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ABSTRACT

This thesis presents a study of the propagation channel characteristics of
radio frequency identification (RFID) by using Friis’ transmission formula to analyze
the data from measurements. Linear regression is used to model the path loss
characteristic and path loss exponent. Statistical models which compose of
cumulative distribution function (CDF) are used. Moreover, multipath fading is
evaluated by Chi square test for minimum error obtained for appropriate statistical
model. The channels were measured using a vector network analyzer (VNA) at the
center frequency of 2.45 GHz. Microstrip patch antennas were used as both
transmitter (Tx) and receiver (Rx) antennas. This thesis also investigates and imitate
the RFID in library to find out the path loss, multipath fading, and statistical model.

The results can be useful to develop and design the RFID system in library.
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yauziRgrfunssnmanvasvesanigiliiausldludonded ieusnioyirludaeiul
A.A. 1990 U3Elediduldiauuazadysinsnisdeaisuuy REIDluguANAgeds (Ulla
high frequency: UHF) Alagumanaiidas 300 MHz 59 3 GH2 wadeusenletiduiidaym
Fruniniulduednivesliiuussviumesuun Fersdunsldeudlyung varein
ilesanngunsalfsfisaumsann

n1sdeansuuy REID Tughumuiged slduauanladnasslull am. 1999 e
9eAnsUIIMIRIIMLANIIsavwAtElsUsaTANE NTSUNTAMUATHA LT UL UULA B2 Ay
(European article number international-uniform code council: EAN-UCC) uazus¥3a
avldautunefaquintsdeasuuuszydmuuuudalusi® (Auto ID) Julutasd a.a1999-
2003 m3doamsuuusTyimuUUSAluTAls UM satuaua AU TenYud AL nuag L
fimsverenaaludssvimasoamnside singy alnlgosuaud fJUu wagdu Jslinsiamn
unspulmifienisiaduddidnmseiing

Tutlaqiusguunisdoansuuy RFID fdnuwasiduwiniasnsos udildlagsiu

v = v a
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nuldlagldinioseundoansiuuiiniiuniseauingunu
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RFID axUsenaudie 3 duvidn « fagud 2.1 [5] fesddsenoudall
dauiniladuidsdyaldvimiidsdyyrunduingludameeinianisiuiu

uazsudeyavesingidindusnmiousenauanuding naildvesdyayraaziiuliluaios

sruflefinzmeloudeyalulussuugudeyalunends vieddlulunaniy
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aunsauvainvesisudgineenidu 2 wuufe

v U v v v a 1

- FSud YU UNTERAWLRY (Active receiver) fsudyanulinlasiivunineiag

Y
i

alu el sundanulniilivihanu lneunfisasaninsanisiuuazideudoyaasls wag

n1sfdedltuunned il sudyginuuunsee ueadengnisldaudiinaue1gves
N = 4:{' < Y [ & ' o LY v v ! < £%

Luaknd3 eauumnaindandesdrlufldanuisadinad uldlndlaegglsfnud i

annsaeenuuUIsinunszualvdon Aonvssfiongnisldmuuiuduaud drsudyayu

o @ 1 o 1Y

silauonfindaziinireausiniglusuining finavdaauarsrezn1ssvdtoyalatna
Ainfinslianaal wenanildsaursaranldluusnaiiddyaasunou LLGiﬁﬁSﬁaLﬁaagjﬁ
FIAFOUUIBUNG HVUIANBUTNIAY Lardd1AnaIueInITinguy

- fTudyaluugNNsERAY (Passive receiver) %VL;JﬁLLumL@@?@Qmﬂul,wi%ﬁwﬂu

TngorAendrnulniiifinainnismilendinduidiwanliihannddsdyaiadwilidasy

[
¥

doyayraunuugnnszduiidwidnuinddnsudyaswuunseduies T1AgnaTuaziengnisld

U 1 1% %

ulidin widdeiduAesregnisiudedoyalng uazdisuteyaagieiiniuligs uf asd

'
aa v 1

Jymudiehlvldamludwnedenniidygrawimanliisuniudnae

e

] ~ a 44' o o o o a
drunawrens¥eudefuszuuguteys Yseneunlgveviuaslusunsy aniiuau
NefuTeyaszsuuAauimeIrIee 1erIN1sU¥doya Ussaianalazlanitoyaniy
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2.3.2 iaNN15%19ULU898U RFID

SuusnidsdygmazUassmaundivanlviioonuinasniial warAounsIaTUIN
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v o a Ly =

msudyanandanegluawuudmanivimsely viedndeniifenssnsiaduiniinisuen
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taufnTunselinaeeimanegneluiisudyaia lneedunmengndsoanin
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¥
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RFID Tag Reader

= : |I Data
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L= // Data

JUN 2.1 83AUTENRUVANYBITYUUNITARATWUY RFID [4-5]
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gnvnesdedyaulznsiaduanuisuwlaiairiuniveiatesnu i udeya

g7

o

wavihniseansiaiiedrdeyaluldeusialy

(Y]

2.3.3 nsiudetayasznineiadedyyniualsudyyin

o/

2.3.3.1 35M3dea135EniNRsNd Y INNUAITUF Y

v v

lun1seanstoyaredseuun1sdeaIshuy RFID duavdeasiuwuuliany

LY N a

Wuena lngagtideyanvinnisuegian (Modulaion) fuadiuniveiidunaiuaiiuiing
lneflanee1nia (Antenna) Nogludidsdyagrandudisuiazdindudwuiseandu 2 35

aaefufe A5midsahrduwliuaniain (Inductive coupling)fuisnsunAduusanlui

(Electromagnetic propagation coupling) é’fﬂg‘dﬁl 2.2

2.3.3.2 998N aIUIENINAdd I aasad Uy

v

L9UUIFULUUYDINTH DA TAUTANIIYBINTTH BA1INT DT 1UIUYVDS

Y99E0a15LA 3 WUU AB



WUUNANI9LAED (Simplex : SPX) Ap Henilsazdaiissognanellazdn

tenilsaziduteduiiissegiunl N1saeaIsuuURFmIufgIlfoIN1syRIdeaTiies 1 ¥ad

Reader or

Interrn g atol

Transponder

-~
computer

5UN 2.2 szuumsdsinudesdyamseninenssu-dedoya

M08 N15d9INENTEANELEES (Board casting)

LUUA RIS (Half duplex : HDX) Junisdoansuuy 2 MausaduLan
fluwaziidreniafudaeds Sndaentasduidedu msdeasuuuisdemisiifosnis
Yosdomsifivstenien foguitu nglnsauuiny

uUaeInIg (Full duplex : FDX) Junisdeansuuu 2 fienns Tnedivie 2

v

Hganunsasukazddlanssunulunaifenny n15E9a1skuy 2 NANI9UARINISYRIddaNs 2

1 Y] 1 1 [ ' U 6 dl' Ql'
499 AI9g1NTU INTENT WaLlnIANILARUN

2.3.4 szazﬁqaswdwmﬁudat‘ﬂ'agaLLazﬁﬂé'wmmifie

k4 v o 1 A

srugnsiudeayaluszuunisiealsiuy RAID Wudueygfvdaduddgsng 9 @

Y

v 1

MasavesdgIn MavdivoIinTudga I kasanInLInaes

v 1w

dmsuniseenwuuageInIAvesiddyyImziluiimuns Ny UTUeIRaY

wilt a9 wanee 1N IAv IR IdIF U A D URIN N UAR NEUE S UT 199D 9AAY

T 1)

wildnluihfwinszanveenunatnateenia Asiusseznsiudateya ueiienatuedfuyy

Y vy
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99N155VUa TE NI gy QrunuAITUdsTEnI R Idd e uAa S U1 Iellaue
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fugusvesnduwivanininduddy
ANULLURIRduLLmAn NI TnevinlUazanasnuszaznialaenUsuniuiussazen

A89809 WAlUUIIEN NG auFso1asin1TasRounduresnd ULl ina w1910 erne
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seush 1wy Tave fenavildanuduvesndunliiianasegnesngs wieusinseiinuiu
Tuenmefionaiinalunsdifienuigs 4

Frun1sihszuunisaeansuuu RFID Tldeuimsinsiieianinmndey e
wiinanssnuiuszernsiudsteyauasneneuiansszuulihdlnaanlany Geenartiliiaa

