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ABSTRACT

Ultra-wideband (UWB) technology is intended to be used in wireless personal arca networks
and home networking, which has any probably obstruct by building material. This thesis proposes the
characterization of UWB pulse and influences of the obstructions on UWB pulse.Vector network
analyzer (VNA) is the main cquipment for the measurement. The results take to analyze the mean
excess delay. rms delay spread and aggregate penetration loss that show the effect of UWDB channel
due to the materials. From the study on the effects of UWB pulse transmission signal through
building material within fully anechoic chamber and indoor environment, glass has the highest
aggregate penetration loss while partition broad has the lowest aggregate penetration loss.
Furthermore. the result is compared to the finite difference time domain (FDTD) model in frequency

range 3-11 GHz. Eventually, the experiment result is corresponds to the simulation well.
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fuagldiimsdedumniiszuuuounistan lFaudimiumsfomsvoamaioudado
a o o 4 & o
SundealavuinezifvadeadumsnianmsainanIsMuYUYeTLAUNMSUNINADA THIDY
ANINlinget1ad1fa oL neuaNud lumsnsznwdyguIniiml  uouANuan
drisea3dmsuaduingneasimansiazszuvy Gps Taviiesdnsuimsmstiuuma
an$3owinm3e FAA (Federal Aviation Administration) 1dliaasnumiuyaAemsunsn
aoavosdguiideszuuanulasassluismsms unaziamalunsduaiufeady
A " n'. ¥ " o
w3oadaluszuuuounnetadiosuiu
diomaluTaduounietaldgniauedmivmanihuniFlufnmsmsdemsves
J o " = ° o o s d. [ 4 L A
waisou ¥ada T 18Imsdmualag dimsudnvardygrianeninn 1% Selaimicsanunis
71%071 DARPA (Defense Advanced Research Project Agency) 1aviiniseanteimuaniiui
&

ar o n‘ A " -4 o« " - o
wiladmivdyanuuuuounintadeguuiugueandiunuuaiand B, veadyy i lay

Aoalinunnd10.25 Tasannsodmualdmuaumsi 2.1 [5]
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Taon £, Ao anuddigaveanouanudnldnulussuy

£, Ao anudgagavesnunuanlFauluszuy

TuSudt 14 quaius 3 ad. 2002 AznsTINEMsmsdemsuvsanizenim 14
aanngﬁm%’mzummvn"a’nﬁﬁuﬂunwf‘imumauwmmmsuﬂs'm:muﬁ?ﬁ'umuﬁnﬁ
nitadmsuszuunouniabe nazdieygaliiduma TuTadi 19 ludnuazmansMisndae
Tavswanuamgavesilszma iazszifioums avufinii Tmoumsdemsisuau uiui 22
@ounmou 1 a.. 2002 Feluenas Hnrinﬁqmsaqa;m'l-ﬁﬂu'lus:uuunun%’uﬁqﬁ"& 4
Uszianuazmsimuaveuuamsuns nsznondanudmiums 1lulszinnan q Tavon
frwdheduldihmsassimsiida 8, Tilidind 0.2s mugums 2.1 wiodvaiims 1y

HOLANUDLINAINSBIMIAY 500 MHz Dnnadadmuanudnalsvesssuuuouniatns

aumsn 2.2 2]

:(fH + /1)

fc >

(2.2)

Taoh /. AeanwdnaavesauanudnlFauluszuunouniiebs
- 40 dedgy ¥ A
fie AnudsIgavenauANanIFIUlusTyUIEUNING

L

£, Aoanudgagaveoua R IFauluszuuuouninags

Josriamaimsnsznemdinulasauznssnimsmsdemsuamnigomim 14

o P [ i o
uerma otuluaisiai 2.1 dmiulFlumsdemsdeyaniimolunazmioueneinis

a3 2.1 Tesinalumsunsnsznidinulasnuznssinimsmsdoasuna

. »
mnsgousmamsums s lumsdeamsiimolunazmousneims [2]

molupims AVUDNDINT

AA [MHz] EIRP in dBm EIRP in dBm
960 — 1,610 -75.3 -75.3
1,610 — 1,990 -53.3 63.3
1,990 - 3,100 -51.3 61.3
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mu'lumms NUUDNDIANTG

AR [MHzZ] EIRP in dBm EIRP in dBm
3,100 - 10,600 -41.3 413
qIn31 10,600 -51.3 -61.3

2.4.2 ndesAuvesszuunaunSbdluglsy

agiulnsesavesdedmuaszuuuounindalundyIseglugaesedoyania

a da [ - a dag Y ' n’:
mauanneINUHANszNUYeszy U UG uus sy wANHE 19iueg TaomagTsihiu

»
T vesdedimuaziaquniveaneaniyewim mszmedglsthiuludiuves

maTuladlmideauansliviuidwansznniornse hidwwaidomosos suuiduiisied Ty

¥ "
dodrianisuns pszRwmasUdmsums lsauninelunaznsuenenisidimualay

ITU 139 ETSI uaasliniuluaisan 2.2

Mmann 2.2 JedinalumsunsnszawidanTao ETSI dmsums 19 lums doaisvia

Mulunazamouensims [2]

%2920 [GHz]
<3 3.1< £<10.6 S > 106
molueims ~51.3+87 |0g(%) -41.3 -51.3+87 lOg(—liﬁ)
NUUBNBING —61.3+87 Iog(3—fi) 414 i I(}ﬁ)

Tavlugiin 24 wazgin 25 waaaliiiiudamsifSouioudedmuanissida

alnasuanutivesszuueuninGaszn enuznssnEmsmsdomsursanigowsnas

ETSI mulunazmeusneimsaudisy
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bbb b

UWB EIRP Emission Level in dBm
o
[=]

GPS
Band

'

~

L
T

= = s ETSI Indoor Limit
FCC Indoor Limit

Part 15 Limit

10

10’

Frequency in GHz

sUf 24 dodmuanisiifamaasunnuid Tasauznssumimsdomsudsanizomim

iax ETSI voeszuvuaunvanilueins 2]

A
)

e b b4

UWB EIRP Emission Level in dBm

a0
o
;

GPS
Band

%
o
:

ETSI Outdoor Limit
FCC Outdoor Limit
Part 15 Limit

10

10

Frequency in GHz

31 2.5 deimuamsiiiaanlnasunnud TavausnssnEmsms domsuvanigomsnm

na ETSI Y9952 UUH0UN 0N 0UBN0IA15 [2]
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3 Vv ﬂ.
2.5 MINAUATYYIMOUNEN
2.5.1 msiannuvesdyaamoun o
qudnpuz Taoi lilvesdygnauouninduazszuyvesdygulsznoudions
domsuvuuounatanazszuumanaaey 1vu msdemsanuiagamoluiiumio
¥ o L= a ' s Y ° ' ' o
udnspiaginsaliniovioniegsne Taoudazginisiiudesmumnsoitnuegluyinnu
o < & ‘o A gqw g 1 4 ¥
#auA 3.1 GHz 04 10.6 GHz ¥agunseiiuszgnesnuuuiieldiilshannsafesinula
a v v o o o & o va o :
moluermsniodoadiiuldfuginsaioug FenezgminnlFludnvazmsdemsuuy
eAega Taodaumsnsznwnaunouni Nt niudeaiinITeonIuLINATNTOUNDITUIBIN
msunsnszoaaulurudianaug 20 dB aawvnszAugIqavesanlnasuiimua
¥ . ¥ 3 ’
1idvangnolunounnuivesszuunauniits dnmissauuudiaindesnganacoy o
ANMUNAINITTAUTIGAYDIMIUNINTZI WA 10 dB TAUNIAY 500 MHz  TauszAvH
fuveulduns nsznomdnudmivdygrauvuuounintaiugnimua’lin 413
dBmMHz  mizaniulumssenuuudyginaunataniuezAsane 1 e wAYITAY
- d. o L] o o é L] 'q
YBAUATANT 10 dB MINTTAUVANUHUMUIOUMSIUIAA (PSD mask) Fuiluraaiiil
) :i Y - d. é a ' o = L]

nuusIAYdooNgauazszAuIuUAIANT 20 dB Fuudumusyminyuluysnusni
nuuniuuaumasnuilFlumsfomsuonnintalaogili 2.6 szuaaaliiuddodiia

