)

= Jim 7 [ st e @

Py =

which ra(7r) and ra(7) are the auto-correlation functions and
can be written as

.Rz(f) = Elzs«(t)xe(t + 7))

= lim % [ i 2(t)x(t + 7)dt. (s)

3. Description of Measurement
3.1. UWB Signal Model
In order to investigate the pulse distortion, the UWB signal
model for transmitted pulse is required. We considered the

YYvyvvyvyvvyryvryy
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Fig. 2. The measurement setup.
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Fig. 3. Top view antenna scti.ing.

impulse radio signal which fully covers the FCC band [1],
3.1~10.6 GHz. The center frequency and the total band-
width were, therefore, set to be fo = 6.85 GHz and f, = 7.5
GHz, respectively. The transmitted waveform assumed in
the simulation is a single ASK pulse with the carrier fre-
quency fo. The parameter tg is set to be 7/fp. To satisfy
the bandwidth requirement of f, the pulse length was set to
be 2/fs (td). Then, the signal is band-limited by a Nyquist
roll-off filter with roll-off factor of 0 (rectangular window)
and passband (fo-£,fo+4). These UWB pulses are nor-
malized by coefficient vo to have the energy of 1 J. Fig. 1
shows the transmitted pulse waveform and its equation is

we(t) = vo exp~ =10/ (/2 G (92 fo1). (6)

3.2. Measurement Setup

The UWB radio channel transfer function is measured as
Sa1 in the frequency domnain by using a vector network an-
alyzer (VINA) operated in the response measurement mode,
where Port-1 is the transmitter port (TX) and Port-2 is the
receiver port (RX). The handmade biconical antenna and
the commercial, small-size, low profile antenna developed
by Skycross Lnc.,(USA) [8] are used at the transmitter and
the receiver, respectively. The biconical antenna with max-
imum diameter of 65.3 mm and length of 37 mmn is used as
the transmitted antenna [9]. Both antennas are placed at a
height of 1.75 im and separation distance of 1 m. The receiver
antenna is placed near the human hody. For each measured
channel, the antenna is rotated in an increment of 5° from
0% to 360° while recording the received power. The mea-

surement is carried out in an anechoic chamber. The setup



15 sketched for the measurement setup and the top view an-
tenna are shown in Fig. 2 and Fig. 3, respectively.

3.3. Experiment Parameters

The uinportant parameters for the experiments are listed in
Table 1. It 1s noted that the calibration is done at the con-
nectors of the cables to be connected to the antennas. There-
fore, all the impairments of the antenna characteristics arc
included in the measured results. The dynamic range men-
tioned in Table.1 is reduced to the output of the RX antenna.
Specified dynamic range for the network analyzer is 100 dB
but the cable losses snip some 20 dB of the dynamic range.
The number of frequency point over the band is set to 1601,
the frequency resolution is 5 MHz per point and the time
resolution is 0.2 p,.

3.4. Signal Processing and Data Analysis

The impulse response of the channel is obtained by perform-
ing the IDFT on the frequency response of the channel. The
frequency domain data is first filtered using a Hamming win-
dow prior to performing the IDFT. This filtering procedure
reduces the side lobes of the impulse response and broadens
the main lobe. Hence, the UWB channel characteristics can
be analyzed statistically.

4. Experimental Results

By using the vector network analyzer, the measured [re-
quency transfer functions with the number of frequency point
of 1601 are taken in the anechoic chamber. The time domain
impulse responses of the UWB channel are analyzed by the
procedures described above. Figures 4 and 5 show the com-
parison of the power delay profile (PDP) with and without
the human body shadowing at the arbitrary angle (0~360°).
From Fig. 5, we can see that the signal is attenuated by the
human body shadowing between 135 and 225 degree, which
is more than the other angles. For Fig. 4, the signal at angles
90 and 270 degree is did not appear because the meander-
line antenna in the receiver side can not receive the signal at
the left and right edges of the antenna.

The comparison of the RMS delay spread, 7,m,., with and
without the human body shadowing at the arbitrary angle
(0~360%).is shown in Fig. 6. From the figure, we can see
that the RMS delay spread of the signal between 170 and
200 degree with peak of 8 ns is more than the signal at an

Table 1. Experiment parameters

Parameter Value
Frequency range 3.0~11.0 GHz
Number of frequency point 1601
Dynamic range 80dB
Tx antenna height L.75 m.
Rx antenna height 175 m.
Distance between Tx and Rx 1.0 m.
Pointing angle 0~360 degrees
Rotation 5" [step
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Fig. 4. The power delay profile of UWB channel without
human body shadowing.
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Fig. 5. The power delay profile of UWB channel with human
body shadowing.

other angle. These results are indicated in the reduction of
data rate of this system in the human body shadowing case.
For the distortion quantity of the pulse waveform in the re-
ceived signal shown in Fig. 7, we will consider the correlation
coefficient of the transmitted UWB signal and the received -~
signal with and without the human body shadowing. From
Fig. 7, we can see that the correlation coefficient of any angle
in both case, is more than 0.6. Fig. 8 shows the APD of the
received signal. We can observe that the delay spread and
the APD of the human body shadowing case are more than
those without human body case, especially for the [ull shad-
owing at the pointing angle of 180°. The signal is attenuated
by 27 dB between 170 and 190 degrees.

5. Conclusion
In this paper, the influence of the humnan body shadowing on
the ultra-wideband propagation channel is investigated. As
the experimental results show, we can observe that the hu-
man body shadowing directly affects the RMS delay spread,
Trwms, the distortion of the pulse waveform at the arbitrary
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Pointing Angle [deg.]

Delay Spread [ns]
The RMS delay spread, Trm., with and without
human body shadowing.

Fig. 6.

.angle in the receiver side and the angular power distribu-
tion of the received signal. These measurement results in-
dicate that while the human body creates the delay spread
increased from 2 ns to 8 ns, the received signal is also atten-
uated by 27 dB between 170 and 190 degree which suggests
that the system performance will depend greatly on the sig-
nal angle of arrival and create the distortion of the received
signal (a little bit) in the case of full shadowing. Hence, the
UWB communication system design must consider the influ-
ence of human body shadowing when high data transmission
rates are required.
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Abstract

This paper presents the impacts of body shadow-
ing on UWB propagation in an indoor environment.
The frequency responses of the radio channel are ac-
quired by using a vector network analyzer (VNA)
over the frequency bandwidth of 3 GHz to 11 GHz.
Consequently, the characteristics of the UWB chan-
pel including the transmitter/receiver antennas, the
environment, and the human body shadowing are in-
vestigated. As the results, the mean excess delay and
the RMS delay spread increase to 32 ns and 24 ns, re-
spectively, in the case of body shadowing. Moreover,
the angular power loss of 24 dB is occurred when fully
shadowing by the human body.