AsazieuvaIrAumLvan N le

a v

Masdavesisudyaunzdinduindsidadeyaty Inevaluasliindsisunnde

LY R 4

Wiauduiasdwesiidsdeya saduanulilunisasidudyaianesiddeyaiiludnga

wilefispafiansan Gudilumanaiiasazausovirlidmeudeyaimd wdwnnualuudld

[

il lunazgndrinlasnguuisvesusazUssmaiufefuaud

Y

2.3.5 dnsnssudedayauaziuuain

v
= 1

gnsIMsaneleudesa (Data transfer rate) a¥¥usgiuAufvesndunne lngunf

< a

fANUDYBIAAUINYEENESRI NS UdTyanzBaginulume

Y
[

TudiunisiaeniuualIng w‘%aehumm?{ﬂuﬁ%ﬁmaﬁiaé’m’]mi%’uﬁqsﬁayjaﬁmiuﬁ’u
I@&Jﬁwé’mﬁLLuum“imﬁmiazﬁﬁhmmd'}é’mwmi%’udaﬁi’fayjaﬁ'ﬁmmﬁaemﬁfaaamwh
gNABE 1YW I MTLUNAIAN LU 2.4 GHz §9 2.5 GHz AazaninsaseesusnsIn1ssuds
ToyalateUszann 2 winnelnsadunil \Husiu

v ea A v a I3 0§ Y a a v o 4 o q v
nmslawvumeininTanuluAetiliialymifeitudygiasunaunnn wievinli

[

dnTndruvesdyyransulanedaniusuniu (Signal to noise ratio : SNR) fastiuLeg fatu
[

<

o w

a L4 fa ¥ &/ < U a
mnaaﬂmwummﬂmgﬂmamUumumﬂ lunswansan

o

2.4 Usznnvaanalulagn13aaansuuussynIny

wialulagsiaunslan (Barcode technology) WuwelulaBnisdoansiuussysinud

! ! dl Y o Ao v a v o a A ] ) A Y a o
Lﬂ']LLﬂll']ﬂVlaiﬂ IﬂEJELGUﬁWﬁLLfIUﬁ@']LGUlILTENG]'JﬂULLaSNGUEN'J'NV]LLG]ﬂf"]'Nﬂ‘ULEUUL@EJ'JﬂULLﬂUﬁ 9N

'
=

JUN 2.3 FamseusiaursianvialalagldiaTeseusiia

i

42000%"06200

Y I

UM 2.3 fregavessiiaunslan [6]
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=

waluladn1sszudanun1edanan (Biometric lechnology) L uinalulagnag

ASIVADUA NBAULNIINIEAINVBIA 0TI Taer Ul ufeanisnsivasuaiend o

MSIVADUAN WUENIINEAINUDIFINTIR g UunldIuAsnIsnsiagavalstile

(Fingerprint) WagN13ATI3d8ULHEINA (Voice recognition) As3Ufl 2.4 Fanalulagidnia
nstdanuuianguldannsadlydszgnaldluniniuld Fddidriemalulagniaden

dmsunsdnnsanavnssugaiv.

GETTY IMAGEZS

SUN 2.4 seuumsdsminuYosdy I usEnI NS U-aed ey 19BN N [6]

wialuladszydmusieinsdidnnsetingd (Smartcard technology) Duwmeluladild
Auegaunsvaslutagiu lnensdeudeyalilutnsdidnnsetinddnvauzadeiunalulad
nsdeasuuy RAD sefunssfimaluladdnsfudsdonadanudnduiidfuuazdads
dyanasiesduiaiu lnelinavilvengnisldnudeyad é’fagﬂﬁ 2.5

walulad RFID Wuszuunsdeanswuulfaeiiiernduinguidundunivziiield

[ [

lumsdeansteyaseningunsalassiinifmdsdyaauasiisudygin Asgun 2.6 Inenis

[ a

Yooy anfedn1sds u1viinisueaian (Modulation) fuad uingualdeesniiumia

GRRRING
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[

wmalulagnisanddudnualalgaieni (Optical character recognition: OCR) 1Ty

o

n1seenuuUiIsnusAtawsedydnual Tulisuuuuaniziinelanivaienuyudiag

wisesau taeTliagldnulugandvduarniusuiang fAsgun 2.7

riAwSdNNUINAIUlag RFID
ADUs:Fn5nw

JUN 2.5 fegaveanalulagsyudmnuiietnsdiannsedng [6]

ﬁ] ’ Antenna
—_— {

) ‘
- [/}
Y]

/ // / RF Signal

_,/

: Data Excha vc\\ =
Processing ng —

Ul 2.6 shogsinsunagidsdyaamaluladues RFID [6]
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% Y L3

sUN 2.7 fegweunalulagnisanindydnuaimeaignn [6]

o

2.5 msuszgnanislinaluladnisaeansuuu RFID Tustesayn [7-10]

VedaAkAas AR g By Te I AUTIEAZLBEAN1AUTTANUNTULAZANTUNN
vaansneInsarsauma WeldlunisnsirasuteyaineiiuduAunsnensasaumaLsay
518N15983% 89aN A LaensneInTaIsauNALAaZI18n1398 bASUALE VT lRN1231801S
(u1slan FelallefinnuduiusAuTeninaTorWas LasTaLTeIUBIVISNEINIATAUMATIONT
Wuq nsdupunsnginsasaunanldinalulaguisian glidesdnnaveanugiemaninn
WIMTNTUTIUITNYE IINUUTMUINUTIUTNEISUILAUUISLAATRATUN SN T TAUA
dululiluvsnuneieseusiaus laalasainisasnulsiaziau walulagnisdeanswuy
RFID dufldnwagad1uiuuislanlarfa1n1s09995un1NAeIn1sonuaegag19iulsia alil
amnsanevausslsnandemaluladuislanmdussuufenulaegrauden luawisa

a v N | v v % - l v = v N a
Wasuwlastoya og unuisbaale wawsn RAID a1315081ukasiuiint oy ati Uiy
wenmieannimilavuagiiuifindeyanevadls uenanilszuunalulagnisdeaisuuu RFID
1 aal 1Y 1 1 a aa v :j a a Y @ @
Juwmalulagfgunsadetoyaynegieiuaiuanuding [7] dauinerdnuslaidwiunms
WAL TP UUNTALNUMEATUINYATHNSANYREINUNSARLALTTNNSUNINTEAEATY

9949 RFID Tnen1siSeuriisutulnaisdeviinliinazsinlans



14

UM 2.8 mydavthdelutunwmilsdeesayn (7]

2.6 YONIVUAYBITTUUNISHDEISHUU RFID

2.6.1 ghuauditlday

TutagtuldinmssaungusgninsusiazUssina iensimumnasgiuanudadum
nzvossEUumsasansiuy RFID Tnedlanmnduluajq Ae nauuszivaluglsuuazionsni nau
Ussineoninuniiowazounld wazaniengulszvang fusonlnauageoainside Jaus
aznguussmmszimuauumdunisidonldanuisieg Tudussadszimaaindn

ot 13lsfimuanui vesad univgduuindeonldauiulugiuaiud ISM Band
(Industrial scientific medical) Faiugruauinvasussmaiimusliaonadesiulunis
oy alildanluBegnannsa Inermeans waznisunng dmsugruanuily ISM Band

PAUALALTE1 NS U

gruuds (Low frequency : LF) @ndn 150 KHz

EJ’]UWJ’]&J?]IQQ (High frequency : HF) 13.56/27.125 Miz

EJ"mmmﬁlzjﬂum (Very high frequency : VHF) 433/868/915 MHz

gruaudlilasian (Microwave frequency) 2.45/5.8 GHz



RFID:
Access Control
Animal 1D

Low Freq. EAS

Data
Modem

15

RFID:
Tog IRoads

tem

RFID:

RFID & Management oot

I.C. Cards Management
h—— Microwave
T Datla l—‘ EAS
ermina
Mid. Freq. Cell|Phone
EAS TV

10kHz  100kHz  1MHz  10MHz  100MHz 1000 MHz 245GHz 300 GHz
JUN 2.9 wpupudnsldnuvesgiusiig 4 [1]
= i a P 9 ¥
M13199 2.1 §IUANUATBITFUUNISARANTUUY RFID v
gIUAIIUD ARIANYY nsldanu

g1UAURAN 100-500 kHz
ANUDNMIFILALTIY

Wlude 125 kHz

- svggM3sUdeoualng
- fumuliige
- Anusatun1seuleyan
P ' N !
- i luguilununsrang

yalan

- Access control
- Urdn

- SEUUAAEY

gIuANURNANY 10-15

- sp¥MsTUdayAaUUNANS

- Access Control

MHz awduesgunld |- s1enduusldugnaslueiian - @UNINNIIA
nunlURe 13.56 kHz - anuslunssudeyaUunany | - viesayn

i ! P = !