Aenan 2]

e i

| PSDmask
| ~41.3 dBmMHz |

10 10d8

20 dB

~~~~~~~ 4—{ PSD mask corner ]

I
fL ’C "l

31 2.6 yanvsanlumsesnnuudyaunounins
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2.5.2 Fsadndygrameuninega
Y o y 4 2 y 4 yaa ' o A ¥
nmsadudygruuounindniummseadieiulaeldiinsaie q duudenly
unassrwdyuduRadnIAINIAYLING HIHIUAINTBIANNALD DT NAMMUARIY
(band-pass filter) #3 D 19 INMIA MUzl vvBsdyy mnouni ez Mmuagareg

o tY Y o o & - ' o Yo

vosdagnu i lymudefimuavesanlnaiy Famadendenie msl¥izmsueqian
wuwi ldvesszuunauing o1us ruumsuAmnAsuAIAITUAT (direct  sequence
spread spectrum :DSSS) H3pszuuiaAmanFuuuAImInluTauAIuE (OFDM) Tavgih
- ﬂ.ﬂ 1 A L] 3 o 1
2.7 namaliiiufanIfaveIszuuRE o1 “rero-UWB” 3904 ULNUFINYDIAINTDINNND

¥ ¥ a o de ° y‘ﬂ Y o o Y A 1:}
umjﬂi:ﬁuﬂiuﬂuwaﬁ%m‘mﬁtlf!'lﬂuﬂ‘lm 1111Jﬂ11.|ﬂ§]'1]8”3ﬂ1]‘“ﬂ‘153“U|lﬂun'TN(N A

(2]

Data pulses Class Bdamped  pa13 pulses.
input Sifnewave output
emissions

Ui 2.7 mndalumsadeszuunouning (2]

¥ »
Tunyusiaesiiidnuuzmmizveaszuuns sAuuLY 13910 (wireless spark system) Hu
U 4 L ’ " _aa é ' r o - o 1 o .
Tudruveunsosdssziiunnasiudoyauuudiaea Fumastiondauduiadidwmia
- 1 o b (d‘ = " l:‘ r -
dunnezgnasl)dmiionaaargunsainGondi “spark gap” 1AUNA1Q 130 “sharpness”
= o ° Y U oo fo da " e
¥9229933 Tsuuugezgadmualiiihulawwavesrnuuaianiunfeminy 500 MHz 1u
\ 4 o @ o v e - 4 o ¥ P g
damveaniessminaniiudinireduszduveaouldganilulamainsesdoya $329931
o o 0 ' 4 a °
ugraaliiudandnmisosnadwvesssuumsdemsuouninndamolddeiimuavosnus

ATFUBMIMITOMITUHIAHTFOUTM

74429
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2.5.3 mysenuuudyananaun g
o o A : J o L o o
lumseonuiudmiudyyianouningaiusziusgiunguazdotisiy Tavszay
msunsnszemasui1dsueyaa Mudedmuavesnuznssunimsms doasums
anizowiny) dmiudygrunaunietgnimualin 413 dBmMHz Aniumasun
' : J e -3 o ;‘ ¥
s sz mamuAEsuA U uvesms IFnumlnasniuininuanuiusdesns 1y
da a - " :i 3 :‘l o Y a v o o -
upusaannaganhiivziu ) 1dmessi Iinanmsunsaszavvesmasmanangaiaz
o " o : o é o o d’ '
Tumsoonuuu Taserfogssvesdgpaniuszilufsifuvenadannuduiusiizey
- a a a _aa ] o
Tugnuaznangiamiaaiuanilasnmanlaayiiod 9ndsmintiswesmsaindygiuuo
A da Y aa ' a o A a - o
nAutanne ¥ dgyanunizlinvesveuyuiganu ilennsanlulawunauniieuny
o 2 . o g o da 4 o P
HarFuduriula (step function) W3oWAdMMABUNTANUUAVLING FIANHUSAINAIIL
S T uAInT o NuERE NI (band-shaping filter) Tavz1di 2.8 sxummaliivudednuus

vosnnuduRusszrIndyana lulawunawa: Tawunnud [2]

Time and delay
differentiation

[ (antenna)
> aa

Time Time

P

Frequency

4

q1fi 2.8 Anudiusszn ATV UYesdyg iU Ad edgguuaun bl (2]
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unassdyausuiadniiusunnileuliiudinsesnnuduuunoua BRI

ithiasndenas TAwalumsaddygrauounfudsdwemadiiulugii 29 2]

Logic circuit /\ //—‘\\
/ %
V)
b \ ’}
/ )\J
~ /
r g

Data

— —

Frequency

311 2.9 enignnnesasini 1o ndyaauouniiebs (2]

‘lu?‘imsﬁmmunﬁafuﬁqmmsnﬁ'qmﬂ:ﬁf‘fﬂumgmunUﬂ’fn?ia?iﬁﬂmugnﬁawfﬂu
111i'nﬁtgiy1muazﬁmnu’waaﬁ'q;q;m'lumﬂna%’uﬂﬂu?iﬁaums:ﬁan:ﬂs"uwmﬁ’a;q,nmﬁn
Wamsfmuanndanamnzay el 1§Fanusaius hims fersandediaves
dygruiadyagiu (base band pulse) AGonNdga ATz aduFIMAIY (rectangular
shaped signal) unudauiarisu r(r) Taoligaguinasdi ¢ =ouaziinnunthanivy 7 #wln

U (picoseconds) Taviitionuiiulyaweaunisi 23 2]

r(t):l, {—%q <%}; 0 elsewhere (2.3)

- : g q' ’ 1 é - o
TavmsmlasSiusves #(r) viuse 1Rdgapauieglulamunnud R(/) Feiiiumiiuly

AWEAUNTN 2.4
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Tsin(#Tf)

R(f)= pr (2.4)

Tugii 210 wamsdennuduiuisznidygiu #(r) uaz R(f) Tavmsulaa

Wi Fawztuhiiei Wdygainnuaumnasinsiei ldadnasuanuanhana

o v

iAo 1wIINsfIruan A Nvesmnasua Nnutua o lumoauves

bd o - 3
mmmuumwafﬂu lﬁllllll’lﬂ'l1ﬂ

4+— T —»

>

T Frequency

- o« w o o w 4 w o
Ui 2.0 AnudiutsnhedyanaluTamunauas Tauuanuivesiad lavmsu/as

Wsis [2]

v A Vv a
2.6 UnuvesF Al UTTLUMIABNTUVVUOUN NG

& A ‘et ° ¥ ¥
Tuilapiudida lutimasgmlumsimuagiiuums lsvesdyapuluszvuueunig
a ¥ o o a ¥ o w  d 4 A 3/ - s A @ oA o
g3 ua lavna Tiiineziou ¥ dygravadusumdime 15lunisainsizy Fawadminn
Jinszidesagmoluuaunnuiivesszuunouniduaziuuaiainioonqada u Aumis
AiNT1IzAUIEATBIMIININTEIWAN 10 dB MiBAY 500 MHz TauszAuiituvouln
unsnsznemdanudmiudyeiuunuuoundndaniugnimualin 413 dBm/MHz

a4 : . . o
annsonvzioniiulszanas q veadyauladail
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2.6.1 Fyanamiaduuuimd
I I " ¥ v
UszimmveszaduiiGond JUnauuuIMd (Gaussian waveform) 114 1Au191AMIN
- a - o - o d o R aw @ . {1 a
Sivumendgiamansmilousuendumd Faldnvauziluniaszainhlavauddyues
: - v d aa
11]ﬂﬁuunmmffuuﬁawaffuumn1ff=u~mumuﬁ'lu'lﬂmufmnﬁ 2.5 [5] uaz@soNaAa

sunduvesdyIMAN 2.11

yo ()=Ke " 2.5)

Tl —o<t<w, 1 AD ANANIIID (time-scaling) taz K, lunnan

Time domain
T T ] T ]
1 -
0.8} -
@
°
E
g.(}.GI- -
0.4} -
0.2 -
0 1 L 1 L 1
-3 -2 -1 o 1 2 3
Time [ns]

Power Level [dB]

300 1 1 1 1
0 2 4 6 8 10
Frequency [GHz]

a o o o ‘- o
51U 2.1 pldaggrawaduummdnalulawunauas Tamunnui [5)
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2.62 duanavaduuumalanlylemna
o o o o - = A A = ’ &
'ﬂ'ﬂ]uiy'lﬂlﬂﬁﬂ’ll'lJlIlﬂ1ﬂTlJT'u1‘Blﬂﬁ (Gaussian monocycle) HIDITUNDNDYINHUIN
w do o & @  d o =] - Y o
pyWusBuAUMTsvaaNaduuumd lasliduuuaiuaumsi 2.6 [5] uazuaagildygnuds
N 2.12

= 2
¥, (1) =K, ?;ie"”" (2.6)

TN o0 <1 <oo, 1 AD ANAMINA UOE K, [HUAININ

Time domain
0.5 T T T T T
041 .
0.3 -
0.2~ 1
o 0.1 -
°
3
= nh
E.m = -
0.2 ~
03 .
D4 -1
05 1 1 1 1 1
-3 2 -1 [} 1 2 3
Time [ns]

1 1 L
[1] 2 4 6 8 10
Frequency [GHz]

L
g

w o o

U 2.12 pddwanaiaduuumd Ty Tulsdana u Tawunaues Tanmnnum (5]
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o

2,63 Fyanavadiuuimdduian

o o o o

=) " é A « o [
FugnuWaduuuMdAUIOn (Gaussian doublet) 3vi3unBNOG 1IN TIBYRUTEUAY

o o

4

o o < a ar [ o
apavpaiaduuumd laodgdiuuawaumsh 2.7 (5) uazuaasgddyanudg i 2.3

-2 205 e
y,, (1) =K, 7{1 ——:)e vl 2.7
T r

Taoh  —w0 <1 <, rADAIMNAMANIA HAZ K, [unInan

12 T T T T T

04 1 1 ; o 1 L
3 -2 1 ] 1 2 3
Time [ns]
Frequency domain
=30 T T T

Power Level [dB]

g
g

Frequency [GHz]

3 213 dgapuiaduuumdavaaialuTawunauaz Tawunnud [5]
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2.7 SEmaegrandyanailsluszuunsdemsuuuneunieda
111mifhf?’tymmuuuunun‘?nﬁ'aﬁ:umuh'nﬁmﬁua@ma'lﬁ'umu?%miﬁﬁun

i 4iegdaoiu 3 35Ae nmisuegaadyyiuiadaiueundgavesdygin (Pulse

Amplitude Modulation) msuaﬂmwﬁaﬁ’uuuﬁnmda (Pulse Position Modulation) HazN13

UBAAAUUVABAN (Bi - Phase Modulation) [2],[4]

2.7.1 MINBGIAAUDUNAYA
MsvegaAdyaIuRAdUOUNARA (PAM) 1uzaguunug umsiisHadyeyiu
foyatuvuiavesdygiunad Taohilugili 2.14 naasdygnaunuunouninngsinimsueg

[PALBUNAYAVBINAT lAvTinanua 4 szay

bt 00 4 bit O1 - bit 10 bit 11
o.s
° W/\(7"
I
©-85 0.5

51 2.14 dygnuivhmsuegaanuunada LA 4 S2AY

2.7.2 MaueglaAmumunHINad
m3ueaadyguNada AUl (PPM) tusziimsdisvadyudoyaniy
Aunuspadyanuwad lashdumisvesdyaruiadn 1sunudygudoyamusolila

aoammiansounniniu Tavhlugili 2.15 uamamsuegaadyg uiadaud wmiy

o o o

2 Awvuadia “0” duvszumuAvivesdygiunadneguasdiumualnd  (Nominal-

Position) waziia “1” vzunudmmianadnegnoudmmislng lasyaananlsziaom

sEnindumisesdyaunsaosdesiimnuinnens: i Ifinamsunsnaeaiuszning

o a

o o
dyuuduNad
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Amplitude

c
TR i
=]

e Y

i

o 0.5

tin nanosecond

Amplitude

25

0S5 1

tin nanosecond

1 2.15 dyanuini s uegraatuURadA LA ML (PPM)

2.7.3 m3vegioanuuasima

¥ ¥
msusgadyaureaminzeguuiugveamaisadygnudoyaniy