Keywords: ultra widcband (UWB), human body
shadowing, time dispersion

1. Introduction

Ultra Wideband (UWB) technology, a revolution-
ary approach to radio communications, allows sys-
tems to operate across a range of frequency bands
(3.1~10.6 GHz) defined by FCC [1] with negligible
interference to existing systems in that band. This
is because UWB uses very low power spectral den-
sity, while maintaining a high data rate. The UWB
techniques can also provide reliable location informa-

tion, high-resolution imaging and works efficiently in .

a cluttered environment. The UWB technology is an
idenl candidate that can be utilized for commercial,
short-range, low power, and low cost indoor commu-
nication systems such us Wireless Personal Area Net-
works (WPANSs) (2], [3]. Hence, the characterization
of the indoor radio chunncl is very important part, es-
pecially when propagated signal is shadowed by the
human body operated around the transmitter and for
the receiver. Thercfore, the human body shadowing
affected to the signal quality should be investigated.

Recently, the power pattern of the UWD an-
tenna using traditional ancchoic-chamber measure-

ment techniques are proposed to characterize the ef-
fects of body shudowing [4]. While the unalytical re-
sults of human operator effect on the wideband and
narrowband chaunel are presented [5]. Conscquently,
the UWB channel measurements from 3~6 GHz for
a body area network (BAN) in an anechoic cham-
ber and typical office room have been investigated|6].
However, these researches do not consider the impacts
of the human body shadowing over the fully FCC
bandwidth on the angular path loss and the time dis-
persion characteristics.

In this paper, we investigated the effects of the hu-
man body shadowing on UWB propagation in the
indoor environment over the frequency bandwidth of
3 GHz to 11 GHz. Unfortunately, the characteristics
of the transmitter/receiver antennas are included in
the measured channel. In our experiment, the bicon-
ical antennas are used at both the transmitter and
the receiver. In order to investigate the influence of
body shadowing, the channel parameters such as the
power delay profile, the mean excess delay, the RMS
delay spread and the angular path loss for an arbi-
trary angles (0° to 360°) are presented.

2. Description of Measurement and Model
2.1 Measurement Equipment s
. 7
The radio channel measurement system consists of
the vector network analyzer (VNA) model HP-8510C,
the S-parameter test set (HP-8514B), the frequency
synthesized sweeper (HP-83620A), the biconical an-
tenna pair and the personal computer. The VNA is
operated in the response measurement mode, where
PORT 1 is the transmitter port (TX) and PORT 2 is
the receiver port (RX). The biconical antennas with
the maximum diameter of 65.3 mm and the length of
37 mm are used at both the transmitter and the re-
cciver. The antenna has typically an omni-directional
radiation pattern, with a linearly phase response. Ta-
ble 1 lists the main paramncters of Lthe experinents.
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Fig. 1. The measurcment setup.

2.2 Measurement Setup

The UWB radio channel transfer function is mea-
sured as Sy, in frequency domain by using the VNA.
In the experiment, the antennas are placed at the
height of 1.5 m and the separation distance of 1 m
with the vertical polarization. The receiver antenna
is placed pear the human body. For cach ineasured
channel, the receiver antenna is rotated by the incre-
ment step of 5° from 0° to 360° while acquiring the
received power on computer via GPIB interface. The
measurement is carried out in the laboratory envi-
ronment. Fig. 1 shows the measurement setup in the
indoor environment.

2.3 UWB Signal Model

In order to investigate the power delay profile, the
mean delay, the RMS delay spread ,and the
angular power loss, the UWB signal model for trans-
mitted pulse is required. Defining the UWB transmit-
ted signal waveform assumed in the simulation is the
passband rectangular pulse, v(t), which have expres-
sion in time domain [8). The UWB transmitted sig-
nal is set in the full UWB spectrum bandwidth. The
maximum and minimum frequencies are fni, = 3.1
GHz and fpmae = 10.6 GHz, respectively. Then, the

spectral bandwidth is f, = 7.5 GHz. This UWB=

transimitted signal is shown in Fig. 2 and its equa-

Table 1 Experiment parameters.

Parameter Value
Frequency range 3.0~11.0 GHz
Number of frequency point 801
Dynamic range 80 dB
Tx antenna height 1.5m
. Rx antenna height 1.5 m.
Distance between Tx and Rx 1.0 m.
Pointing angle 0~360 degrees
Rotation 5% [step
Antenna gain 0 dDi
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Fig. 2. The transmitted UWB signal waveforin.
tion is

ul(t) = %[ImusiHC(?fml) = FrninSINE(2 mint)],
(1)

where fmin and fra- is the minimum and maximum
frequencies, respectively, f = fmaz— finin is the spec-
tral bandwidth, fo = (fmaz — fmin)/2 is the center
frequency and sinc(z) = sin(xz)/(nz).

2.4 Data Processing and Analysis

The inverse discrete Fourier transform (IDFT) is
used to convert the frequency domain chanmel re-
sponse into the time domain channel response. Ham-
ming window is applied before transformation to
make it easier to locate line-of-sight component of the
signal. This filtering procedure reduce the side lobes
of the impulse response and broadened the main lobe.
Therefore, the UWB channel characteristics can be
analyzed statistically.

3. Investigation Parameters
3.1 Power Delay Profile

The mean relative powers of the taps are specified
by the pawer delay profile (PDP) for the channel,
defined as the variation of mean power in the channel
with delay, thus

© 2

P(r) = E{h(7)1%)

s (2)

where A(t) is the impulse response of the chanuel.

3.2 Mean and RMS Delay Spread

In order to investigate the effects of the human
body shadowing on time dispersion, we considered
the time delay of the arrived signal at the reeciver,
which the multiple reflections of the transinitted sig-
nal may arrive at the receiver at different times, this
can result in intersymbol interference (ISI, or bits into
one another) which the receiver cannot sort out. The
time dispersion can be characterized by using the
mean excess delay, 7,,, and the RMS delay spread,

nsdszyuinnemiaimnssu i adafi 27 (EECON-27) 11-12 ngainiwu 2547 uv.
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Trms, to illustrate the effects of human bedy shadow-
ing. The mean excess delay which is the first cenrral
moment of |A(t)]* and the RMS delay spread which
is the square root of the sccond central mowment of
[h(t)]* take into account the relative powers of the
taps as well as their delays, making it a better indica-
tor of system performance than the other parameters.
The mean excess delay, 7m, is defined as [7]

o7 I Pdr
™= B ©

and the RMS delay spread, 7., can be defined by

Jo~ (= T)? - IR(r)Pdr
o h@Rar

Trms =

(4)

3.3 Path Loss

The UWB path loss PLyw g can be defined as the
ratio between the maximum amplitude of the trans-
mitted and received signal waveforms [§]

PLywp(d)|dB] = 20log [_m,:‘:f,)("a)[ !

where v,(0) is the maximum amplitude of the trans-
mitted signal waveform and v, (t) is maximum ampli-
tude of the received signal waveform.