- anudtuguiilununsvany
lan

grumNDge 433/868/915 | - szpgnssudadayalng (10 wmg) | - salnih

< ! £ 3 1 1
MHz - anausiluniseudeyage - SEUUAUAKIUN

- TIATLLNY

grumnualalasim
2.45/5.8 MHz

- szggmsiudatoyalng (10 wng)
- enusalunsudeyags

- TIALLNY

- so8us ol

- SZUUAUAHILNIG
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AN999 2.2 WIBUTIBUEIUAILAANN &) VBITZUUNITADEITHUY RFID

Ehum'mﬁ' <135 kHz 13.56 MHz 868/915 MHz, 2.45/5.8
GHz
BUAUDILTN Passive Tag (ladfluunmed) Active Tag (fuunmed)
s mMswiennduudindnlgi ATuRARLLLWEN T
Aa9as 72 dB u A/m 42 dB e A/m | 10 83 100 mW, 500 mW,
aw
YUARUIYAINNTN EEPROM SRAM fluumea3
PEAIEAT N, 0.5 - 1 LuAg 4- 15 Luns
dns13udetoya i > a9
YUIRE1EDINTF e < an
Mawmeqneandng |7« lai
A
ABNSORTUAILAY | A > @

2.6.2 wmsgaulunisldanu
mmigmﬁuaqmﬂsﬁ’fmusuaqszwmiﬁamil,w‘u RFID fiviansunsgiulawn an1du
UIATFIULAIYIA VOIaYS §8LUT A1 (American national standards Institute : ANSI),
Automotive industry action group (AIAG), European article numbering association
international, European telecommunications standards institute (ETSI), European radio
communications office (ERO), American society for testing and materials (ASTM) a e
Electronic product code global (EPC global) tdusy Imstmgmwé’ﬂﬁ'ﬁan”uﬁa
99AN1T WINTFIWAINE (International Organization of Standards : 1SO) lafinuauInsgIL
15 4 $hu well
- 1wspumumalulad (Technology standard)
ISO/IEC 18001 wialulaBiugnansdmsunisinnislussuudoansuuy
RFID wuseanidu 6 d@iu e
dauf 1 msdwesdmsunisdeanslueiniedmiuaiiud fseusuiu
Tnevily
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DR
aa o

dwdl 2 wisdwesdwmiunsdemsluenmegiuanudiniiniy 135 kHz
dwdl 3 wisdwesdmiunsdeanslueinagiuanud 13.56 MHz
duil 4 iwesdmunsdoaslueiniagiuanud 2.45 GHz
dwdl 5 wisdwesdmiunsdeanslueinagiuaiud 5.80 GHz
duil 6 mimesddmiunisdeansluenmiagiuauigd
- WwnspIumugULUUteya (Data format standard)
ISO/IEC 15418 MslanzasynvasdoyauazusUndiatudmiuanUsrasdnis
Wihsiatoya TIutanTTEYesRnsMIuRaveudmIULuatny
ISO/NEC 15434 wnelulagaudnansuuuianizianzaslunisdsiudnsy
nsdeansTidlaggs
ISOIEC 15459 1deunsg Muiefumada nguf wazanssuAegfy
funounszviunsdsdoya
- 1I959IUAUNIINAFBU (Conformance standard)
ISO/IEC 18047 lassaiisvosgunsalinnsdoansuuy REID dmiunsvageu
- W msgIueunnside (Application standard) UagUiuiianeniu
19351 Laln
SO 10374 110351 UNTTVUANEUAMUUSTURINUBNLUIIR
ISO 1 1785 snasgIunsdeansiuuy RFID fildiudnd

ISO 18185 11msgIUNTARAILUY RFID dwsugunseidiannsedn

2.6.3 myaugmideuludsandlng
UsgnAnsigNITUNIIAANITINIANWIANLAIEA (M19.) adlusiaiaaiyune aud

123 poufiAy 10 ¢ 89U 24 UnsIAN 2549 MVNENGR KanfdwaziTudyanldmds

v & A !

W$NT 1 I feliidesroangIn Witegsendne 1-4 Tad ABIeBUnIn wazINNAYH

J v 6

I3 4 9N AUENITUNITAINITINTANUIANLAITIRF BINITUNDNATIIN ALAANITTUNIUY

e AN

Aduduq wioli msldgunsallunisdearsuuy RAD lildsuanSduasesnissuniu mn
relmAnnssUNIUTERUTULTIoNslEn LR Ingve st sdeansingauunauduluuiinm la
U3l fldFosssiumsligunsafluntsdeasuuy RAD AinelmAnnissumulutinmdu
yiuit danlueygmazutsoonidu 2 Ussian Aelueygetdiieldsululsamalnenas
Tueugniilendnuazdseen daldligudneufnnesuazdidnnsedinduazaeufinmesuriana
(National electronic and computer technology center : NECTEC) 11Jﬁﬂmﬁﬂmiaﬁuawu

) 1

onyuiandnddardrsudynin drud1dnuduasugnaInnIsugoNYILIS WA
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(Software industry promotion agency : SIPA) agANIRUINISETUAUNI TR NAWIS

Walglun1s@eanswuu REID ©

2.7 unagy

walulagansaumenwaznisdeansiifimsdsunlatognssinisegnsludagiu vl

WA1EBIANIN18IUTVTUNDITEUUNSERASTIdz AN 59057 wazvivadeunUszendldiu

v A

BIANTVBIAULEY NADAIUNITNEIBIWT AT ARR U UNSTRWALULa SIS Tunumuas
o v A &£ ' < s ad o = v
AnuddLLTueg19TIAET Taunsuszgndnalulagilunldnudsvwuunainvaieniy

s al W P [y} & = o oA v A aa 44'
"\!@Ui%ﬁﬂﬂ‘ﬂLLG]ﬂ(F]'Nﬂuum@quuﬂﬁﬂﬂf]iwu;i']ULﬂU']ﬂu UUQaﬂ']{lefﬂau@’quJﬂ?V]qLW@ﬂqiig‘q

'
1% aa A

LNANEAITEUMAIANYDIAN F3d LarEIveIunuNITTsYAILIaNITBY F935nsilagaigdune

]

Audzanuaziiulszansnulaaninvalulagduw q dsluunidlanandanaluladnig

doansuuuszymay RFID Sndnnisvinusaiensdiludssgndldaulinedaay ey

wuglunisfnusialy
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3.1 nanudn

wmalulagnisdeansuuulfans RFD Tudusniladefitsndudoniwfiasandeu
g ldegnamnyan wasdudafivilinsuasuulamessedudyananisunsnszany
aau Wefinmsdedyaaannieddllsinasulnenadiiiatumani s fosimsnsedeu
{oadudeisnisnnassia 9ntusswiwaflaainnisnaaesinuiinisinsisvinay
Useidiunanuduneuiildiiauevesinerdnusativil uas gAINAINMSadslunTdIves
Yoty 1au RFID quwgwmsneuauwaiwmmmmammmm nMsasunasiiist
Immumumimaaaauummﬂmwa 9 ﬂwumaummﬂmmamwmwalmmwmaﬂwmu
Yoad ey 1ansda g ueaNd RAD 3aflanus wiueened swanfides@nuninse
mieoding o Tasmsdunasuiiulvigndeuas mewamnssudlvitssavsnmdian
Tnefisgazidunvesnisinedsouaslfinanismaasdsanitesisianunisines is