” o & o ad o 3 4 a o o o & A
Iﬂﬂ‘lﬂiﬂmﬁg‘]ﬂlﬂaﬂ]ﬂﬂﬂluﬂiﬂiui]:llﬂuﬂﬂngmﬂﬂgaﬂu@ﬂﬂﬁﬁwﬁﬂgﬂﬁnm“ﬁﬂﬂuﬂgﬂﬂﬂu

&4 o L4 Vo a
Famsuegiaadyanuwaduuuaoarmiaaalddgyi 2.16

Amplitude

bit 1

T
e

"
"
"
"
i

o 02 0.4 0.8

tin nanosecond

o.8

Amplitude

bit O
0.8
[} SNSRI SERO L pomeppe T e % - —
B+ N e e s it st —_—
]
'
:
'
o l
[+ 0.2 0.4 o.a 0.8

tin nanosecond

31U 2.16 dygrankiumsueganua I
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2.8.2 szuuIsAs
maTuTagmsdemsuuuuounhssamnzauiunsit ldszgad 19 ussumsany
ada Y s A s do a Y
mswiuma TuTagfiisimdunud mesnssuusafiduszuuidainnudoanisves
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2.9 ayy
> "

Tuunitlanandalsziannuilunveuna Tuladiuoun3136am5e Ultra wideband
: " o =] ar =1 o o 4 ¥ o ow ’ [ 3] ’
AwasAndudaiagiusmnimsimuangus lums 190u deriasdueas 9 Tudnaiusia

q'a' & as o e Y @ e o c; " n,:

AN IFUF R TR UIUUA IR0 VY SERDMAIUTINS NSz 10van 10 Ty
MuuenNeIMs NHMualavesnnsnimNNeITeI01MTU ARLNTIINTNITNIS Ba15 1K
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au3igoIINI (FCC), Ultra-Wideband Working Group (UWBWG) (az @ iufM1uaasgu
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senieszvuounatazmaiinmsinesvesdyau tissdaoanmanuiusialuns
: 4 4 a 44 . 44 4 o W <
uninsznenaunuLaunINGmIenanvuegivauanavu lihivlurunsenizazioo
& a a s A 3/ - L] o ¥ = A
TaFatimsiimes ninerteafio MidaiuveIdyyIu MITsNBUYBITYYIUUATHADUA

AN s ANy asunlad

3.2 YeaFaanumawIniuszuuneun 1o
mm‘iﬂ’lumsémanimﬁfgnpmLlnunﬁ'nfiﬁnawuum’hammﬁniu HUudIAna
anuhigeiioan19na1 (discrete time) HUVUS1ABINAIWTD M3BUVUTIABINARDUAUDIBY
Wad (impulse response model) sznanmuiaemaitmszihuuuiiaesiiinnm
azanuaziolumsuraadnyuzIn Mz Ve ITe d Y IRIOUNT195e AN 1211 A MDY
A Auma sz Mas’ﬁmas’ﬁmjnw'lumﬂ1sa:f§qnaﬁamﬁﬁqﬁmﬁmqmﬁaﬁﬂi‘funaw

@umannniesd lduniesiuegiin 3.1 4]
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»’//—\

) 4
,\‘\Receiver / /

Local / K /
A ! /
scattering ‘r <

Line-of-sight J
transmission 4

514 3.1 nuuitassvesreadygramauninduuunmeinnwluens (4]

s znsiudygunrasdygruiinnddaunisssuineivina ma uaznal
15231 (time  delay) fnandiafu Taouuydiaesii luunuveananlsziaszgnuiisesnilu
1 ﬁ'q r A " : e
Franandng MiSend “bins” Faluudaz bin viuldgrauyalisznenldroesilsznoy
TunAazdruvesdygruuuunarwia Tavanumiluly dveadunsvesdygrunuinn i

4 4 <4 & -
witadumanwly bin Wuszgnuoneen lFnnun Mz auyed bin WusrIuYnY
anuazidoavesdnyuziumizlunsnagemiu q Tavsingnissivesnisiianis
' A an o ¥ o a o

uwsnszoonauunawdmivansonasliiulugdveanumsmandamaaiyauiuly

aukansuupIduaduuy ludeiisswesresdyguAsumIn (3.1) [4]

L-1
h(t)=2 a6 (1-1T,) (3.1)
=0



30

o - o & a 4 4o
Tavh ¢, do ilesomsaameumevinaludumait 1 Faduilaiduveanan
HAZTTITNNITNINIATOIAUALIATOITY
T.  fo anuazduannminieviqaveaiad

I fio $urmwptensneuna1nio

5(1) #e Weidu Dirac delta

3.3 szuvlumInaaeuye sy
msmﬁamimf“r'fgmu1m?mqmmun‘gnfmfuﬁmﬂﬁﬂ“lum‘s naaousy 2 Tamu AB 1YY
usnWmﬂﬁﬂmsn’nﬂﬁmmm?i (frequency sweeping technique) éqmmmmmsnﬂﬁﬂu
yoedyanelulAnuANYd (frequency domain : FD) Fams 193 iinaneuauonaudves
Yosdygnanfummsonadeyldninmsnageumsiiines s, wiedulszAnsmdariu
(transmission ~ coeffecient) én%zgﬂﬁuﬁniﬂmﬂ?aﬁm1:11‘1wsﬂfwuuunnmm" (Vector
Network Analyzer : VNA) tiazluuuyiicesannsonaaeuseadayanululanmnar (time
domain : TD) Tﬂu“l%'m?amﬂaau-ﬁmﬁngapméwq’uuﬁ’ugwium:ﬁqﬁmm1m11uu6uﬁaff
n?aﬁq;ugmuuu DSSS (direct sequence spread spectrum : DSSS) ﬁ?ﬂﬁﬂﬁéﬁﬁﬁllﬂﬂ%:ﬂﬂ
ffaafm'hJﬁa-ﬁaaﬁ’q;tymua:nanenﬁumﬁnﬁaﬁimﬁ'a;apm:gﬂmnauTﬂﬂ%’m?m DSO

(digital sampling oscilloscope) [5]

33.1 mInaaeuvesdyanlulamunN
gUnsaindnlumsaduuaziudygruingieiimsnaaouvosdygiululamwu
e A a ' ] A o o o

ANuMTuAeINT AR IT s NI NNAeS Fudugiasandamsifeaduminacon
n’; o Haq ¥ : ' o . . 4 .
nanualaodyanuinldasnaemiusziunquussdyauuovunuzy)1sa (sinusoid) ¥
MINARABANIUANNENABIMI NI sERRuAuMs 1Fmueimauouniie Taslums
e g & & d ; ” 4 o
$raeaveady unoundniummsaieei 1dludmvesmsiszuanadoyauaziiio1¥
FEnsmaneudyaialulawunud Yranaivesrssdygiuniinsnaaeudsagn

o

¥
° 1 o A o A (] ] o -
fmualinanmesnudou lvvesresdyanulugiimsnnannud Iaviifigagavesnal

M3AMANINAENH1AR TABIIA3 1Y (coherence time) YOI¥OITYY I SWIMMINNAUMY
nnasanivvesesdygaudvedygiuensaiansnldounlasimalumsana
anvadmiunsnlaounlawesvesdyanuiinaiuess i niu §rdealdinaiindims
sudhumhmsassasuimu §41Js=ﬁ'n§mmmms'nﬂﬁau‘luTamumm?ﬁfm:qnﬁmuﬂ

" < ] o A = 1
Taomgagavoananlsziwesresdyyiu Fevouwadmuuveananlssimasiwe 7,
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. . Sdg ' - da o 4 a
musadmualasiugavesnnuanlglumsnnaurazasuaziuuaIan B ¥auoy
AWM (3.2) [4)

z»m:xx =(‘Vsn1p - ])/B 3.2)

Taoh N, o Sugannud
- da a
B fouuuaian

¥ ]

Tumsiszimsnaseudyaiu Iaolinioadinsiziieessisnuunnmesiunai
' v ¥
149 nminanenie narsuTUBINIIANLDYDITRIAYYIWIIIMsnAToUTIMIN: 14
- o o . .
WitoSWnAUILITI (inverse fast Fourier transform : IFFT) msulasdoyaninmsnaaenlu

Tanmunnud ey luziiukansuausstuiadves Tawunadaaaslugii 3.2 [4]

Magnitude

Vector Network
Analyzer

Amplitude

IFFT

Time

51 32 szuumsnamousesdyn i luTamuanuilaonios VNA uazmsufasglamu
nat Taols IFFT [4)
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33.2 manareuyesdyanalulanmunm
lunisnaasvusesdawia luTauuanutmiuldaivisanseiinisnaaoy
gy
" e o AW 1 A Y E &4 aa _aa & a o 3 a '
yoadyuludnyus i hinah 14 (non-stationary) RalivnIsmsniangnmibun 14i50n1ms

naroulu lawunamansalse Tomidmsvssvuuouninta 14

. b d

msnaaouFesdaaInguounats I Tawunaniusziiludnsusmidedyy

- <1 3 o o d e & A o 5 ¥ = oo 1
Tunsmaded Taslewadnlivinaunuung Fuaiesiviuezlvoeasalaalnlnimsqu

» L
HuVAsAea (DSO) TaluuAIAvivesMsnaAaDIIuIzIuBgiUzUs 1Az Teveswad
da v & - o gde a 4 o
719 Fawavesmsasunlasnnunavadiidadwa ldiianis/asunasvesanasy
" ol
&0 ot lsimumseznswdanareuauiduiadvesvesdygaiuddesiimanungy
. ' »

Fyanuwadnl¥divensinvaminadeu Taskamsiiassyesdyanuignaoniuaunson
athsUdygaiadn1FlumsassaeviidnuunsuiRuaiugldyanungminnlFaueis

< o H s
FalnssadndmiunisnaaeuluTawunaniuuaaslugyi 3.3 [4)

Amplitude

ﬂﬁ'l*

| U Time

Impulse generator

Time

Probe Digital sampling
oscilloscope

antenna

Trigger puise

U7 3.3 minamouveady i luTawuna Tas148uiad [4]

d . -
333 W5mes nIslumsinszn
" » v

lunmisdemsuuu ¥ mniuinudesinisuifailedoars q i ldinans
nasumlasszavvesdygna hitnziusyduvesdidsnu nanlszisniiasuileivmai

\ i w i i Wi i ' 5 & aa 4
dawaredyanuisu Idmduiieiimsdedgygrunnmadalidinaivlasnaiiiaiu

» » > v »
A9 ABININIS A IVABVITDIAUAIWITAIINATDUIINIURAN IADINMITNATOY U
” ¥ i a s & ' A ) - - - o can ¥
suiludpninnimsevaiuasuai 9 meimswdransznuniemsiavuinladana
" :v d’d o o [y 5 4 =] ° 9 °
nan Tuda Taoluduaeuiiinnuddgne q fuvuasumsnaceuisiinnuiududoai

9 = Tl aa 3 A - P b A A
anudlsluminidinesai q Minvadeanenamsdinszrngndswanyede1d Tavly

>
o ¥ a =

Wavetiszyonandunmizmslmesndngy q A
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333.1 HOABUAHBININTVBIVBINYL I
A v e v 4 o 4 4y . ¥ q A
wenameuyeadyyIulasldinies VNA Wudsndeaiinnudilefe szunuas
-~ Voa - ] ° T 9 A 3/ o v o
dygu Tavszyufenguiegsiudu Fsmmsomauswiuie IHd 1w mgaganned
AamsuazdyaufoUSinamemunmunseisignoudhgssuuidonh dyyiedmio
doygyraduna (input  signal) ¥oaszuy azeziidyyiusenniodyg uerdina  (ouput
) 4 - 4 & i
signal) FuiluTmmmemenimiieenuininszuy nieiuniHaneumuea (response) Y94
. gd. . 4 w g
szuy Tavmunsouaasudenlaozunsuvesssuudazli 3.5 Fmanevausssanainiuo:
a a ¥ =~ e P Vd A " e - af
WudeilFunasdquauifvesszuy uazninnismageunad 18fAem 1 duts s Anans