(5)

4. Experiment and Post-Processing Results

By using the VNA, the measured frequency trans-
fer functions with the number of frequency points of
801 are taken in the laboratory environment. The
time domain impulse responses of the UWB channel
are analyzed by the procedures described in the pre-
vious section.

Fig. 3 shows the comparison of the power delay pro-
file (PDP) between with and without the human body
shadowing at the arbitrary angle (0~360°). From
Fig. 3 (b), we can sce that the reccived signal is at-
tenuated by the buman body between 180 and 225
degree, which is more than at the other angle. ~

The comparison of the mean excess delay (7,,) and
the RMS delay spread (Trmis) between with and with-
out the human body shadowing at the arbitrary angle
(0~360°) are shown in Fig. 4 and Fig. 5, respectively.
As the results, we can observe that the mean excess
delay and RMS delay spread of the signal between
120 and 190 degree (in the case of humnan body shad-
owing) with peak of 32 and 24 ns, respectively is more
than that of the signal at the other angle. These re-
sults are indicated in the reduction of data rate of
this system for the human body shadowing case.

The path loss at distance of 1 m between the trans-
mit and the receive antenna, which is included the ef-
fect of the human body shadowing, the environment
effect and the antenna cffect are shown in Fig. 6. As

| Back to main |

Powss dolay profile

Excess deley (na)

(b} with human body shadowing

Fig. 3. The power delay profile of the measured UWB
channel.

Fig. 4. The mean excess delay, 7,,,, with and without
the human body shadowing.

the results, we can see that the human hody shad-
owing are involved the angular power loss of 24 dB
between 150 to 225 degree, which is more than that
of the power signal at the other angle.

5. Conclusion

The channel measurements are performed from 3
GHz to 11 GHz in the laboratory environment. The
measurement results clearly indicate that the human
body shadowing are effected to the time dispersion
characteristics. As the results, when propagated wave
is shadowed by human body, the mean cxcess delay

asUszguininsmaimnssuhibi a5 27 (EECON-27) 11-12 noASmou 2547 uy.
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Fig. 5
oul

The RMS delay spread. 1p,,,,. with and with-
the human body shadowing.

Fig. 6. The angular power loss, with and without
the buinan body shadowing.

and the RMS delay spread increase to 32 ns and 24
ns, respectively. Morcover, the angular power loss of
24 dB is occurred when fully shadowing by the hu-
man body. Therefore, the UWDB communication sys-
tem design mnust consider the effects of human body
shadowing in the real environment when high data
transnission rate is required.
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Experimental Evaluation Scheme of UWB Radio
Propagation Channel with Human Body
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Abstract—This paper presents the evaluation scheme to
investigate the pulse distortion, propagation loss due to
human body shadowing. The matched filter is employed at
the UWB receiver to maximize the SNR. The propagation
loss and matched filter gain of the passband rectangular
pulse are simulated for comparing with the experiment
results. The experimental channcls are taken for several T-R
separation distances in an indoor environment. The
frequency responses of the radio channels are acquired by
using a vector network analyzer (VINA) over the frequency
bandwidth of 3 GHz to 11 GHz. From the results, the
distortion and the propagation loss of the UWB pulse
increase as the T-R separation distance increases, especially
when the fully shadowing is occurred.

Keywords: UWB, pulse distortion, body shadowing

I INTRODUCTION

The world of ultra-wideband ‘(UWB) has changed
dramatically in very recent history. In the past 20 years,
UWB was used for radar, sensing, military communi-
cations and niche applications. A substantial change
occurred in February 2002, when the FCC issued a ruling
that UWB could be used for data communications as well
as for radar and safety applications [1]. Fortunately, the
FCC UWB nmulings went ahead. The concession was,
however, that available power leveélg would be very low, If
the entire 7.5 GHz band is optimally utilized, the maxi-
mum power available to a transmitter is approximate- ly
0.5 mW. This effectively relegates UWB 10 indoor, shor-
range, communications for high data rates, or very low
data rates for substantial link distances. Application such
as wireless UWB and personal area network (WPAN) have
been proposed, with hundreds of Mbps to several Gbps
and distances of 1 to 10 metres. For ranges of 20 metres or
more, the achievable data rates are very low compared

with existing wireless local area network (WLAN) systems.

Hence, the characterization of the indoor radio channel is
very important pan, especially when propagated signal is
shadowed by the human body operated around the

0-7803-9538-7/05/S20.00€2005 IEEE
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transmitter and/or the receiver. Therefore, the human body
shadowing and distance affected to the pulse distortion
quality should be investigated.

Recently, the power pattern of the UWB antenna using
traditional anechoic-chamber measurement techniques are
proposed to characterize the effects of body shadowing [2).
While the analytical results of human operator effect on
the wideband and narrowband channel are presented (3).
Consequently, the UWB channel measurements from 3
GHz 10 6 GHz for a body area network (BAN) in an
anechoic chamber and typical office room have been
investigated [4). However, these researches do not
consider the impacts of the human body shadowing over
the fully FCC bandwidth on the propagation loss and the
pulse distortion characteristics.

In this paper, we investigated the effects of the human
body shadowing on UWB propagation in the indoor
environment over the frequency bandwidth of 3 GHz to 11
GHz. Unfortunately, the characteristics of the transmitter
freceiver antennas are included in the measured channel. In
our experiment, the biconical antennas [5] are used for
transmitter and receiver. In order to investigate the effect
of UWB pulse distortion and the propagation loss under
the real environment condition by with and without human
body shadowing for several T-R separation distances, the
match filter is introduced at the receiver to maximize the
SNR.

1. DESCRIPTION OF MEASUREMENT

There are two possible domains for performing the
channel sounding to measure the UWB radio channel. First,
the channel can be measured in the frequency domain (FD)
using a frequency sweeping techique. With FD channel
sounders, a wide frequency band is swept using a set of
narrow-band signals, and the channel frequency response
is recorded using a vector network analyzer (VNA). This
corresponds to S;; parameter measurement setup, where
the device under test (DUT) is a radio propagation channel



Second, the channel can be measured in the time domain
(TD) by using channel sounders which based on impulse

transmission or direct sequence spread spectrum signalling.