[
a

Gl

3.2 MIgRYLHELIEIN

Tneialuudssuunmsdeansliaerosdnwinaziingsisngis nasdiassnisgayde
L%qaﬁmawaﬂé’@igmmiﬁﬂmuwzﬂuquwﬁLLazﬂ135’@Lﬁ@iﬁ@mmwﬁmmmﬁﬁqmiﬁuam
TR AuId Ledovesdun naranatiuuiUIRuAsINLsEesvag (5] %aﬂﬂiq@LﬁaLa?{aﬁ
sveze d anunsasvualiduitsdduesszasmslessdl

n

PL(d) (;lo) (3.1)

s lgulanuaNN1sa (3.2)

PL(d)[dB] = PL(d,)[dB] + 10nlog (di) (3.2)
0

Twdle n Wuaveniiad ﬂﬁiqigLﬁsJL%ﬁﬁ%LLamWLﬁUﬁqé’mwﬂﬂﬁi@igLﬁ&JL%ﬁﬁ
WY A1USEEENe dy WDUTEEEN190198 INLUUTIEINTFeY AT Wauanansinly
I3 2 ° A a ac < P Ao v & A
awnauvuden-on uuudnaeamsgydedite Wulduasanianugudy 10n lagfen n
euuaa ﬂuaama LINABY LU mﬁwammmmmmmw nATNIAU 2 we g1y
%aaawmm‘mmumm n gdlddiuanndy Wlassuileinmsmmsiivesueuusiass
miqiyl,aaLsmaiﬁa"meumaaqamia%mmmuﬂwayﬂamﬁqzymmmmmlmmﬂmim
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3.3 N1519UNBNAYID

¥

Tuszuunisdeanslians dygrunsulaaziininnimidiiduegfuaniiziinasu

1 % ; 1 ¥ SN

”mzyﬂmwiav%?\avﬁﬁmmqmimﬁaﬁLL@ﬂmaﬂu FeazruaNMIzLInAoNNA 1 U I waw

- &l

[

NAYA LA LWawmﬂuma ety Fouuiisuldae LﬂuwaiamaqammmumavmmuLLamwa

0 Lla Lay wmmwlmmuwau muﬂsmawmmawmmmi:mﬂuLLUUL’mLmaimLUuwa
wﬂmﬂmmimqmwmma ﬂaimuammmmﬂmuumnﬂa&muﬂawuﬂ 899 losrarnig
LﬂasmmaﬂmwmLaﬂuaﬁsmzlmfmmmiamnauﬁumizmammmmmwzwﬂ13@@@18
W98 PL Tunioe dB awm'im%waq’lumammﬂﬂig@ﬁﬂLa?{ﬂmﬂﬁ’uwwmﬁl,m%mimq

Wenaneia Feanunsadeuleidu
PL(d)[dB] = PL(d)[dB] + X, (3.3)

Al I a ¢ aa & & W | oAaA a g ¢ A
LW X, LUUNITIUBINITANMEYa1870 Fadumudsduniiaaseiduduy Lasiaiu
deavuesgudy o Tuingrdnusdliuaninuaudfnisnszeeveinmsnnsmenaleia
TnelthuuInansnIe@na

3.4 N399I NTATULTIL AU

¥
Y o (Y]

o Yol YV ! ‘;J
mvualvidiveyaetniviun M finn fsl

(1, ¥1), (2, ¥2)5 wovs (ar, Vi) (3.4)

nsviuwuudnaessinsatudadudunmsmilsddudunsafiduinadoyaud e
Aanaainaaesiosdn Megensiuvdtaesinsatudadulduanslilugui 3.1

° a v a v Aa Y a ¢ &
LL‘U‘Uﬁ]ﬁa@ﬂimiﬁ%uL°U\‘1Lﬂu‘QSNUW%uVI’JbLUVI'Nﬂm(ﬂﬁﬂﬁﬂilﬁuu
y=ax+b (3.5)

- < ! e a 3 o v = Y 1 A
e a wag b Wumad sudumifinesvediuudnaesiinesnisive liaianain
Masaetogn LaeiAMAnNaInM&IEeIiavun e @1u15anIlaan
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5UN 3.1 uansitedunsiuuudiaessinsatuidagu [2]

M
(3.6)
e = Z(y]- —a- bx]-)2
=1

6[,‘14ﬂ'1i‘1/l71’1/1@Eﬂ‘uL\‘iEJ‘lJl?J“UENﬂ']NﬂW@’]ﬂﬂ’]@Qﬁ@\TU@EJ?W] ﬁ]uVl’]ﬂ’]iM’]E)UW‘L!ﬁEJ@EJ“UENﬂ']
N(ﬂ‘Wﬁ'W]ﬂWﬁﬂﬁ’e]\‘i‘VNVilI@LV]‘EJUﬂU‘W’ﬁ’]ﬁJLG]EJi a uay b 9 ua19u ke vualiiianu 0 "ZI\‘]“\]U

1]

de u (3.7)
1 —ZZ(y]- —a—bx]-) =0
j=1
de M (3.8)
3= —ZZXJ(YJ' —a-bx) =

Y

In3Uln diduszuvalnsuduaasdlsle

u u (3.9)
an + bej =Zyj

j=1 j=1
% -, % (3.10)
aij +bej = Zx]-y]-
j=1 j=1 j=1

MU AWISIALNDS @ war b VYBIWUUINEBISINSATUDLAUANNT0MN LAANNNNSHAALNIS
SEUULTLAUADIRILUST

3.5 N15971899 LULBIEDA
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3.5.1 Werduanuuwduauutaziliy (Probability density function: PDF)

POF fenuueuyiusvosanutazduiisoulsdy X dedesnivie wiriuei
mvun x Bawnsadeuduinaivsadiaeansle 6]

fu) = S PX < x) (3.11)

POF auiduiliiduseliasifidnunnisewiiugue uasdiunlansmivianuaviiiy
w4 PDF fzdimnuduiusiuduusduriiuniaiade g uavdudosuunnigiu o 3ad

AnudUN Sy
N
= 1 (2.12)
w=| xfi o= NZ""
j (x — 2y ()l
N
1 (3.13)
| I i 2
= NZ(x 1)

3.5.2 Wanguniswanuasazay (Cumulative distribution function: CDF
CDF Hensnduputhazidufidhudsdy X fendeaniviowinduaiinivun x
FaflAwvinffun1sdudiings PDF fsanunsaiswduilnaunisndiadansle [6]

d
o (3.14)
fx(x) = I P

qz{X < x}

COF aufuiladidusiedosnfinaauuatiduilaiduin Fesilandugudiile x
fidndng —oo uazasfianduniade x fandg oo

3.5.3 msnadaulaniasaas (Chi Square Test) [13]

msnageulamdaeddifiemuvuiaeadsadffivanzauvestoyadiddaiansan
FeazenuliiaRanain g voansnnaeulafdiEendunas e N 929909Hanafds
anssgviveuivesoyafiAntu k fuaruiiintudsldnnuuuiaeadeadnflinagey
g enuaTAnTuddanuuusands adnilinnaou Tudiei § Feannsadeu
Wufinaunendamansle

i(kl - m;)? (3.15)
i=1
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Tngiwuusdaedludeadanviliiind q desfign azgnidenunduiuuinaends

4
PIUUANIILYIINIsNaaaulAnias

a

ananlduanitayanfidanansaney Seuuuiiaeudeata
@99aznannaluitenely

3.5.4 LUUINABWIEANUINIYNNSNadaulaniasdas [14]

3.5.4.1 15052 UUUN® (Normal)
WUUIIBDNTIERANTIN1INTEANewUUUNRAEIH YW PDF Sty

e—(x—y)2/20'2 (3.16)

fx(x) =

o

o u wey o WuaadsuazduliouuNIASHIUmLETY

3.5.0.2 nM5AS¥AN8UUUaenUnf (Lognormal)

1
fx (%) =3 xoV27

e—(x—u)Z/Zcrz' x>a (3.17)

0, x<a

I [ ' A = a v v s | A 1 =i
W a e b L‘Uummvﬁ,m kag § > 0 YI9ZUANUAUNUSNUANAAYUAZAIULUENLUY

2
sy pu = a + e?*8°/2 uay g = /eb+8%/2 (29" — 1)

3.5.4.3 N13nT2WLUUUIAINNG (Nakagami)
o a aaan a = & o a )
LUUPIBDUTIENANTNIINTE APV VUIAINTNAZWNTY PDF denuidy

m

m 1 )
fx(x) =2 (E) mem—le—mx /0 (3.18)