1 " o A e o o U i
AW TuYoIT YA Auas iuA s Fun 10 ToumanuE (frequency transfer function :
H(w)) vou¥oadyyiulaoisndudioTouniannuddnaimiveruaaslfiiuis
d. L} ar c: o e lé @ 3 1 1]
HaRBUTUBINNDVOITDITYINUIMIIMIANITANegTszneuduvadyafidaiu
(magnitude) HATHARDUTUBINIUNG (phase response) VoIFy I TavANUFURUTTEN T
mdulszansmsdsiudyanaduilindudisTouvesresdygraniudmuasuauns

(3.3) [6] tnzuaasdsgilii 3.6

Signal Response
EE— System | EEE—
311 3.4 vdenlaozunsuvesszuy
Y (o
S, (@)x H(w)= X((a))) (3.3)
Tau#

Y (o) fio wwnaveaszuylulawunnud

X(w) Ao duyavesszunlulamwuniud
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—_— H(a)) >

5 3.5 anuduiutvesdyyadunauaziednavesszuy luTanmnd

3332 WORBUAHBIDUNDTVOINDIT YR I

wa "o < o WY aa & agda vd
msuaanuaniavesyesdygsniuansoi ldnawds laonialuisntonlsn

£
o

v - o a ¥
A9 MsUARIRILAIHARDUTUBIBUNAT (impulse response) ¥DITzUY TABIGUAUIUIZYD
»
naBIRITInNYBIRIn U YN (impulse function) NBUAIL

@ = o ] o o n'l ar - o A L] o -
FAarsuduwadoz lumbousuAnduni 1) TaoHsnsudunaduamisodntivuuny
o q’

daudydnual 5(r) naziiquaniAdiine

f(t), a<ty<b

ff(r)(f(l o )dt B 0, otherwise

(3.4)

Tavluiii £(r) szdpailuilsdduiiinienion (continuous) HIar =1, 90

aumsh (3.4) uaziedmuald £(r) =1 9214

[ o(c-1,)ar=1 (3.5)

A dqw
1

o e dag . e > = " w y o ' P
91ﬂNﬁﬂﬂQﬂ1'jﬂ1ﬂiT‘lUﬁﬁ4ﬂW1ﬂ‘] HU UHAMINUNUN ﬂlﬁuiﬂi'ﬂllﬁﬂiﬂ’lﬂ‘lﬂ'ﬂu

= ]

Thansvetulu 3.5) senanldhmunldidulfwes 5(r-1) Gf11 mi Tavinla

» » » »
ot = E= ' <o o o Lo e e v

vinmInnlIvustitiousond dmin (weight) veafansusuiadminaniusznuImimin

. >
= dedcd o

»
voafandu 45(r) fawidy 4 mide Henduduiadniniimin 1 mioduisond

1]

Hassuduwadnilaniag (unit impulse function) iianFuduRade: imunsoad1a1desa
Tumalfiaua lumangueziiunumlumsinsizidygianazszuulaomwizmsven
f]mﬁuﬁ'ﬁums:‘uu’é’nrfaﬁ'qnpmﬁuvgwﬁlﬂuﬂqﬁiua“uﬁ'affnﬁmﬁ'szuﬁaqnﬁmm"sumﬁ
nameTuBIduWadvesszuy ¥ dydnuel A(r) unuraRBuTUBIRINIFIHARBAUBA
Suadosszuumns el iudumuvesszuumszanns suenquaniAvess syt 14

- ¥ = a ¥ ' < % S
naz lanmmzidioszuumoldmsnosundussuvmFadulunaouainna (Linear time
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invariance system ) AiN01ANA g(1) voussuuiiianndyyuduna £(r) 1a 9 1iues

annsolivuiuanuduiug1831 3.6 (6]

x( t) h{ t) y(t)

e e

Wi 3.6 Anudiusveadygudunanaziownavessuy lu Tawuna (61

3333 amwindatamsdsziamdany

mﬂﬁmaﬁ'iﬁﬁﬂ;'ﬁ'nﬁmﬁqﬁﬁuuﬁmﬁms1zﬁ|ﬁauﬁm1ﬁlﬁuﬁw:ﬂ“’uﬁﬁw1u
vosdygaiidindimaiufinaim ‘t’;nﬁ’aﬁquﬂm’lﬁlﬁuﬁmans:nuuaqﬁqq1mﬁﬁn1s
ﬂ:'ﬁau'lunmuﬁﬂnNn?ﬂﬁﬁunhﬁ'tynpmnﬂw?ﬁIﬁﬂﬁ):fs‘un’h nmmihdadamsdszia
189911 (power delay profile: PDP) #4#20613409 PDP TRunasdazlii 38 (6] Tavazilu
AuAURuS Sz zAUMaIuvesdy e sy e na it unduar uonsiniug
aunsoh lfnsaniawamsnszamanm (dme dispersion) Surlsznoylide Msilszia
11’1'15@30 (mean excess delay) 118z AN15UAY5239 RMS (rms dealy spread) cﬁwzﬂa'nﬁﬂu

Wavedall

(=]
—

‘! | . RMS Delay Spread = 45 40 ng

Meximum Excess Delay < 10 dB = 84 ns

o
T

Threshold Level = .20 dB |

2 AN 3 ¥ —
gL = T I T WA A

Mean Excess Delay = 4505 ns

Normaglized Received Power (dB Scale)
L
o

-30 ' 1 =i 1 1 1 1 1 ] ]

=50 0 50 100 150 200 250 300 350 400 450

Excess Delay (ns)

3 37 @ednnmmihdadiamsds=Samaanu [6)
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333.4 AINNITENHN
:i L 9 9 1 9/ " o " A ]
9107 13010 AN AU INFUN M UNT NITI0VBITYYIUTENINATDIT AL
iwipasulildnarefiania uazdyanaudazdiutnezdeimhudumandszozma liminu
dygiuundiuenszAumaduduasszninumadwaznady (line of sight : LOS)
o "\ A a = o d 4 o 1 A da 4 a
dygruduiiinez@umiinaiu1ae luvasidygrauaiubuiinsannssnunung
vesiaquaziiamsazfounalonsindieziAun1ataningy dygruine1dnaing
unsnszoivuuni anuad lumsdunvesdyyruusazdiune inailymn
4 .
Bund1 MsuHsE3a (delay spread) W MuADFyannAazdu ARt IgAnIIL T
" e - - O’d’ = - a{ = o P 13 o Y A
iy Tuinedinugil 1dRnsandanmiignilsziween llvesdygaidundininiy salu
» " » v
dauveamsnszaenaniumnsonsr iz lasldmsifimes niduni AundvYoa
a - - ' = -~ v - - -
namlsyiafueenlynnainanfunIea undovoaIn1liz3e (mean excess delay: 7) uaz
U " Ead ‘i " - : o ﬂ’ o o l:'
AMsuAsz33 RMS (rms delay spread: o) #am1s1iimedia 2 Aatigniiv idsaumsi

(3.6) 1az (3.7) AwdAu [6]

Sair, Y P(r)r
— =1 — =l

T

~  n s o (36)
da Y P(1)
=1 i=1
Taon
- -~ v :: =
T fio AunasvoInanlizle
a, Ao szAuveady duNIaN i
A a da d . ¥ 4 .
Z Ao nanlszNNAYUYBITYYIUITUNIIN |

- @ o ar ¥ A =
P(r,)) Ao szAumdanuvesdygnandumah i

o = rz—(;) (3.7)
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Taon

g mle——= (3.8)

3335 MMSgUIdoInMIaIHId
g ) [ . = s o w
AMIPYITVINMITAINIU (Aggregate Penetration Loss) lﬂumsmmainmﬂq;h
- A — M . o o e ar - ' ' s d.
msimszHasmIgadsnnmsdaiuag Ao Masnuvesdyg auiognasriudinaii
iuiaqlaq Tavsmilusasidusyninmdsnumaslunisnameulanlsianiniaquas
o o 4 dao & = o o W o - A o - o
Mdamumaiiiaquunetueg suiussdumdungydolddernudinaniiiuiag

1 »
AIWITNAITUNITN (3.9) AN [7)

M=
M=

P(f,x,) (without material)

[
~

APL[dB] =10log,, (3.9)

Ed
x|k

P(f.x,) (with material)

J=1

5|-|5/-
M=

Taon

M ? MUIUATINNIMINATDY

3 2b

N o $1uIUAYDININD

P} o o Ao ¥
Plf,,x,) Ao midsamniuld

3.4 manfSeuifsumandiamanilagldinamaduiiessivalannuam
S3raanduiiiosidalawunar (;fDTD) 1Hu3TiFduaviidonldmmamanma
aunuimdn i 33 FOTD Tégminaueniausnland (vee) Tl n.e.1966 (8] Fuitudnis
wilshionazazainlunisudilymoyiusvesaunisuundad Tavhldeglugduuy
fania (Discrete) 1aud1a1¥nsaaunu i (E) waznSaaumumimin (H) evims

sulpsrumsmnyiioglulawums duna Ieg lumevvesauylu Tawunaidn
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3.4.1 IIANNNAYDID

= o " 4 o o ad 1 1
SdMmuaaumskadnduiisssitannnsruvaumadsan/asunaslilan

o o o d o o -1 9 o q’
(PLELGEBIE TR R fmmitﬂ‘sa*uamuﬂmnﬁammsm'uuu'lﬂmu [9]

@=“in‘—jm (3.10a)
ot
9D _y. H-7. (3.10b)
ot

o

a4 — w = = @ @ o . —_ — d a o o o - o
Tauvn BoY Jn danudunusny Fuaz Dy JUanudunusny £ Aaunis

(3.11)
B=uH (3.11a)
Jn=p'H (3.11b)
D=¢E (3.11c)
J.=cE (3.11d)
Taoi D fo anumunutiuvesany 1w (Electric Flux Density), C/m’
B 9 AuMuLHuY i an (Magnetic Flux Density), Wb/m’
J.  fp anumunniunszuemmilenima M (Electric Conduction Current), A/m’

[ ] o . § i
- A0 ﬂ‘ﬂu‘l‘lﬂhlﬂﬂllﬂlﬂﬂﬂﬁﬁg‘iﬂf (Equivalent Magnetic Conduction Current),

2

V/im
-~ =] o e d . oqe
J7E T ANy IATUANS (Relative permeability),
£ 9 @0 MDY (Permittivity), Fm
P fio ﬁmm’fmmunutuimﬁnﬂnga (Equivalent magnetic resistivity), {2 m’
o fisanmh (Conductivity), m
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a ad A d e
ANaAUNT (3.10) az (3.11) ﬁ’uﬂiﬂwﬂuﬂﬂﬂ1ilﬂ53'"[1]aUu‘lﬂﬂ'lllnﬁn.la\“l}JﬂW

naalny (3.12) MuUIRAYDIT 111 [8]

@:__I_VXE__'O_E (3.12a)
o H H
9L _ 1o 5-%H (3.12b)
ot £ y7i

a. a, a
vxd=ll 2 9o (3.13)

ox Oy Oz

4, A A

Taut
_ 04, \- s oA =
detVx A= —E?il:-—-—i a,+(%—§é—]av+ ——y——% a: (3.14)
dy oz 0z Ox ox Oy

1ININABT 3 1AN auMT (3.14) ansanszeioaums (3.12) eglugiszuy

aums 3 18 Tuunu x, y uae z 18 luaumsi (3.15) uaz (3.16)

OH, _1 (O, Q. ., (3.15a)
—_— . CAR— - oa
t u\ 0z Oy i
oH, 1 (0E, ©OE
y :__(,;__r_pry).} (3.15b)
o ul\ ox oz
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oF
oH, _1 (% %  y (3.15¢)
t  u\ oy Ox .

oH
o, Ao B o5 (3.16a)
o €\ oy oz
oF
_yzl,(aHx_ﬁ_GEv] (3.16b)
o0 €\ oz ox '

oH

OF, _1 (9%, oH, _p (3.16¢)
o &\ ox oy :

- d& = 4’ ot A o J d’
mnfavestruiuuannuiaiuguyeads FOTD ldsde 11
1 insuddgritsauy e suoimdnu Tamunawazanls Taold
- o o a 3 " = P} ] o " =
aums AT avesuasadumuszudilymieu Ivienufvimiomunumimansunu)
TaolFaumsnau
& A o a a o a /s A o A
o Fuumiousugasaunisduiiniamuusnuis Tunud Wedmuaitouly