However, UWB technology is proposed for short-range
wireless applications. Therefore, the frequency domain
approach is a good candidate’to measure the UWB channel
characteristics in the indoor environment [6).
A.  Measurement Locarion

The measurement campaign has been conducted in the
conference room at King Mongkut's Institute of Techno-
logy Ladkrabang, Thailand. The walls are made of typical
concrete shielded with an acoustic absorbtion sheet.
Several glass windows are used at the outside walls of the
room. The ceilings are made of chipboard. The doors and
the furniture inside the room are made of wood. The room
is 12 m long, 6 m wide, and 3.5 m high, where the
transmitter and the receiver are located in the same room.

B. Mea.rurerrxentf.:quipnrenu

The radio channel measurement system consists of the
VNA model HP-8510C, the S-parameter test set (HP-
8514B), the frequency synthesized sweeper (HP-83620A),
the biconical antennas pair and the personal computer. The
VNA is operated in the response measurement mode,
where PORT 1 is the transmitter port (Tx) and PORT 2 is
the receiver pont (Rx). The synthesized sweeper was set to
sweep from 3 GHz to 7 GHz and 7 GHz to0 11 GHz with
each sub-band of 801 frequency tones. Thus, the 1601 total
frequency resolutions for the FCC band can be obtained.
The transmitter and the receiver antennas were connected
to the VNA via double-shielded low-loss cables, which
extend the channel length up to 10 m. The limitation of the
dynamic range for the measurement system was 80 dB,
including separation distance between antennas and cable
losses. The biconical antenna has the maximum diameter
of 65.34 mm and the length of 37 mm. The antenna has
typically an omni-directional radiation pattern, with a
linearly phase response. Table I lists the main parameters
of the experiments,

C. Measurement Procedure

The UWB radio channel transfer function is

measured as S;, in frequency domain by using the VNA.

In the experiment, the antennas are placed at the height
of 1.5 m for vertical polarization. The measurements are
made between 2 m to 10 m with intervals of 2 m, which
used pair of the biconical antennas. In the case of
without body shadowing, the transmitter antenna is

fixed and the receiver antenna is moved within the room.

For the body shadowing condition, the measurement
procedure is siniilar to the previous one, but the
propagation between the transmitter and the receiver is
obstructed by the human body.

61y

TABLE 1
EXPERIMENT TARAMETERS

Parameter Value
Frequency Range 3.0~11.0 GHz .
Frequency Resolution 1601
Tx Antesm Heglt 1.5m
Rx Antenna Height 1.5m
T-R Separation 2,46, 8ad10m
Polanzation Vertcal

IIl.  SIGNAL PROCESSING

A UWB Signal Model

In order to investigate the distortion of UWB pulse,
the UWB signal model for transmitted pulse is required.
Defining the UWB transmitted signal waveform assumed
in the simulation is the passband rectangular pulse, v, (1)
which have expression in time domain [7]. The UWB
transmitted signal is set in the full UWB spectrum
bandwidth. The maximum and minimum frequencies are
fun=3.1GHz and f_, = 10.6 GHz, respectively. Then ,
the spectral bandwidth is f, = 7.5 GHz. This UWB
transmitted signal can be express by

v(r) = fL[fmsinc(If_f)—f_hsinc(Zfﬁr)], h

where f and f__ is the minimum and maximum

frequencies, respectively, f, = /... — /... is the spectral
bandwidth, [, =(f +/,.)/2 is the center frequency
and sinc(x) =sin(xx)/(xx).

B.  Data Processing and Analysis

The inverse fast Fourier transform (IFFT) is used to
convert the frequency domain channel response into the
time domain channel response. After that, the pulse
distortion is analyzed by using the correlation coefficient,
which is computed from the received signal of the
measured channel and the received signal of Friis’
transmission channel. Therefore, the pulse distortion due
to the UWB channel characteristics can be analyzed.

IV, FRruS" TRANSMISSION FORMULA FOR ULTRA
WIDEBAND SYSTEM
For the UWB free space channel, the complex form
Fris® transmission formula is used [8]. The transmitting
(Tx) and the receiving (Rx) antennas are considered to be
the isotropic antennas. Then, the free space transfer
function /{1, can be written as
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Fig. 1. Percentage of correlation coefficient with and without
buman body shadowing.

H,(f,d)=———exp(-j2rnfdlic), @)

4z |]]d
= |f1' ———exp(~j2n /L),

where 4 is the transmitter-receiver (T-R) separation
distance, ¢ is the velocity of light and 1, =d/c is the
delayed time. The spectral density function V, s and the

waveform in the time domain v, , and v, of the received

signal can be expressed as
Vilr.d) =v(r)-H.(f.d). 3)
Vi (/,d) =¥.(1)-H,(1.4). @
v (1d) =F {7, (1)}, ©)
¥ (8.d) =F ' {V,. (1. d)}. (6)

where F ™ {.} is the inverse Fourier transform operator
and H, is the measurement channel. At the receiver, the

matched filter is introduced to maximize the (SNR) of the
receiver output, as defined by

NIRRT Naviud)
He ()= m
JLI",.r (f.d’)l df

and for the isotropic case

MU—) o Ji'lﬁ:m(.f-d)

— ®)
Jjj,lm(f.d)l daf
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Fig. 2. Propagation loss of the signal at the matched filter output
(Isotropic) with and without buman body shadowing.

The spectral density function V,;/,V, ., of the signal and

time domain waveform Vg ,V,g,, at the matched filter
output can be written as

er.f(f»d) =V..f(fsd)'Hm(f)- ©
VM,J_(I,d)=V,_,(f.d)-Hmh_(f), (10)
Vies =F Vg, (£2d)}, an
Vigsse =F ' (Vs (/. )}- (2)

Defining the UWB propagation loss, PL , as the
maximum amplitude of the output signal waveform of the
matched filter. Therefore, the UWB transmission loss in
dB can be derived as

PL(d)(dB) =-20log(max|v,])- a3)

Vi Tepresents the signal in the time domain
waveform at the matched filter output.

where

V. T.EXPERIMENT RESULTS

By using the VNA, the measured frequency transfer
functions with the number of frequency points of 1601 are
taken in the indoor environment. The time domain impulse
responses of the UWB channels are analyzed by the
procedures described in the previous section.

The UWB pulse distortion due to the human body
shadowing for several T-R separation distances by using
the biconical antenna is investigated. Fig. 1 shows the
percentage of the correlation coefficient in with and
without human body shadowing case by using biconical



<

Propagation Loss [dB]

Fig. 3. Propagation loss of the signal at the matched filter
output (Optimum) with and without human body shadowing.

antennas for each T-R separation distance. The distortion
of the received signal from the measured channel can be
observed when compared with the received signal from
Friis’ channel. As the results, the correlation coefficient of
with human body case decreases from 21.4% to 9.65% and
without human body case decreased from 73.96% to
33.77% at the distance of 2 m to 10 m. Table II list that the
maximum, average and minimum values of the correlation
coefficient in two case, respectively.