Wadantuwnuun T wasidiwas 02 waz m derundu

[ee)

I'(m) =J.e‘ttm‘1dt

0

(3.19)

_ 0? (3.20)
m=7

3.5.4.4 N1N5¥APUUULTEA (Rayleigh)
WUUT1ADUEARANINITNTEBRUULTEAETH AT PDF Denadu
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R N (3.21)

fx(x) =102
0 , x <0
= = IS U v fw ! = ] = [ 2
W a > 0 F9gilAnUaInueNuARasLazdIugsauNansguly u= /n/(Za ) way

o=2-n/2/a

3.5.4.5 N19N5¥AN8LUUSHTEU (Rician)
WUUTIRDNTERANININTLABMUUSIWuaziifari PDF denudy
XU\ X 0 s
I (_)_e—(x—u) 26 x>0 (3.22)
fx(x) = { 0\52/ 52

0 , x<O0

i i A | ~ ) = v o A a a
e Aady daudeauuinnsgy waeilinduiualaa (Bessel) NgnuiluduAun v vesuiiai
wile I, Gefimnuduiudiuaadetezdinduauuinasgiuniu

= S\Ee—uzmz (L) ) i )]

o2 u? u? u? w2 \T?
2 2 9 [2C V¢, 272582
o 26°+u 5 € [<1+262>IO <262>+25211 <252>]

k

ZANE)
VA v
(@) = (E) ;k!r(v+k+ 1)

3.5.4.6n13n3zNewuubvad (Weibul)
o a aada 3 = @ o a <
LL'U‘Uﬁ]']’dE]\‘]L“U\‘iﬁﬂﬁ‘ﬂllﬂ'ﬁﬂi%f\ﬂﬂLLUUI’JQ}@@Q%NW\‘]W(JH PDF denutdu

ba~bxb-1g-(x/a)* x>0 (3.23)
x) = : =
fea) = g (322

Feflmnuduiusivaedstavarulenuuunsgndu p = al'(1 + 1/b) uay

o= aJr(1 +2/b)—T*(1+1/b)

3.5.4.7 NINTLAYLUULNANUT (Gamma)
° a aada )~ o a &,
LL'U'UQ']@'E]\TLsﬁ\iaﬂm'ﬂﬂﬂqiﬂiﬂﬂqﬂLLU'ULLﬂﬂJﬂJqﬂgﬂJWﬂﬂsﬁu PDF denuidu

1 1 (3.24)
feo =@ o ¥
0 , x<0
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o a>—1 uaz b > 0 Jeazilaudunusivaned suazdrud savuniasgiudu
p=(@+Dbuwrzo=bva+1

3.6 nann1sinalsdtuvasaneand

Tnanlsiedu (Polarization) wesarse1niad unuuguiuansn uandAvesnay
wlmdnlufnfiunsnszateeenly [15] §dldlun1sesurefianiuazauinveanines
awnallfifuusiumuna nalsieduasuansnisdeuulameannmesaualuinia
19 9 o AU vinnnsdanadaned Tnemsdanaiiasrilnouesmuvdmsindouiives
adu Inanlswdwhmsdunadensd Tnenmsdunaiasilnetemmumdimsiedeuiivesaiy
Tnanlswduanunsanvseemdu 3 wuvde Inarlswdunuuiadu (Linear polarization) Tn
anlsiwduluuisnan (Circular polarization) waglwanlswgdulluuaes (Eliptic polarization)
fetuegfunmaBsuuastesnmosaudiniin narafefauilai a gelaq Tuitieed
dudunssiaue (Wuineuniewwasn azisanitinalsiedunuuidadu urdnanmes
aunulviindnisvyuwuusdunauazisend Inanlsiwduuuuninay wasauinmesawidliih
finsvyuuuuglans Azseninailsedunuuisd

venanitdmsulnalsfuiuuisnauazuas duanmesauliufiememudy
wiing (lenosnnmdsnaunds Sanvagnisguaiufiuniing) wdoni nailsedudu
flevn (Right-hand polarization) luungiitiannesauslviivsulufienswnuduuiing
Azirgninanlssdusiuliotne (Left-hand polarization)

Tunstwanlsiwduvesansennialufiemanilsfienislaluennie sz dulnanlsiviu
YosRAUAMNSnI¥ABeenaNaBeIMALY Wevhm T uaeeneds viewdulnanlsiedu
YesmauNANNIEIVATEa M AT N sTimuely Sudeaneenialdsunauiiiinails
wumsafulwanlsieduvesaseinia dazvhliAnfdsauangs

Tunsdifinanlsietuvesapeinidlimiiendulnailseturespduiiiunisnnn
nsenuazSendifamsliiiingvestnanlsiedu (Polarization mismateh) Fsvilansenie
Lianunsafaonfidsaueeninainnau 1#gegn idesaninnisgadeaninanlsedu

(Polarization loss) [7].

3.7 unasy

unilldnandmguinezndnnisienegiduiiugussuunisdeanslians RFID way
LUUTIaeINM g dedaitivestesdyaimnisdein lnulalduuuitaesinsatuidaduin
WUUTIABIVDINTEYLFTTD dmTumsilimesiavenidainsgaldeiddtuaznisgede
B3 8 fszeen19d198e warlduuusiaendeadfdeuse nouludae COF Tdinausuuusians
suaqmimqmwma’iﬁLﬁaﬁﬂmﬁaﬂmauﬁ’ﬁmiﬂizmaﬁuaqmimqmwaw%ﬁﬁﬁ@sﬁﬂu
ﬁaﬂﬁmﬁyﬂmmiq&yLﬁﬁgL%ﬁﬁiﬂLLWﬁﬂi%%ﬁﬂﬂguﬂla\‘i RFID.
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YURDUNITANWINAADIIY

4.1 na1

wﬁléfﬂé’nﬁq%umaumsi’mfaqé’cgzyﬂmﬂﬁLLWi'ﬂszmsm?{wuaaizw3zq§l’mu€f’m
Anuiinguie RFID Mm3tadesdynnaldldingesliasgilasaiisuuuinimnes (Vector
network analyzer; VNA) uagldageiniaununuululasansviluaiseiniddinazaigeoinia
Fu Mé’ammjjuﬁ]zﬂa'nﬁa%umauiumﬁmimé’mmm AINAIBULUUTI0INITIA LABIIN1TIA
Usnatunanidevialiuasdunmiderinlave waslfimaildannsinludnsey
WIsuifleunsgandedeidlunsunsnszaneniutes RAID fetunadsdorinlinasduang

PADUTNA lane

4.2 NM3INYBIEY YN

4.2.1 gunsaln1sdanisinvasdgalunsinvasdayin

TnglfinTodinmeilaseiuvunnmes iugUnsaivdntunisiauasduiinua dsgn
AIUANNITINUYDITHUUABNTNILADT FilunsTeiilamualinesavidddnsudsdmin
W wazdauveInesnaoslddInsus udyaaEIu ﬁﬂmﬂﬁaaaqwaﬁ‘ngﬂﬁmiﬁuaw
pnekuululasansy qUﬂﬁzﬁmﬁi’ms&aaé’q;aunmiéﬂl,amiﬂugﬂﬁ 4.1 lun1sinagnnnun
wsiweiiuandlilumsad 4.1 Tnsvinisialugaseanud 2.4 GHz fv 2.5 GHz Fenseung
mnuivessEUUMsAoas RFID Widluviosaun Tnsuvsnisiaeeniu 2 nsdl Ae

1. nsdlanpoinees-u finslwadlsduuussununingase

2. N5AlE8INAEI-SU HN15lalsTRUUTLUIULUIUBU-UD U

A1919% 4.1 diwesnltlunisvesssinluudiasinivindesdeygin

fauUsildluntsnaaas fn
Fr3A7 A 2.4 - 2.5 GHz
$1unugannud 801
wiina1ee1nA agonFLkuLuUlllasansy
NN579EUDINATDIENEBINARS-5U SYUNURA-RA WATSYUNUUBU-LDY
YUIAYBWIBY (1319 X 817 x §49) 3.40x5.45x3.0 gNUIANLUAT
wSasiletn WSaangRlasIIaLUUNReS
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gﬂﬁ 4.1 1A309ATIERTATNBUUUNIADS E5063A [23]