v v 5 = s
vourvAveIns £ taz H uunuiveslnsaadiniag
o mslddeyavenia E uaz H v:1dnamavianiimsifauiialavia
& a ] = " = - o ¥ aa ]
WiuRsDN AR 19 sxlinnuiisassdmivlasaainivnalng

o fuauiAiagmaihuaziimanmnsodmualdTasiuiuuuusiaes

[
e W

° ° v Yy ¥ ao
e musmiwuuinesfiidnvuzmmzvewsazauin1d Siiivaanu i
pazaIMAnAAYTY 1y oy H AdudauSnuveuuazyy, auny H
fdousouduadn, mnu £ Tuniniifieguinug, veu naniduadn
2. dilsznouves E uaz H luanlyewila nadiudszneuvesauiy E sxgn
douseudawddnlsznovvesmny A uazyndiuilsznouvesmuin H 9zgndousoy
Fuddmszaouvosmun E dwaaslugil 3.9
o aa 4 o w o A "
o oz'1d3000iwvesmyaniia FalsznenTudrunrddunivoudenu
o o o o o o
AWAABINITYEINII UAd HaznABWITYoIEUIS
- 7 ' A o a o o o o dava o o A
o wavesiinninaanduioasfad mTveyRusalsnlsludduiiums

as ' A o o
:ﬂsmzr‘ﬂuHanNﬁmummnmmmsmm:
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o luns@fiinnuroiiesvesmuduia £ uaz H $1usevdovosiaqiiil
FUAARIIAU HAZTOOADVUIUAVUAUNRAAYDINTA vz TANAINADYDY
mman Wi Tavihideniimsuuadidonlvveuvamnuiisovo
Taoifaims fmuagamoeunazanusudy ldvesiagiuaazdmmia
drlsznouminy dududly (Mesh) nssdmaouyuninyesd wildnuus
msﬂiznwmﬁuﬁmﬁzgﬂmamtﬂwumTﬂsm?uﬁﬁu"lmi‘]uuuvifuﬁu'lﬂ
TaofinuanuaziBuavesa)¥nInuuIAveIMIIUITAALAANY (Lattice)

e Aumvsdiulsznoumuiy E uar H lunsavedtuazmsaniumsnaal

Fuitessrifaunuasnasuuanlszaeumariisaiiu lawnguoumd

A H,
E. .
H. S _
..k +H.
H.
- BE,
H: i SRR E& ............... ﬂ H:
H,
» )

s 38 dumisvesdnlszaeunnmesmui i wasmunuuimanlumisogad

QNUIARAIIIAUAAYEAD (8]
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3. daudsznevvesaun E uaz A lunaezeglumenvesandsen msdiiw
= o d o d Wy ' o_a ¥
au E vanualualsaSeauysaiuazgaiin T lumizsanudimyanaunmz Tavls
Joyavesmuw A miduTiudr lumisganusineniomes deu msdnumuny H
wanpalunyuiraesanlsad vauyssinzgmin3lumizsnnuii Taol§deyavosmuy
— a4 o 4 a da 2 o ' =
E insdnnuin1d manseiwniiszinaiuanasy Tasfimnuaiulszneuvesauin £
- ad < =4 o 1 A 4 oA o 4
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3.4.2 GUMIHAANTUINBA
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AdmualiansluszuuRsayuminauiiaizuuudy (s)
(i, j k) = (isx, jAy, kAz) (3.17)

- - a . a aw
Taok  Ax, Ay uaz Az Ao ariiuiuhuaansas (Latice space) Tunamania x, y

o o i . ° d
uaz zAawdwWu uazi, j uar k Ao AN

aowdmuald 4 fudaddula q vesmsuaznmnyadanialuniauazya

dansalunaigluuuily
p(itx, jAy, kAz,nAt) =y, (3.18)

P - 44 2 i . = N &
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aﬂ . . ﬂf’lw k _ﬂ'n-:/z ik

£ (iAx, jAy, kAz, nAt) = ———1————=L (3.19a)

Bx( 4 ) Ax

gﬁ(iAx, Ay, kAz, nAI) _ Hi g — Hijoink (3.19b)

oy Ay

o ;. . R AR

= (iAx, jAy, kAz,nAt) = =L i, f 3.19

Bz( o ) Az Gl
n+l/2 n-1/2

o ;. . Hi i i j.k
2 (iAx, jAy, kAz, nAL) = —L———L= 3.19d
or (1A ) A1 G150
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x fi.jk
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y |iJ.k
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(3.20b)
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(3.21¢)

a1 7 nasamauin vy



45

H, :j.k = 4 :T:z ‘;H, :Iiz (3.22a)
- H,|"y ;H h 5220
A ull 3 ;H: s (3.22¢)
E 5 = Eufisa ;E’ 2L (3.23a)
E, | = Byl ;E"]:j = (3.23b)
E | = % (3.23¢)
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aumsHaanTuiesdnadmTvuaardulsznevmuuutman i #1188 wanlus

FDTD muiia iy
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H | = D,,l,,,.* H,["+D,|. ) (3.24b)
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(3.24c¢)

(3.25a)

(3.25b)

(3.25¢)

(3.26a)

(3.26b)

(3.27a)

(3.27b)
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Semi-rigid cable
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H. r_nj_m -H, ::uz 1 ﬂ E_-Vr.j+lf2 E, i,j~1/2 (4.22)
\ i) ) Ay
+1/2 12 A1 ) E, :’+h'21 =8, ?-”21
H, [ =H, 7"+ — o (4.2b)
u, Ax
i)
H :':”?—H, ::_4»1.'2 H: :H-I;‘Z -H nfl_lz
E: :’:l ng ij E: :j +Cb|flj A hat < Lo = i i (42C)
Ax Ay
o a 4 o
Taoh ¢, . Gy, UmMAh Aseruns
o, At o, A1
C,|., =[1-= el (4.3a)
! 25‘,._j 25',.J

At
AN 2 1+a"f] (4.3b)
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v ] ¥ = o a 4 o aa ]
unsnszniomdalfednadilszdntnmlavaiednareniims qyido T inven Tamuns
fuunagan ﬁ'mﬂiznmm*umn:qnuﬁwamﬂuﬂauhuuﬁ'ﬂ q A2unufD anIMima
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(4.5)

2

Taof g, Aip AUANUFUYOIBINIAIN (permeability of vacuum), Hm™ ,NA
&, fio AN INUBYDIDINIAIN (Permittivity of free space), Fm'
o fin anmi (Conductivity), S/m

s A - " d . -1
o A9 ANUTYIAUNUMAN (Magnetic loss), {2m
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AnuduRusiu

R(O) = e—za__é'/(3£c) (4?)

4.5.4 MnTimesnivlunsdrnes
wisnimeinddylumssavaaasluasiai 43 Taviiumasduiiadygyiune Tx
uazyAsudya uie Rx 319 11 ugawuus$iasaves FDTD uuuuwundu T™ limanimi

ez an ooy Iivhesiagia 3 wiia Tumsan 4.4 [15)

ﬂ. = s s - s " A o o
MINN 43 mndiwes nanylunisdinsizdraanduiosina Tawunm

mdines m
ANLINAIS 7.0 GHz
ANUBAIYA 3.0 GHz
ANUDYTA 11.0 GHz
S I's [
nuuAananlnasy 8.0 GHz
FTUTNINTENINA W IN A 1.8m
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C 3 MUT
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Tx o

: ° aa o o A
5UN 4.11 1UU$1a03w99IT FDTD dIMSVIVUUAUAAY TM

A1519n 4.4 manwit Wi uazanmoen 1 [15]

¥hiaveadag amminii (o) anmuoenlnvh(¢)
03 0.113 3.30
ufa 0.062 2.86
urnla 0.070 1.70
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anszMuRRAnINMsdidya ui ey Tasdoyamsnagevildezgmirlinswviuas
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517 5.1 HaRBUAUBIBUNARTIgNUDS UOAT |55
M39N 5.1 vinaveaTaquazms gaidonnms dau luiesgatums azvieu
Jag AIUHM wvna (Mux | Magaedeon | msgadson
(em) #17) msasmdag MY
(cm x cm) (dB) (dB/m)
HEuAY 1.0 60 x 60 1.573 21.5730
ALY 1.5 60 x 60 1.667 19.9061
15 35 60 x 60 1.872 16.4313
UHUAY 6.0 60 x 60 2.174 14.3925
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uAUIA? 3.682 3.811 3.735
HHUIYFY 3.798 3.921 3.863
sl 4211 4356 4.299
A 3.656 3.797 3933

4 o .3 1 ] - o 3/
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T 1.3 12 1.2 1.2 1.2 1.22
HAUILTY 1.1 12 1.2 1.2 1.2 1.18
w1 1.5 1.5 1.4 1.5 1.5 1.48
WAL 1.3 1.3 1.3 1.3 1.3 1.30
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Glass

Nomalized Magnitude [dB]

FrequencyiGHz)

Partition

MNomalized Magnitude [dB]

Frequency{GHz)

= o & & J 4 ' o " '
1 5.2 Mdsnuuazvina Fgnusiuead lagaoiigaqaveimsnaaey luiaga1a q(Ae)

M50 5.4 vinaveyTaquasMIgduIINMsdFEIuA LB

Jan ANNTIN IR MIgUITEN | MIGYITBN
(em) (Mxem) M3 MITIHIY
(cm x cm) (dB) (dB/m)
93 55 140 x 200 2.7173 15.3137
ui 1.0 140 x 200 1.2142 21.2142
Ay 55 140 x 200 1.6364 14.2328
urn 1y 1.5 140 x 200 1.5090 19.7481




' a ¥ a a 1 e )
a1 5.5 mmstsziadhdanao sdiga nas mgaganolueins

68

i’aa Min Max Mean
(ns) (ns) (ns)

0§ 9.1861 9.3721 9.2791

e 8.0310 8.0558 8.0434

A 7.9862 8.2034 8.0948

uru1d 7.8946 8.0342 7.9644
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mmsussz3a RMS
‘TﬁQ n%‘:'qi’; 1 (ns) ﬂ%ﬂ?‘l 2 (ns) ni"ﬁ'; 3 (ns) l'hlilgﬂ (ns)

03 2.06 2.60 2.41 2413
uin 0.08 0.09 0.07 0.080
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uru 13 0.35 0.37 0.36 0.360
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(cm x cm) nAaaau (dB) FDTD (dB)
03 5.5x 200 2.7173 5.7232
e 1.0 x 200 1.2142 1.4732
uruli 1.5 x 200 1.5090 2.7684
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Abstraci— UWB system i the one type of several wireless