Fig. 2 and Fig. 3 show the propagation loss of the signal
in the with and without human body shadowing case for
isotropic matched filer and optimum matched filter,
respectively. From the without human body case, we can
observe the propagation loss is increased from 57.86 dB to
73.38 dB for the isotropic marched filter and it is increased

from 55.24 dB 10 63.95 dB for the optimum matched filter. .

In the with human body case the propagation loss is
increased from 72.75 dB to 80.32 dB for the isotropic
matched filter and it is increased from 62.36 dB to 66.03
dB for the optimum matched filter. Table I1I and Table IV
list the maximum, average and minimum values of the
propagation loss of the signal at the output of the isotropic
and the optimum matched filter case, respectively.

VI. CoxcLusiox =

This paper presents the distortion and propagation loss
of the UWB pulse by using the matched filter at the
receiver in the case of with and without human body
shadowing effects in the indoor environment. The
distortion and the propagation loss are investigated by
using the biconical antenna for several T-R separation
distances. The percentage of pulse distortion is determined
by using the correlation coefficient between the received
signal from measured channel and the received signal from
Friis’ propagation. From the results, we can observe the
strong impact of the human body shadowing to the
received pulse waveform and the power level for each

641

distance. Therefore, it must be taken into account for
UWB receiver design to achieve the high accuracy of link
budget estimation.
TABLE Il
PERCENTAGE OF CORRELATION COEFFICIENT

body shadowing || wilbowt body shadowing
Max 21.40 7196
AT, 1549 5208
Min 965 3377
TABLE 111

POWER LOSS OF OUT PUT SIGNAL (ISOTROPIC)

bady shadowing ll Wihout body shadewing
Max [dB] 8032 38
Avt. [dB] s 6138
Min [dB] T2.78 57.86
TABLE IV

POWER LOSS OF OUTPUT SIGNAL (OFTIMUM )

bedy shadowlng || Wihout body shadewinp
Max [dB) 66,01 63.95
Av. [dB) 64.51 59.64
Mia [dB] 6236 5524
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Abstract

This paper presents an evaluation scheme to in-
vestigate the pulse distortion, propagation loss due
to human body shadowing for UWB communication.
The matched filter is employed at the receiver to max-
imize the SNKR. The propagation loss and matched fl-
ter gain of the passband rectangular pulse are simu-
lated for comparing with the experiment results. The
experimental channels are taken for several T-R sep-
aration distances in the indoor environment. The fre-
quency responses of the radio channels are acquired
by using a vector network analyzer (VNA) over the
frequency bandwidth of 3 GHz to 11 GHz. From the
results, the distortion and the propagation loss of the
UWRB pulse increase as the T-R separation distance
increases, especially when the fully shadowing is oc-
curred.

Keywords: ultra wideband (UWB), human body
shadowing, pulse distortion

1. Introduction

The world of ultra-wideband (UWB) has changed
dramatically in very recent history. In the past 20
years, UWB was used for radar, sensing, military
communications and niche applications. A substan-
tial change occurred in February 2002, when the FCC
issued a ruling that UWB could be used for data com-
munications as well as for radar and safety applica-
tions [1]. The band allocated to communications is
a staggering 7.5 GHz, by far the largest allocation
of bandwidth to any commercial terrestrial system.
Fortunately, the FCC UWB rulings went ahead. The
concession was, however, that available power levels
would be very low.

Recently, the power pattern of the UWD an-
tenna using traditional anechoic-chainber measure-
ment techniques are proposed to characterize the ef-
fects of body shadowing [2]. While the analytical
results of human operator effect on the wideband
and narrowband channel are presented in [3]. Conse-
quently, the UWD channel measurements from 3 GHz
to 6 GHz for a body area network (BAN) in an ane-
choic chamber and typical office room have been in-

vestigated [4]. However, these researches do not con-
sider the impacts of the human body shadowing over
the fully FCC bandwidth on the propagation loss and
the pulse distortion characteristics.

In this paper, we investigated the effects of the hu-
man body shadowing on UWD propagation in the
indoor environment over the frequency bandwidth of
3 GHz to 11 GHz. Unfortunately, the characteristics
of the transmitter/receiver antennas are included in
the measured channel. In our experiment, the Mean-
der Line antennas (MLAs) [5] are used for transmit-
ter and receiver. In order to investigate the effect of
UWB pulse distortion and the propagation loss under
the real environment condition, the matched flter is
introduced at the receiver to maximize the SNR.

2. Description of Measurement

There are two possible domains for performing the
channel sounding to measure the UWD radio channel.
First, the channel can be measured in the frequency
domain (FD) using a frequency sweeping technique.
With FD channel sounders, a wide frequency band
is swept using a set of narrow-band signals, and the
channel frequency response is recorded using a vector
network analyzer (VNA). This corresponds to S2;-
parameter measurement set-up, where the device un-
der test (DUT) is a radio propagation channel. Sec-
ond, the channel can be measured in the time do-
main (TD) by using channel sounders which based on
impulse transmission or direct sequence spread spec-
trum signalling. However, UWD technology is pro-
posed for short-range wireless applications. There-
fore. the frequency domain approach is a good candi-
date to measure the UWDB channel characteristics in
the indoor environment [6].

2.1 Measurement Location

The measurement campaign has been. conducted
in the typical conference room. Fig. 1 shows a simple
layout of the room. The walls are made of typical
concrete shielded with an acoustic absorbtion sheet.
Several glass windows are used at the outside walls of
the room. The ceilings are made of chipboard. The
doors and the furniture inside the room arve made of
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Table 1 Experiment parameters

Parameter I Valuc
Frequency Range 3.0~11.0 GHz
Frequency Resolution 1601
Tx Antenna Height 1.5m
Rx Antenna Height 1.5m
T-R Scparation 2,4,6,8Band 10 m
Polarization Vertical

wood. The room is 12 m long, 6 m wide, and 3.5
m high, where the transmitter and the receiver are
located in the same room.

2.2 Measurement Equipments

The radio channel measurement system consists of
the VNA model HP-8510C, the S-parameter test set
(HP-8514B), the frequency synthesized sweeper (HP-
83620A), the MLAs pair and the personal computer.
The VNA is operated in the response measurement
mode, where PORT 1 is the transmitter port (Tx)
and PORT 2 is the receiver port (Rx). The syn-
thesized sweeper was set to sweep from 3 GHz to 7
GHz and 7 GHz to 11 GHz with each sub-band of
801 frequency tones. Thus, the 1601 total frequency
resolutions for the FCC band can be obtained. The
transmitter and the receiver antennas were connected
to the VNA via the double-shielded low-loss cables,
which extend the channel length up to 10 m. The lim-
itation of the dynamic range for the measurement sys-
tem was 80 dB, including separation distance between
antennas and cable losses. Fig. 2 shows the MLA
has the length of 13.6 mm, the wide of 16 mm, the
height of 3 mm. The antenna has typically an omni-
directional radiation pattern, with a linearly phase
response. Table 1 lists the main parameters of the
experiments.