4.2.2 anwemaitldindesduayin

Tumsneassinldldaeeniauiuuuulalasasiuiaugiuaad 2.45 GHz S
n¥19 10 wufuns 810 10 louRiuns 1angusomul 0.1 wufluns duanslusui 4.3
argeInAaLkusuvlilasandvluguaud 2.5 GHz Ald¥adldgnadedulneniaien
AAINTIUMIALUIAN AMLIAINTTUANANS A0 TUmNALULAENTZIDUNENIIAUNMITAIANIT

Y & & 1 o
wmam%lmﬂwuﬂu g8 1N1AANLAZANYDRINIAIU

-10}

-20

-30

-40

Reflection coefficient |S;, | (dB)

-60
2.2 2.3 24 25 26

Frequency (GHz) %10°

JUN 4.2 1nalaseasne wag |Sy; | anaudivesmeainiawuLuulilasansy
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4.2.3 Sunsuntsiatesdyen

- Anslgunsairng 4 suwuusiaesiildeenuuuld

- mstmualsenudldinureaadesinssilasaienuunges (VNA) 7 2.3
fl4 2.6 GHz \lelrinseunquALATiFaINITIA

- fvuediAuazBonauiiveanies VNA 13 801 90 daduniuaziBengean
BN RGO

- YmsdeuseUatvanswiiain (Semilicit cable) vesnesaniloideunowuy
.Um2935 (Open connector) fudousanuudni993 (Short connect) lausoRUUAILAIY

11U (Load connector) 1At UINSUS U UTUMIURaNasfInIuaf U 1nSUNesnaas

' (%
| Y

seiuidousen 3 i fuazimsusuiieuiiasiauduietutfunesamianduih
Uaneanewiiadarsdendunndsusefumeiudeusowuy SNR o ndyyrasuniy
99Nl

- sememauiusuulilasansuiniulateaaeiainiass winsvaaes
fomnuuuudians guasainmsusuifiey fidsanseinie wazansennedldlunsialduandlily
UM a.a¥mmauuusiass gunsainsUiuLisy fidsanseina uavaisermeaildlunisild

wandlilugui 4.4

5UT 4.3 gunsalnsuSuiiguninangaind kaganeainantdlunisin

9

4.3 WUUINRBINTINYBITY Y10

4.3.1 Funiideviald

LL‘UUGSWa@qmi’i’mj'mé’ﬁgigmiﬁt,l,amlﬂugﬂﬁ 4.4 way 4.5 Imag‘d‘ﬁ 4.4 LARIYUNDY
Fruvuvesiesiivianuuaeslunsindunmdsdendaldl uargud 4.5 uansuumasdumnii
Yesiumisaeomedsuutunadideriald TngldvimsTalukesiidauinniie 3.4 wes

813 5.45 AT kar g9 3.0 lwns MNTintesdyauusintumiidesilaldduinniig
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0.6 1AT g9 1.00 AT UATVL 0.025 lms 91U 1 § angeniasuiiiuvuseginatses
%gmfmwﬁfaﬁaLLasqqmﬂ‘ﬁuLﬂuizaz 0.76 WATAN8DINAAIIAINEL 0.67 LuAT yosuraziy
vosdunmiadedaguil 4.5 sumisnisiadumisisnazegduruugauestunamidade
Tnevisannveuduseer 14 wufwnswdvinniswdsuiundmesasoiniads tnauday
swnsineiuduszer 2 wufues TWaudsiundsgaielunisialaldasanauuulule
sansuduaneeiniaduazanseiniasu uwagviinistn 2 nadl WewSoudisudwansenud
At usetosdnn %a;gaﬁlé’mnmsﬁ’msﬁmﬂﬁmﬁmmwﬁﬂLLUUﬁﬂaaﬂmiqauJLﬁsJL%ﬁﬁ
A159MENaNEIE wasnwuUIIaesad AT INzaNsateduLIn Janafldaznaddy

Pdasall

Wooden [

Rx-antenna bookshelf

UM 4.5 yuesnunivewinuiiaseniAuutumilsdotnld
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4.3.2 Sumanisdoviialave

wuuitasamsiatesdyyalduansliluzuil 4.6 uaz 4.7 Tneguil 4.6 uansyuses
Fuuuvesiasfiviuuudaadunmsiadunontsderinlany uagsuil 4.7 wansuues
Frumtwesumseasemeavutunelidevielans Ingldvinsialutesfidauaniag
3.40 WAS 817 5.45 LUAT LAz g9 3.0 Luns ﬁﬁﬂwsi’maaé@mmu‘%Lam%u’m']wﬁfaﬁa%ﬁmiam
HYU1ANI1N 0.92 1AT g9 1.78 LUAT uanun 0.028 Luns 91U 1 ¢ @1881N1ATULALMUS

= 3 v A & [ 1A
@%ﬂﬂﬂaﬁﬂﬂ]@ﬂ‘ﬁu’ﬁﬂ%u\ﬁﬁaLLﬂSQQﬁ]’]ﬂ‘WULU‘HiSEJS 0.76 Lumiﬁ']ﬂ’eﬂﬂ']ﬂﬁﬂmﬂ’ﬂuﬁjﬂ 0.67 LUNS

[

YoIAazTUYRITUIMITIFRAIIUN 4.7 duntsninduviawsnizegiurnuuanvesty

Y
Menildelagvinsnnveuduseey 16 wufuns wainsidsuiuniiwesaigeniee
Tnausaziuniaieiuduszes 2 wuwasluauisiumisgaine Tunstaldldaisenna
wuululasan3uid uangoiniAdLazd1v9InASY kazyin1sin 2 nsdl a3 suiisuds

HANTENUTNATUsBYaddya M Teyansal LivetUSeuisuisransenuiiinTusiavesdayny o

o

[

Toyanildannisinvgiinlianfiarsauyiuuuiiassnsayidedan msaemenatedn uaz

MLUUINa0sadAluNaNsotesdya I Jwmanlnaznanisluidesely

75.45 m 34m

| 1 Rx-antenna “

i ; Metal
i A bookshelf

= qsﬁ:sn!i?

T

Tx-antenna

JUT 4.6 yunesmnuuuvatiuuiinaesnldintunmilideviinlane
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Rx-antenna

JUN 4.7 yumesumihvesiumisaigemauuiunamidesiialany

4.4 unagd

1 o = N ]

TURDUNITANYINARDINTIAYBIRRIMNTa L de T TN sunsnIzIEAd ures
) 1 Aa = L o oA Ay a ° v

JEUUAIAUAIEAINAINENT 0 RFID Nullai1udndueg198 sifaaiansanivualvikuy
wnun1sneaesinlnedasaisdedadoang o laun anuiiinaeunviinisunassin Lagns
ANFYE1801N1A #N1ITWINADUTOUTNA 9 Inglaniyed 198t uneniliderialduazvin
langiinanssnusewisdwesnlelunisnaasesiuisniugnieuazanuuiugilunisly
iwseslaTamemnnanintanaiuntl Fdlduansdunsunisnaassegasidenliluund el
lananisneaesfidiaudanaintiosiian Unafilaa1nn1smeass wagn1suseiiunag

Wisusuwansliluuna 5
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NANISNNADIIVY