communication that ean be used in home networking, which
have any probably obstruet by building material Then the
influences of the obstructions are considered. In this paper,
the time dkpersion and pesctration loss are studied The
glass, gypsum, dry wood and partition board are comsidered
the obstruction materink. The channek with these materals
are measured ina fully anechoic chamber by wsing the veetor
network analyzee. The measurement frequency range is set lo
be 3~11 GHz, which eovered the full hand of UWB specified
by FCC. The biconical antennas are wsed for hoth
transmitter and receiver. The time dbpersion and
penetration loss for each malerial are evaluated based oa the
measurement ¢ hanaels. The data of theses results is weful for
considering the UWE link budget.

I INTRODUCTION

Despite its renewed interest during the past decade, ultra
wideband (UWR) has a history as long as radio. In 1998
the resulting first report and order that permtted
deploymert of UWB devices was anmounced on 14
february and released in apnl 2002 Three types of UWR
systems are defined in this report and order: imaging
systemn, commmnication and measuwrement systems. The
Federd Communication Commission (FCC) assigned
bandwidth and spectral mask for indoor and outdoor
commumcations. The UWB signd has the frequency
spectrum range from 3.1-106 GHz [1]. The UWB
characterizes transmission systems with instantaneous
spectral occupancy in excess of 500 MHz or a fractional
bandwidth of more than 0.2. The fractional and occupies
bandwidth are defines as

Fractional bandwidth = 278~ L), 0
Tath
Occupies bandwidth = fy - £1 , (2)
where f; and fy are the lower and upper frequencies

at the -10 dB emission point.
The UWB technologyis an ideal candidate that can be
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utilized for commercial, short-range, low power and low
cost indoor comrnunication systerns such as wireless
personal area networks (WPANSs)[2], [3].

The growing demand for wireless in building networks
(WINS) has prompted researches into propagation
charactenistics of radio signal totally within building
Because of the materials are formed as part of building
Therefore, the charactenistics of building materials ae
studied The characterization of indoor propagation
channel needs to krmow the penetration loss through
though walls, floors and other obstnrtions. The
propagaion within buildings is strongly influenced by
building layout, the construction materials and the building
type. Walls and obstacles made of different matenals
obstruct the signal differently. In general, the penstration
loss depends on construction matenals, frequency,
incidence direction and polarization [4]. Moreover, some
researches present an empincal model that predicts the
building penetraton loss at the 2GHz band for high
elevation angles involved in mobile communications
sarved by high altitude platform stations. The model takes
into account the elevation angle of the specific building
with respect © the positon of the platform. The
penetration Joss is found o be an increasing function of the
elevation angles for a building with concrete wals and
nomal window size [5]. For many researches, the
penetration loss results are measured at the single band o
develop wireless networks in each band and the influence
is studied Thispaper presented information on penetration
loss and time dispersion that measured at 3-11 GHz
describe the characteristics of radio propagation

In this paper, the time dispersion and penefration loss in
materials are studied The glass, gypsum, dry wood and
partition board are considered The charmels with these
materials are measured in a fuly anechoic chamber by
using the wvector network analyzer (VNA) The
measurement frequency range is set to be 3-11GHz, which
covered the full band of UWB specified by FCC. The
biconical antenmas are used for both transmitter (Tx) and
receiver (Rx). The transrmtter-seceiver (T-R) separation
distance is 1.8m. The time dispersion and penetration loss
for each matenial are evaluated based on the measurement



channels. The data of these results is useful for considering
the UWB link budget in home networking.

I IDESCRIPTIONS OF MEASUREMENTS

A. Measuremers Equipment

The UWB radio channel transfer function is measured
as transmission coefficients in the frequency domain. The
VNA is used in this experiment. The measurement is
carried out in a fully anechoic chamber. Fig.1 shows the
measurement setup. This system consists of an HP8510C
VNA, was operated in the response measurement mode
from 3 GHz to 7 GHz and 7 GHz to 11 GHz with each
sub-band of 801 frequency tones. Consequently, 1601 is
total frequency tames, port-1 was used as the transmitter
port and port-2 was used as the receiver port, respectively.
The biconical antenna are used for both transmitter and
receive. Fig. 2 shows geometry and dimensions of the
biconical antenna. The Tx and Rx antennas are assumed to
be identical. This biconical antenna is used because its
reflected coefficient below than -10 dB in 3 GHz to 11
GHz frequency band.

B. Experimen: Parameters

The material under test (MUT) with rectangular shape
was placed at the center between the transmitting and
receiving antennas. The MUT are glass, gypsum, dry wood
and partition board. The important parameters for the
experiment are listed in Table.1l. In measurement system,
the VNA is used of the main equipment Specified
dynamic range for the network analyzer is 100 dB but the
cable loss some 20 dB of the dynamic range. Therefore,
total dynamic range is 80 dB, include separation distance
between antennas and cable losses.

PO P P PP TPV TTTT VTV VYV vYPPrYT Y,

HPES10C
VMHA

Fig 1. Schematic diagram of measurement setup in fully
anechoic chamber
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Biconical Antenna 1
Fig. 2. Geometry and dimensions of the biconical
antenna

C. Experiment Procedure
The complex frequency response of the transmission
channel can be obtained by measuring the scattering

parameter. (s,,) The following procedures were applied
for the measurement. First, the HP8510C VNA system was
calibrated for each band with full two port type calibration.
Second, the s,, without a MUT is measured. After that,

the measurement was repeated with the MUT placed
vertically between the T-R antennas. The § experiments
were performed for each materials.

II1 DESCRIPTION OF TIME DISPERSION AND
PENETRATION LOSS

A. Time Dispersion

In order to investigate the effects of the material then
considered the time delay of the arrived signal at the
receiver. Reflections of the transmitted signal may arrive
at the receiver at different times. The time dispersion can

be analyzed by using the mean excess delay (;)and RMS
delay spread (r,,,)to illustrate the effects of materials.

The mean excess delay is the first moment of the power
delay profile and is defined to be [6].

;airf ZP(rk)r}
2ot ) N

RMS delay spread is the square root of the second
central moment of the power delay profile and is may be

express as

T =

3



TABLE 1
MEASUREMENT PARAMETERS.
Parameters Values
Cenler frequency (£ ) 7.0 GHz
Spectral bandwidth (£, ) 8.0 GHz
Minimum frequency (f; ) 3.0GHz
Maximum frequency () 11.0GHz
Number of frequency point 1601 point