2.3 Measurement Procedure

The UWB radio channel transfer function is mea-
sured as Sy, in frequency domain by using the VNA.
In the experiment, the antennas are placed at the
height of 1.5 m for vertical polarization. The mea-
surements are made between 2 m to 10 m with in-
tervals of 2 m, which the pair of MLA are used. In
the case of without body shadowing, the transmitter
antenna is fixed and the receiver antenna is moved
within the room. For the body shadowing condition,
the measurement procedure is similar to the previous
one, but the propagation between the transmitter and
the receiver is obstructed by the human body. The
separation distances between the human body and
the Tx antenna are varied between 1 to 9 m with in-
tervals of 2 m and the Rx antenna is 1 m far from the
obstructed one.

131

g a!e... |
B B |
BE ] el
" A I
& A !
© 3 H i
kd w I B

Fig. 1. Room layout and measurement setup.

Fig. 2. The meander line antennas are used at trans-
mitter and receiver.

3. Signal Processing
3.1 UWB Signal Model

In order to investigate the distortion of UWD pulse,
the UWB signal model for transmitted pulse is re-
quired. Defining the UWB transinitted signal wave-
form assumed in the simulation is the passband rect-
angular pulse, v(t), which have expression in time
domain [7]. The UWB transmitted signal is set in
the full UWDB spectrum bandwidth. The maximum
and minimum frequencies are fmin = 3.1 GHz and
fmax = 10.6 GHz, respectively. Then, the spectral
bandwidth is f, = 7.5 GHz. This UWB transmitted
signal is shown in Fig. 3 and its equation is

w(t) = %U,..usinc(me..t) = fminSINC(2fmint)], (1)

where fmin and fmax is the minimum and maximum
frequencies, respectively, fu = fmax— fmin 15 the spec-
tral bandwidth, fo = (fmax + fmin)/2 is the center
frequency and sinc(z) = sin(wzx)/(xx).

3.2 Data Processing and Analysis

The inverse fast Fourier transform (IFFT) is used
to convert the frequency domain transfer function
into the timne domain channel response. After that,
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Fig. 3. The transmitted UWD signal waveform.

the pulse distortion is analyzed by using the correla-
tion coefficient, which is computed from the received
signal of the measured channel and the received signal
of Friis' transmission channel. Therefore, the pulse
distortion due to the UWB channel characteristics
can be analyzed.

4. Friis” Transmission Formula for
Wideband System

Ultra

For the UWD free space channel, the complex form
Friis’ transmission formula is used [8]. The transmit-
ting (Tx) and the receiving (Rx) antennas are con-
sidered to be the isotropic radiators. Then, the free
space transfer function, Hy, can be written as

H{f.d) = o ep(-j2nfdfd),  (2)
= i SRl ste)

where d is the transmitter-receiver (T-R) separation
distance, c is the velocity of light and tg = d/c is the
delayed time. The spectral density function V, ¢ and
the waveform in the time domain v, ¢ and v, ;_, of the
received signal can be expressed as

Vie(f,d) = Vi(f)- He(f,4d), (3)
Ver,(f,d) = V(f)- He([.d), (4)
ve(t.d) = FH{Vii(f.d)), (5)
veaL(td) = FHV.L(Ld) (6)

where F~'{-} is the inverse Fourier transform oper-
ator and H, is the measurement channel. At the re-
ceiver, the matched flter is introduced to maximize
the SNR of the receiver output, as defined by

V2o - Vii(f,d)

ST W d)Pdf

Hyr(f) = (7)
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Fig. 4. Percentage of correlation coefficient with and
without human body shadowing.

and for the isotropic case,

V2T -V (/. d)
I Ve (S d)df
The spectral density function Vi, Vagp,, of the

signal and time domain waveform vngyr, vmeg,. at
the matched filter output can be written as

Hwur,(f) =

Vuri(f.d) = Vielf.d)- Hue(S), (9)
Wir.(fid) = Vielf.d)- Hura. (f),  (10)
vmrs = FT N {Vargdf.d)}, (11)
e, = F H{Vur (.4} (12)

Defining the UWB propagation loss, PL, as the
maximum amplitude of the output signal waveform.
Therefore, the UWDB transmission loss in dB can be
derived as

PL(d)[dB] = -20log(max|vme]),  (13)
where vpgp represents the signal in the time domain
waveform at the matched filter ontput.

5. Experiment Results

The UWD pulse distortion due to the huinan body
shadowing for several T-R separation distances by us-
ing the MLAs are investigated. Fig. 4 shows the per-
centage of the correlation coethcient in with and with-
out human body shadowing by using the MLAs for
each T-R separation distance. The distortion of the
received signal from the measured channel can be ob-
served when compared with the received signal from
the Friis’ channel. As the results, the correlation co-
efficient of with human body decreases from 21.7% to
7.51% and without human body case decreased from
63.24% to 31.08% at the T-R separation of 2 m to
10 m. Table 2 lists that the maximum, average and
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Fig. 5. Propagation loss of the signal at the matched

filter output (isotropic) with and without human
body shadowing.
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Fig. 6. Propagation loss of the signal at the matched
filter output (optimum) with and without human
body shadowing.

minimum values of the correlation coefficient in two
case, respectively.

Fig. 5 and Fig. 6 show the propagation loss of the
signal for the with and without human body shadow-
ing in the case of the isotropic matched filer and the
optimwn matched filter, respectively. From the with-
out human body case, we can observe the propaga-
tion loss increases from 59.71 dB to 74.42 dB for the
isotropic matched filter and it increases from 55.73
dB to 64.27 dB for the optimum matched filter. In
the with human body case, the propagation loss in-
creases from 71.53 dB to 79.45 dB for the isotropic
matched filter and it increases from 63.66 dB to 67.27
dB for the optimum matched filter. Table 3 and Ta-
ble 4 list the maximum, average and minimum values
of the propagation loss of the signal at the output of
the isotropic and the optimum matched filter case,
respectively.

6. Conclusion

This paper presents the pulse distortion and prop-
agation loss of the UWD pulse in the case of with and
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without human body shadowing effcets in the indoor
environment. The pulse distortion and the propaga-
tion loss are investigated by using the MLAs. The
percentage of the pulse distortion is deterinined by
using the correlation coefficient between the received
signal from measured channel and the received signal
from Friis’ propagation. From the results, we can ob-
serve the strong impact of the human body shadowing
to the received pulse waveform and the propagation
loss. Therefore, it must be taken into account for
UWB receiver design to achieve the high accuracy of
link budget estimation.