5.1 na1711

Iuﬂ’rﬁ’mazﬁ’uﬁﬂﬁmﬁmwﬂmmiqﬁglﬁaLﬂ?jﬁﬁmﬁl,LWi'ﬂizmaﬂ?{wuaq RFID &gt
’m%ﬁ’aﬁmﬁmlﬁuawﬁmiawLfJu*ﬁaaﬂaﬁllé’mnﬂﬁi’maqﬁ’mﬁmmsdqmuuazlﬁm
Uszifuramnuvntunduusivanlnih sedassnsgadedailagliuuuiaodinsaduy
Lazn191803n15 e nanglInlaeldn1sraesluldaia Tndsddunisuanuasasau
(Cumulative Distribution Function: CDF) waziiunaaaulafidaaes (Chi Square Test) 7

nanBluuni 3

5.2 AuRUIBLLAAULLAn WA

¥V
4

5.2.1 nsalYuNavitsaaviialdd

AumuuRauimEn e sdg s ulinesdyanauntunanidevia
iﬁléfuamﬂugﬂﬁ 5.1 (n) NansvnaswansliiuisdnuaEnsunInsEnevesda ULy
Mnidsdavdald asmiuladnluuas A uag B azdiaunuiuuuvesdyyinegluszaudiu
NA9ADIZIING -39.5 dBm A9 -41 dBm Lﬁaqmﬂu‘%nmé’ﬂﬂénﬁigﬁummqwaqmammﬁ
AUAZAIINIASUANAUYIN T T2 8219581 19E18 0N FEN LA AN DINIATUNINAIUT LI
sIna1seed umede luvaioatuusname Cuay D azilnanavuiutuady
usiwmdnluiihgeandesenine -37 dBm fia -39 dBm esaniduuinadiissduanugsves
ameemadaazasemaiueglussiuieaiu egrslsAmmidefansanuinaun £ uay F
wuinduuinaiiinnuvuinduaduwimdnlniwifigede seing -41.5 dBm fie -43.5

Y ]

dBm Lﬁ@fl’ﬂ’]ﬂLﬂu‘U%L?Mﬁi%ﬂUﬂ’ﬂN%ﬂﬂﬂ@ﬂﬁﬁEJEJ']ﬂ']ﬂENLLa?dE‘ﬁEJE)’]ﬂ?ﬂ%JUG]I’Nﬁ’uLLaSﬁﬂﬁi

al

avviowvasdyaanidzlideiuandunuudnaesnldlunimaaesinluguin 4.4

I
[

5.2.2 NSUTUINVILIHoYLAlans

ANurUILLURauLan Wivesdygansulsandesdyanuuntuinmiddonin
Lilduanslugun 5.1 (v) nanisnaasnandliiiufsdnvaugnsunsnszavesdyyauudy
v A a < U = 1 Y] 1 (v (': =
Nladevlialavy zwiulainluund A war B azianunuiwiuvesdyauegluseduniee
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Abstract

Radio frequency identification (RFID) is wireless multimedia applications for
bookshelves experimental system to replace the barcodes media technology.
The RFID propagation channel characteristics and environment effect should
be known. In this study to evaluate the RFID propagation loss with wooden
and metal bookshelves based on data of measurement. Experimental study
evaluation of RFID multimedia system with bookshelves is using vector net-
work analyzer (VNA) and the microstrip patch antennas of transmitter (Tx)
and receiver (Rx) antennas at a frequency range from 2.4 GHz to 2.5 GHz.
The results of experiment are considering the path loss, received signal
strength (RSS), and comparison the path loss differences with cumulative
distribution function (CDF) to evaluated, respectively. In this research work
are necessary for RFID antenna design and evaluate the RFID multimedia
systems.

Keywords: RFID, RFID multimedia system, RFID measurement, path loss
model, microstrip antennas.
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1 Introduction

RFID (Radio Frequency Identification) is a wireless multimedia technology
has gained significant prominence recently as a versatile wireless solution that
has permeated various aspects of our daily lives. Originally evolving from
traditional barcode systems, RFID has surpassed its predecessors in perfor-
mance and functionality. While RFID has demonstrated superior capabilities,
it has not entirely replaced barcode systems due to cost considerations.
Nevertheless, RFID finds extensive use in diverse applications, such as shop-
ping malls, inventory management, logistics, supply chain operations, smart
cards, and libraries [1-7].

The advantages of RFID multimedia system very good ability to auto-
matically identify and track people or objects using radio waves. This
groundbreaking capability has revolutionized several industries by enabling
efficient and seamless operations. RFID systems allow for quick and accu-
rate identification, leading to enhanced reliability and productivity. For
example, in libraries, RFID technology has streamlined the book recovery
process, enabling quick and efficient management of books within the library
premises. The durability of RFID tags ensures their longevity, contributing to
long-term operational efficiency [8-13].

RFID multimedia technology operate across different frequency bands
to cater to diverse requirements. These frequency bands include UHF
(868-915 MHz), HF (13.56 MHz), LF (125-134.2 kHz), and radio frequency
(2.45 GHz). The wide frequency range enables RFID systems to handle large
volumes of data swiftly and effectively. This capability is crucial for high-
speed data transfer applications, such as real-time inventory management and
supply chain optimization. Furthermore, RFID multimedia systems offer the
advantage of non-line-of-sight communications. RFID tags can be read and
identified if they fall within the radio frequency range, allowing for seamless
tracking and monitoring in various scenarios [14-19].

Understanding the propagation characteristics of RFID multimedia chan-
nels is essential for optimizing system performance. These channels exhibit
intriguing phenomena, including reflections, diffraction, and scattering.
Various channel models and measurement techniques have been developed
to analyze and model these characteristics. These models and measure-
ments help comprehend the impact of path loss on the overall system
performance [20].

This research paper focuses on investigating and comparing path loss in
two distinct types of bookshelves: wooden and metal. The study involves
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conducting meticulous indoor channel measurements, which provide valu-
able insights into the propagation loss of RFID propagation within indoor
environments. The research aims to enhance our understanding of sig-
nal propagation dynamics in RFID multimedia systems by examining the
effects of different bookshelves materials on path loss. Additionally, the
study evaluates the resultant effects on system performance, shedding
light on the complexities associated with path loss in RFID multimedia
applications [21].

To achieve this, path loss measurements were conducted using a Vector
Network Analyzer (VNA) operating within the frequency range of 2.3 GHz
to 2.6 GHz, with a center frequency of 2.45 GHz. The collected data were
analyzed using contour methods and cumulative distribution function (CDF)
methods, which provide a comprehensive understanding of the relationship
between channel function and path loss.

Thisresearch paper contributes significantly to the field of RFID multime-
dia technology by investigating path loss variations in different bookshelves
materials and exploring the complexities of indoor signal propagation in
RFID multimedia systems. The findings of this study serve as valuable inputs
for developing efficient and optimized RFID multimedia applications, ulti-
mately enhancing the performance and reliability of wireless identification
and tracking systems in various domains. The paper is structured coherently,
with Section 2 outlining the channel modeling approach, Section 3 presenting
the measurement methodology and results, Section 4 delving into the indoor
signal propagation analysis, and Section 5 offers conclusive insights derived
from the study.

2 RFID Path Loss Model

The RFID propagation channel effects many factors on communication
systems. The separate between transmitter and receiver antennas is main
variable [20]. Therefore, it is necessary to understand the characteristics of
propagation channels and RFID path loss. This path loss can characterize by
using statistical model.

2.1 Path Loss

The path loss analysis of RFID propagation channel due to multipath which
affects many factors on environment fading. The main variables are separate
between the transmitter and receiver. The equation of path loss model can be
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written as [21]
2

P(f)

=—10log | —5——=
E.(f) ¢ [z = a2
where P;(f) is the power transmitter, P.(f) is the power receiver, d the
separate between the transmitter and the receiver, A is wavelength (A = %)

PL[dB] = 10log ( (1)

c is called the phase speed (3 x 10° m/s), f is wave frequency.

2.2 RFID Path Loss Model

RFID channel measurement show that average received signal power
decreases logarithmically with distance. RFID path loss model mentions
to any method to modeling the association among one or more variables;
therefore, the model depends linearly on the unknown parameters of data
estimated. Most commonly, path loss model of RFID can be written as [22]

PL = (d)[dB] = PL(do)[dB] + 10nlog (%) (2)

where dg is the reference distance set in measurement, d is the distance
between transmitter antenna and receiver antenna, n is the exponent path
loss which indicates the path loss rate increases with d. The n parameters
and PL(dy) are evaluated by using least square method of linear regression
model between parameter PL and log(d) with dy = 2 m.

2.3 RFID Statistical Model

For RFID path loss characterized parameters X, in the terms of the CDF.
The CDF of X, is respectively expressed as [23]

T o) = P{X, L u) 3)

where X, is the path loss in dB, ¢ is standard deviation of path loss variable.

3 Experimental System Model

In this study, to conducted a comprehensive investigation of measure and
estimate the path loss in RFID systems designed for operation within wooden
and metal bookshelves. The objective was to gain for understanding the
characteristics propagation loss and optimize the performance of RFID
multimedia technology in real-world scenarios.
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Figure 1 The structure and characteristic of microstrip patch antenna.