Dynamic range 80 dB
Transmitted antenna height (», ) I.5m
Received antenna height () L5m
T-R separation distance (d) I m
Polarization Vertical
N
oLEYE T )

where

S e
2k

T

2 Plan

i Xef ) Y

()

B. Definition of Penetrarion Loss

Penetration loss due to the materials is defined as the
ratio between the average power measured in free space
and the average power measured with the material under
test (MUT). The relationship of the penetration loss is
given in [7].

Penetration Loss[dB]

N M

A;WZZPU,-.IJ- IFrcc space)

i=l ju=l

ﬁii P{f,, x, \Material)

j=l &1

The summation of (6) is over the N number of
measured frequency tones and M mumber of snapshots
over time, each denoted as IR j). All powers are in

absolute power scale (not dB values).
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IV MEASUREMENT RESULTS

By using the VNA, the measured transmission
coefficients with the number of frequency point of 1601
are taken in the fully anechoic chamber. The impulse
response of the channel is obtained by performing the
inverse discrete Fourier transform (IDFT) on the frequency
response. The normalized impulse responses without and
with materials are show in Fig. 3. In this paper, The
average penetration loss for each material is shown in
Table 2. As results, the partition board is higher thickness,
the penetration loss is highest. On the other hand, the
penetration loss of the glass is lowest, which the thickness
is lower. The results show that the thickness have the
effect on the penetration loss. The higher material
thickness causes more penetration loss. Moreover, the
penetration loss is depend on the type of different
materials.

The values of the mean excess delay and the RMS delay
spread are considered for the noise threshold level is set to
be -20 dB. Table 3 show minimum, maximum and mean
excess delay. The values of glass, gypsum, dry wood and
partition board are considered. The dry wood has more
different valve of mean excess delay than the other
materials.

From Table 4, the number of measurement and average

RMS delay spread (7,,, )is shown. Noticeable that the

RMS delay spread of glass, gypsum and partition board are
similar together, but lower than the dry wood's RMS delay
spread.
V.  CONCLUSIONS
In this paper the RMS delay spread and the
penetration Loss are evaluated based on the measurement
channel. The considered frequency is ranging from 3 GHz
to 11 GHz. From the result, we can see that the maximum
RMS delay spread occurred when signal propagated
through dry wood while gypsum provided lower RMS
delay spread. On the other hand, when the signal was
obstructed by partition board, the penetration loss is high
as 2.174dB, while glass provides lowest penetration loss.
Therefore, its should be taken into account for UWB
receiver design to achieve the high accuracy of the
performance on the receiver.



TABLE IV
NUMBER OF MEASUREMENT AND AVERAQE RMS DELAY SPREAD.
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Fig.3 . Normalized impulse response.

TasLe II
MATERIAL DIMENSION AND PENETRATION LOSS.

Thickness Dimension | Penetration
Materials (cm) - (emxcm) | loss (dB)
Glass 1.0 60 x 60 1.573
Gypsum 1.5 60 x 60 1.667
Dry Wood 3.5 60 x 60 1.872
Partition 6.0 60 X 60 2.174
TapLE I

MINIMUM, MAXTMUM AND MEAN EXCBSS DELAY.

Min Max Mean (7

Materials (]15) (IIS) (-)
(ns)
Glass 3.682 3.811 3.735
Gypsum 3.798 3.921 3.863
Dry Wood 4211 4.356 4299
Partition 3.656 3.797 3.732
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2]

[4]

RMS DELAY SPREAD (Tw )

Materials Nol | No2 | No3 | Nod4 | No5 | ava.

(ns) | (ns) | (ns) | (ns) | (ns)| (ms)

Glass 1.3 12 1.2 12 12 1.22

Gypsum 1.1 12 1.2 12 12 1.18

Dry Wood 1.5 14 L5 1.5 1.48

Partition 1.3 13 13 13 13 1.30
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Abstract— UWB technology is intended to be used in wireless
personal area networks and home networking, which has any
probably obstruct by building material. Then, the influences of
the obstructions on UWB pulse are considered. In this paper, the
power delay profile, the time dispersion and penetration loss are
considered. The channels with these materials are measured using
the vector network analyzer. The measurement frequency range
is set to 3~11 GHz, which covered the full band of UWB specified
by FCC. The biconical antennas are used for both transmitter
and receiver. The power delay profile, the time dispersion and
penetration loss for each material are evaluated based on the
measurement channels. The experiment results are needed for
considering the UWB link budget.

I. INTRODUCTION

Ultra wide-band (UWB) technology is already used in
military applications and it may see increased use in the
future for wireless communications. In 1998, the resulting
first report and order that permitted deployment of UWB
device was announced on 14 February and released n Apnl
2002. Three types of UWB systems are defined in this repart
and order: imaging system, communication and measurement
systems. The UWB signal has the frequency spectrum range
from 3.1~10.6 GHz [1]. The UWB characterizes transmission
systems with instantaneous spectral occupancy in excess of
500 MHz or a fractional bandwidth of more than 0.2.

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 (WPANSs) (2], [3]. The growing demand for wireless
in building networks (WINS) has prompted researches into
propagation charactenistics of radio signal totally within build-
ing. Because of the materials are formed as part of building.
Therefore, the characteristics of building materials are studied.
The characterization of indoor propagation channel needs to
know the penetration loss through walls, floors and other
obstructions. The propagation within buildings is strongly
influenced by building layout, the construction materials and
the building type. Walls and obstacles made of different mate-
rials obstruct the signal differently. In general, the penetration
loss depends on construction materials, frequency, incidence
direction and polarization [4]. Moreover, some researches
have presented an empirical model that predicts the building
penetration loss at the 2 GHz band for high elevation angles

0-7803-9740-X/06/820.00 ©2006 IEEE
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mnvolved in mobile communications served by high altitude
platform stations. The model takes into account the elevation
angle of the specific building with respect to the position of
the platform. The penctration loss is found to be an increasing
function of the elevation angles for a building with concrete
walls and normal window size [5]. This paper presented
information on power delay profile, the time dispersion and
penetration loss that measured at 3~11 GHz to describe the
characteristics of radio propagation.

In this paper, power delay profile, the time dispersion and
penetration Joss in materials are studied. The brick, glass,
partition board and dry wood are considered. In the experiment
obtained by the channels with these materials are measured by
using the vector network analyzer (VNA). The measurement
frequency range 1s set to be 3~11 GHz, which covered the
full band of UWB specified by FCC. The biconical antennas
are used for both transmitter (Tx) and receiver (Rx). The