Table 2 Percentage of correlation coefficient

body shadowing || without body
shadowing
Max 21.70 63.24
Avr. 13.99 46.57
Min 7.51 31.08

Table 3 Power loss of output signal (Isotropic)

body shadowing |[ without body
shadowing
Max [aB] 79.45 7442
Avr. [dB) 7477 65.01
Min [dB] 71.53 59.71

Table 4 Power loss of output signal (optimum)

body shadowing || without body
shadowing
ax 67.27 64.27
Avr. [dB| 65.71 60.03
Min [dB] 63.66 55.73
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Abstract— 1In this paper, the distortion of ultra-widcband
(UWB) pulse due to the human body shadowing is investigated.
The frequency responses of the radio channels are acquired by
using a vector metwork analyzer (VNA) over the frequency
bandwidth of 3 GHz to 11 GHz The experimental channels are
taken for several T-R separation distances in the indoor
environment. Consequently, the characteristics of the UWB pulse
distortion including the effect of transmitter/recciver antennas
and human body are examined. The pulse distortion is
considered by using the percentage of the corrclation cocfTicient
between the transmitted signal and the received signal. As the
results, the distortion of UWB pulse increases as the T-R
separation distance increases, especially the fully
shadowing is observed.

when

Keywords— ultra wideband (UWB), human body shadowing,
pulse distortion

I. INTRODUCTION

Ultra Wideband (UWB) technology, a revolutionary
approach to radio communications, allows systems to operate
across a range of frequency bands (3.1GHz - 10.6 GHz)
defined by FCC [1] with negligible interference to existing
systems in that band. This is because UWB uses very low
power spectral density, while maintaining a high data rate. The
UWB techniques can also provide reliable location
information, high-resolution imaging and works efficiently in a
cluttered environment. The UWB technology is an ideal
candidate that can be utilized for commercial, short-range, low
power, and low cost indoor communication systems such as
Wireless Personal Area Networks (WPANs) [2]-[3].Hence, the
characterization of the indoor radio channel is very important
part, especially when propagated signal is shadowed by the
human body operated around the transmitter andfor the
receiver. Therefore, the human body shadowing and distance
affected to the pulse distortion quality should be investigated.

Recently, the power pattern of the UWB antenna using
traditional anechoic-chamber measurement techniques arc
proposed to characterize the effects of body shadowing (4]
While the analytical results of human operator cffect on the
wideband and narrowband channel are presented=\cite!05)
Conscquently, the UWB channel measurements from 3$\sim$6
GHz for a body arca network (BAN) in an ancchoic chamber

0-7803-9282-5/05/520.00 ©2005 IEEE

and typical office room have been investigated [6]. However,
these researches do not consider the impacts of the human body
shadowing over the full FCC bandwidth on the pulse distortion
of the received signal. ’

In this paper, we investigated the effects of the human body

shadowing on UWB propagation in the indoor environment
over the frequency bandwidth of 3~GHz to 11-GHz.
Unfortunately, the characteristics of the transmilter/receiver
antennas are included in the measured channels. In our
experiment, the biconical antennas [7] and the Meander Line
antennas (MLA) [8] are used for transmitter and receiver,
respectively. In order to investigate the effect of UWB pulse
distortion under the real environment condition, the measured
wireless channels with and without human body shadowing for
several T-R separation distances are considered.

1. DESCRIPTION OF MEASUREMENT

There are two possible domains for performing the channel
sounding to measure the UWB radio channel. First, the
channel can be measured in the frequency domain (FD) using
a frequency sweeping techique. With FD channel sounders, a
wide frequency band is swept using a set of narrow-band
signals, and the channel frequency response is recorded using
a vector network analyzer (VNA). This corresponds to Siy-
parameter measurement set-up, where the device under test
(DUT) is a radio propagation. Second, the channel can be
measured in the time domain (TD) using channel sounders that
are based on impulse transmission or direct sequence spread
spectrum signalling. However, UWB technology is proposed
for short-range wireless applications. Therefore, the frequency
domain approach is a good candidate to measure the UWB
channel characteristics in an indoor environment.

A Measurement Location

The measurement campaign has been conducted in the
conference room at King Mongkut's Institute of Technology
Ladkrabang, Thailand. Figure 1 shows a simple lavout of the
room. The walls are made of typical concrete shiclded with an
acoustic absorbtion sheet. Several glass windows are used at

the outside walls of the room. The ceilings are made ol
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chipboard. The doors and the fumiture inside the room are
made of wood. The room is 12 m length, 6 m width, and 3.5 m
height, where the transmitter and the receiver are located in the
same room.

TABLE . EXPERIMENT PARAMETERS

Values
30GHz-11.0GHz

Parameters

Frequency Range

Frequency Resolution 1601
Tx Antenna Height 1.5m
Rx Antenna Height I5m

T-R Sepatation Distances 2.4, 6,8and 10 m

Polarization

Venical

B Measurement Equipments

The radio channel measurement system consists of the
VNA model HP-8510C, the S-parameter test set (HP-8514B),
the frequency synthesized sweeper (HP-83620A), the biconical
antenna pair, the MLA pair and the personal computer. The
VNA is operated in the response measurement mode, where
PORT 1 is the transmitter port (Tx) and PORT 2 is the receiver
port (Rx). The sweep time of the analyzer depends on the
bandwidth, and on the number of frequency resolution within
the sweeping band. Figure 2 shows the biconical antenna with
the maximum diameter of 65.3 mm, the length of 37 mm and
the MLA with the length of 13.6 mm, the width of 16 mm, the
height of 3 mm. The antenna has typically been an omni-
directional radiation pattern, with a linearly phase response and
antenna gain is specified by the manufacturer. Table I list the
main parameters of the experiments.

C. Measurement Procedure

The UWB radio channel transfer function is measured as
Sy in frequency domain by using the VNA. In the experiment,
the antennas are placed at the height of 1.5 m for vertical
polarization. The measurements are made between 2 m to 10 m
with intervals of 2 m, which used the pair of the biconical
antennas in the first case and used the pair of the MLAs in
second case. In the case of without body shadowing, the
transmitter antenna is fixed and the receiver antenna is moved
within the room while acquiring the received power on
computer via GPIB interface. For the body shadowing
condition, the measurement procedure is similar to the previous
one, but the propagation between the transmitter and the
receiver is obstructed by the human body.