transmitter-receiver (T-R) separation distance 1s 1.8 m. The
time dispersion and penetration loss for each matenal are
evaluated based on the measurement channels.

II. DESCRIPTIONS OF MEASUREMENTS
A. Measurement System

The material under test (MUT) with rectangular shape was
placed at the center between the transmitting and receiving
antennas. The MUT are brink, glass, partition board and dry
wood. The important parameters for the experiment are listed
in Table. 1. In the measurement system, the VNA is used as
the main equipment. Specified dynamic range for the network
analyzer 1s 100 dB but the cable loss some 20 dB of the
dynamic range. Therefore, total dynamic range is 80 dB,
include separation distance between antennas and cable losses.

The environments is space room but the wall have more
windows and MUT is the center. The VNA is used m the
experiment. The UWB radio channel transfer function is
measured as transmission coefficients in the frequency domain.
Fig.1 shows dimensions of a room and measurement setup.
This system consists of an HP8510C VNA, was operated
in the response measurement mode from 3 GHz to 7 GHz
and 7 GHz to 11 GHz with each sub-band of 801 frequency
tones. Consequently, 1601 is total frequency tones, port-1
was used as the transmitter port and port-2 was used as the

ISCIT 2006



[ ———————
0 m e DBm =
g T ” Rx
MUT
; WNA
éwuur
T 16 m
" AT
Fig. 1. Dimensions of a measurement room and system setup
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Fig. 2. Geometry and dimensions of the biconical antenna

receiver port, respectively. The biconical antenna are used
for both transmitter and receiver. Fig. 2 shows geometry and
dimensions of the biconical antenna. The Tx and Rx antennas
are assumed to be identical. This biconical antenna is used
because its reflected coefficient below than —10 dB in 3 GHz
to 11 GHz frequency band.

B. Experiment Procedure

The complex frequency response of the transmission chan-

nel can be obtained by measuring the Sz, scattering parameter.
The following procedures were applied for the measurement.

TABLE 1
MEASUREMENT PARAMETERS.
~Parameters Values
Center frequency (/:) 7.0 GHz
Spectral bandwidth (fu.) 8.0 GHz
Minimum frequency (f1) 3.0 GHz
Maximum frequency (fu) 11.0 GHz
Number of frequency point 1601 point
Dynarmic range 80 dB
Transmitted antenna height (h.) 1.5 m
Received antenna height (h,) 1.5 m
T-R separation distance (d) 1.8 m
Polarization vertical
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First, the HP8510C VNA system was calibrated for each band
with full two port type calibration. Second, the scattering
parameter Sz, without a MUT is measured. After that, the
measurement was repeated with the MUT placed vertically
between the T-R antennas. The 5 experiments were performed
for each matenals.

I1I. DESCRIPTION OF MEASUREMENT PARAMETERS

A. Power Delay Profile

Many multipath channel parameters are derived from the
power delay profile. The mean relative power of the taps are
specified by the power delay profile (PDP) of the channel,
defined as the variation of mean power in the channel, thus

P, = |h(r)?|, (1

where h(r) is the channel impulse response.

B. Time Dispersion

In order to investigate the effects of the material then
considered the time delay of the arrived signal at the receiver.
Reflections of the transmitted signal may arrive at the receiver
at different times. The time dispersion can be analyzed by
using the mean excess delay (7) and RMS delay spread (7rm,)
to illustrate the effects of materials. The mean excess delay is
the first moment of the power delay profile and is defined to
be [6]

_ _ Liaim _ LeP(m)7e

Tl ™ S @

RMS delay spread is the square root of the second central
moment of the power delay profile and is may be express as

ar =4/72 = ()2, &)

where

Ekp(n)’rg
Y P(re) -

2.2
Ekaka -

2
T -—
7
Yraj

@

C. Penetration Loss

Penetration loss due to the materials is defined as the ratio
between the average power measured in free space and the
average power measured with the MUT. The relationship of
the penetration loss is given in [7].



TABLE I
MATERIAL DIMENSION AND PENETRATION LOSS.

“Material Thickness Dimension Penetration loss
(cm) (cmx cm) (dB)
Bnck 55 140 %200 2.7173
Glass 1.0 140 %200 1.2142
Partition 5.5 140200 1.6364
Wood 15 140 %200 1.5080

Penetration Loss [dB]

K}NEJLIEJM:IP(L" IJ_)(wIthout material)
)Tlnz?’__—lggl p(fi’ IJ)(-ith material)

®)

= 10log;,

The summation of (5) is over the N number of measured
frequency tones and M number of snapshots over time, each
denoted as P(f;,x;). All powers are in absolute power scale
(not dB values).

IV. MEASUREMENT RESULTS

The data from the VNA is show the measured transmission
coefficients with the number of frequency point of 1601 are
taken in space room. The impulse response of the channel is
obtained by performing the inverse discrete Fourier transform
(IDFT) on the frequency response. The magnitudes without
and with matenials are shown in Fig. 3. In this paper, The
average penetration loss for each matenal is shown in Table
2. As results, the partition board and brick are the same
thickness but brick are highest penetration loss than partition
broad. On the other hand, the penetration loss of the glass is
lowest, which the thickness is lower. The results show that the
thickness have the effect on the penetration loss. The higher
material thickness causes more penetration loss. Moreover, the
penetration loss is depend on the type of different matenals.

The values of the mean excess delay and the RMS delay
spread are considered for the noise threshold level is set to be
-15 dB. Table 3 show minimum, maximum and mean excess
delay. The values of brick, glass, partition board and dry wood
are considered. The brick has more different value of mean
excess delay than the other matenals.

From Table 4, the number of measurement and average
RMS delay spread (7,,,,) is shown. Noticeable that the RMS
delay spread of glass, partition board and dry wood are similar
together, but lower than the Brick’s RMS delay spread.

V. CONSLUSIONS

In this paper the RMS delay spread and the penetration
loss are evaluated based on the measurement channel. The
considered frequency is ranging from 3 ~ 11 GHz From
the result, we can see that the maximum RMS delay spread
occurred when signal propagated through brick while glass
provided lower RMS delay delay spread. On the other hand,
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TABLE 1II
MINIMUM, MAXIMUM AND MEAN EXCESS DELAY.

Materials Min Max  Mean(7)
(ns) (ns) (ns)
Brick 9.1861 9.3721 92791
Glass 80310 80558 8.0434
Partition board 7.9862 82034  8.0048
Dry wood 78946 80342  7.9644
TABLE 1V

NUMBER OF MEASUREMENT AND AVERAGE RMS DELAY SPREAD.

RMS delay spread(t,m;)
Materials "No.l No2 No3 Average
(ns) (ms) (ms) (ns)

Brick 200 260 241 2413
Glass 0.08 0.09 0.07 0.080
Partiion beard  0.19  0.15  0.10 0.150
Dry wood 035 037 036 0.360

when the signal was obstructed by brick, the penetration loss is
high as 2.7173dB, while glass provides lowest penetration loss.
Therefare, its should be taken into account for UWB receiver
design to achieve the high accuracy of the performance on the
receiver.
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