I1I.  SIGNAL PROCESSING

A UWB Signal Model

In order to investigate the distortion of UWB pulse, the
UWB signal model for transmitted pulse is required. Defining
the UWB transmitted signal waveform assumed in thc

simulation is the rectangular passband pulse. v, (!) which
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2m-10m

12m

DOistance between Tx and Rx

Figure 2. The biconical antenna and meander line antenna are used at
transmitter and receiver, respectively.

have expression in time domain [9]. The UWB transmitted
signal is set in the full UWB spectrum bandwidth. The
maximum and minimum frequencies are f. = 3.1GHz and
S = 10.6 GHz, respectively. Then, the spectral bandwidth is

fy = 7.5 GHz. This UWB transmitted signal is shown in
Fig .3 and its equation is

v ()=

f;ﬁ[fmsinc(zﬂ:;r:)—f_.sinc(Zf...')], M

where  f. and

frequencies,

Jow 15 the minimum and maximum

fh fm. ".fu.a

+ £ )12 is the center frequency and

respectively,
bandwidth, [ =(,

1s the spectral
max

sinc(x) =sin(7x)/(7x).



B.  Data Processing and Analysis

The inverse fast Fourier transform (IFFT) is used to convert
the frequency domain channel response into the time domain
channel response. After that, the pulse distortion is analyzed
by using the correlation coefficient, which is computed from
the received signal of the measured channel and the received
signal of Friis
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2 EN E] 0.5 ° 05 1 [ 2

Time [ns]
Figure 3. The transmitted UWB signal waveform.

distortion due to the UWB channel characteristics can be
analyzed. The block diagram of measurement setup used in the
study is shown in Fig. 4.

IV. DISTORTION ANALYSIS

The pulse distortion is the changing effect of the signal
(shape) when the signal is transmitted to the receiver. For the
distortion quantity of the pulse waveform, the correlation
coefficient, p , of the transmitted and received pulse waveforms
for each T-R separation distances is used. The percentage of
correlation coefficient is defined by

(f)
ma\l,f r):

The cross-correlation function between the signal v, (r)

and v, (1) is defined as [10]
b= [l

The auto-correlation functions of signal v, (t)and v, (1)
can be written as

ma).] (2)

(e )

(4)

= Lxr ()v, (1 +r)de

r ()= [ v (), (1),

(5)
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V. EXPERIMENT RESULTS

By using the VNA, the measured frequency transfer
functions with the number of frequency points of 1601 are
taken in the indoor environment. The time domain impulse
responses of the UWB channels are analyzed by the procedures
described in the previous section.

o, ]
_—

Tx- port Rx-porl

HP8510C
Vector Network Analyzer

Computer

GPiB-bus

r———-—-m—-—..-...—-—_——

I
l
I
I

I

| channet frequency | Analysis In software 1
| response program ]
|

1 Channel lmpulse Inverse fast Fourer i
l response trans.(IFFT) 1
; Auto Cross 1
" correlation | correlation 1
| Correlalon :
| coefficient 1
( 1

Poﬂ -processing

Figure 4. Block diagram of measurement system

The UWB pulse distortion due to the human body
shadowing for several T-R separation distances by using
the biconical antennas and the MLAs are investigated.
Figure 5 shows the received pulses by using biconical
antennas for each T-R separation distance without human
body shadowing. The distortion of the received signal can
be observed when compared with the transmitted
waveform. As the results, the distortion increases as the
antenna scparation distance increases. In the case of body
shadowing. observed by using biconical antenna, the
received signals are distorted by the human body and
environment as shown in Fig. 6 Therefore, we can

" observe that the distortion is larger than the received
signals in Fig. 5. Table 1l shows the percentage of pulse
distortion by using biconical antennas for each T-R
separalion distance.

Figure 7 and 8 show the received pulses by using
MLAs for without and with human body shadowing,
respectively. From these figures. we can observe that the
received signal for each T-R scparation distance is
distorted due to the human body shadowing similar to the
previous case. In the case of without human body
shadowing. the distortion of the received signal is
occurred due to environment.
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Figure 5. Received pulses without human body shadowing of 2, 4, 6, 8 and
10 m T-R separation distances, respectively (biconical antenna)

T
. P csdireeeanis .
0.5 1 1 1 1 1 1 1 1 1
4 6 7 8 9 10 11 12 13
0.2 T T T
0
=53 1 y L !
E 12 14 16 18 0
[ Thale T T T T
s OWW
é_o 2 1 1 1 1
J8 1 20 22 24 6
< 02 T — Y T Y T T T
- ettt At S N N
-0.2 1 1 1 1 1 1 1 1 1
ofl—24 25 26 27 2 29 M M n 2
0
0.4 1 1 1 1
30 32 34 36 38 40
Time [ns]

Figure 6. Received pulses with human body shadowing of 2.4, 6,8 and 10
m T-R separation distances, respectively (biconical antenna)

Therefore, the pulse distortion increases as the T-R separation
distance increases. On the other hand, the distortion quantity
can consider by employing the percentage of correlation
coefficient between the received signal and the transmitted
signal waveform. Table Il lists the percentage of pulse
distortion by using the MLA at the receiver.

.

VI. CONCLUSION

This paper presents the distortion investigation of the UWB
pulse in the case of with and without human body shadowing
effects in the indoor environment. The distortion is
investigated by using biconical antennas and MLAs for several
T-R separation distances. The percentage of pulse distortion is
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Fig. 7. Received pulses without human body shadowing of 2.4, 6, 8 and
10 m T-R separation distances, respectively (MLA)
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Fig. 8. Received pulses with human body shadowing of 2. 4.6, 8 and 10 m
T-R separation distances, respectively (MLA)

determined by using correlation coefficient between the
received signal and transmitted signal waveforms. From the
results, we can observe the influence of the human body
shadowing to the received pulse waveform. For example, the
25.09 % of correlation coefficient is observed at the separation
distance of 2 m and became 13.65 % for 10 m by using
biconical antennas. Similarly, the 24.51 % of correlation
coefficient decreases to 16.61 % when MLA is moved from 2
m to 10 m. Therefore, the distortion due to the body
shadowing and environment must be taken into account for
UWB receiver design to achieve the high accuracy of link
budget estimation.
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TABLE 1l PERCENTAGE OF CORRELATION COEFFICIENT (BICONICAL
ANTENNA)
Distance (m) Body shadowing Without body shadowing
2 25.09 83.02
4 17.59 65.07
6 1604 51.94
8 1214 45.05
i 10 1365 35.32
TABLE 111 PERCENTAGE OF CORRELATION COEFFICIENT (MLA)
Distance (m) Body shadowing Without body shadowing
2 24 51 7343
4 18.27 65.81
6 15.07 5461
8 14.03 4367
L 10 16.61 3734
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