Table 1 Parameters of experiments

Parameters Values
Range of Frequency 2.4 GHz to 2.5 GHz
Frequency point numbers 801
Height of Tx-antenna 0.67 m
Hight of Rx-antenna (Rx-antenna orientation with experiment positions)
96 positions for wooden bookshelves and 80 positions for
Measurement positions metal bookshelves
Type of antennas Microstrip patch antennas
Transmitter power 1w

To assess the path loss accurately, using a VNA to be measured and
recorder the channel response within a frequency range of 24 GHz to
2.5 GHz, with the frequency center is 2.45 GHz. The transmission (Tx) and
reception (Rx) antennas utilized microstrip patch antenna technology, which
has proven efficient and reliable in RFID applications. The specific geometry
and dimensions of the antennas can be found in Figure 1, providing a visual
representation of their construction.

Establish a comprehensive to understanding of the data measured, to
classify the RFID system designs into five distinct tiers. Each tier presented
unique advantages and disadvantages, primarily relating to power consump-
tion and availability. Notably, we observed that redundant or duplicated
designs were often implemented to address system availability and safety
concerns. However, such redundancy inevitably leads to increased power
consumption, which must be carefully considered in practical RFID deploy-
ments. Figure 2 illustrates the different system conditions observed based on
the measured data, further emphasizing the significance of our findings.
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H 545m 34m

Wooden
Rx-antenna bookshelf

(b)

Figure 2 RIID propagation loss measurement with wooden bookshelves: (a) experimental
model. (b) experimental setup.

The experimental study was conducted within the well-equipped lab-
oratory facilities at King Mongkut’s Institute of Technology Ladkrabang
(KMITL), School of Engineering in Bangkok, Thailand. To meticulously
designed and implemented wooden and metal bookshelves models, as
depicted in Figures 2(a) and 3(a), respectively. In these models, the Tx
antenna, representing the reader, was positioned 2 meters away from the
bookshelves and (.67 meters above the table surface. The Rx antenna, sym-
bolizing the RFID tag, was strategically placed in front of the bookshelves,
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Figare 3 RFID propagation loss measurement with metal bookshelves: (a) experimental
model. (b) experimental setup.

aligning with the experimental setup. It is worth noting that the orientation
of the Rx antenna was crucial in ensuring accurate measurements of the
electromagnetic field’s intensity.

To ensure robust and comprehensive data collection, we meticulously
measured the electromagnetic density at multiple positions within the book-
shelves. In the case of the wooden bookshelve, a total of 96 positions were
sampled, whereas 80 positions were recorded for the metal bookshelves. This
extensive measurement setup allowed us to capture the intricate variations in
signal propagation within different bookshelves materials.
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Figures 2(b) and 3(b) provide visual illustrations of the RFID propagation
loss measurements conducted within the wooden and metal bookshelves for
a clearer representation of the experimental setup. These setups showcase the
precise positioning of the antennas, the bookshelve models, and the overall
experimental environment.

4 Experiment Results

This session, the characterized of RFID propagation loss from experimental
data. First, electromagnetic density contour between wooden bookshelve and
metal bookshelve can show as follow in Figures 4 and 5, respectively. Show
in the wooden bookshelve has better received signal than metal bookshelves.
Next, the path loss of RFID propagation between wooden bookshelve and
metal bookshelves are show in Figures 6 and 7. The wooden bookshelve
has less than metal bookshelves. The RFID average path loss in wooden
bookshelve is 49.97 dB and the RFID average path loss in metal bookshelve is
50.05 dB. Next, CDF comparison of RFID propagation loss between wooden
bookshelve and metal bookshelve can show as follow in Figure 8 form
this experimental results with CDF of wooden bookshelve less than metal
bookshelve is 27.26%.

A1 —~ T —TT
r‘ 3 /":H”
| i
¥
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\’~\I \‘I J_-'—‘
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Figure 4 RFID electromagnetic density contour of wooden bookshelves case.
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Figure 5 RFID clectromagnetic density contour of metal bookshelves case.
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5 Conclusions

In this research to evaluate the propagation loss of RFID multimedia system
in an indoor environment with wooden and metal bookshelves multimedia.
The path loss density, path loss distribution and channel characteristics can
be seen from path loss model by using contour method and regression anal-
ysis. According to the results of the experiment, RFID path loss in wooden
bookshelves is less than metal bookshelves as 0.79 dB. Consider the contour
model in bookshelves showed that there was high path loss near the edge of
the bookshelves. Because of the effects of the environment. In the path loss
around row E1 (wooden bookshelves) and row G1 (metal bookshelves) are
higher than row F1 (wooden bookshelves) and row H1l(metal bookshelves).
Path loss does not increase with distance. Because of the effect of the
environment to the surface of the table that cause destructive interference
occurs around row E1 and G1 and constructive superposition occurred around
row F1 and H1. Therefore, factors of distance, environment and materials
used are effect on path loss.

Therefore, can be conclude that co-polarization can work better in wood
bookshelves by observation of the less path loss as compared to the metal
bookshelves. Because of the effect of the material, pattern of antennas and
environment. In this research very useful for RFID antennas design, RFID
system design and evaluation of RFID multimedia systems with a new
technology.
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Abstract—This paper studies the propagation that eccurs in
Radio Frequency Identification (RFID). The purpose of this
study is to establish a model to study the energy and efficiency
of the system. Experimenting with two model of bookshelf
models. Wood and metal bookshelves are used as models to
measure data. Microstrip antenna are used as a transmitter (Tx
antenna) and a receiver (Rx antenna) at frequency of 2.45 GHz
channels in co-polarization. From the data of this measurement
result, we can observe the tendency of path loss arising from the
change in distance and the effect of the signal in both wood and
metal bookshelf by the contouring of the path loss signal. The
results showed that the co-polarization had higher path loss at
increased distances. By path loss modeling using contour
method it was found that at measuring point near the edge of
the bookshelf There is path loss in the edge of metal bookshelf
higher than the edges of wooden bookshelf.

Keywords—RFID, RFID  propagation loss, RFID
measurement, channel measurement, path loss

I. INTRODUCTION

At the present, wireless communication technology has
evolved and become more and more active in human daily life.
Radio frequency identification system (RFID) 1s technology
of the wireless technologies developed from the barcode
system. This system has the advantage of being able to store a
large amount of data, read data even when not in the field of
sight or with obscured objects, resistance to humidity, impact
resistant, high speed read data, data 1s stored on the microchip
in the tag. RFID has been applied in various fields as retail
business, Inventory system, logistics and so forth and can also
be applied to use in library services as well by read data from
a data sheet attached to the spine of the book for link to the
program for easy handling and also can check the borrowing
period, book loss and delayed returmn. [1]-[4]

The purpose of this study is to compare path loss in
wooden and metal book shelves, indoor channel measurement
[5], measuring the propagation of indoor signals [6]. RFID
path loss measured using the vector network analyzer (VNA)
at frequency ranged from 2.3 GHz to 2.6 GHz with center
frequency 2.45 GHz. The RFID path loss model to analyzed
relation of function and path loss characterized by using
contour method and regression analysis this paper is organized
as follow. In section 2, channel modeling is defined.
Measurement and results are obtainable in section 3 and 4,
respectively. Finally, conclude of this paper in section 5.

RFID PATH LOSS MODEL

The propagation of waves affects many factors on
communication systems. Distance between the transmission

979-8-3503-2204-0/23/$31.00 ©2023 IEEE

and the receiver is the Main variables [7] Therefore, it is
necessary to understand these characteristics for channel
modeling in the part of path loss. This path loss can
characterize by using statistical model.

A. Path Loss Analysis

Extrapolation the path loss of a channel (PL) due to wave
propagation which affects many factors on communication
systems. The main variables are distance between the
transmitter and receiver. The path loss equation can be
written as [9]

PL(dB)= 101og[§] @

>

where P, is transmitted power, B, is received power.

PL(dB) = 20105;[4’;L d }+10n10g[j], d=d, @

0

Where d,is the reference distance, d is the distance
between Tx and Rx antennas. # is a constant that differs
depending on the environment in which the signal is
transmitted with dy = 200 cm andn = 2.

B. Linear Regression Model

The RFID propagation models measurement show that
average received signal power decreases logarithmically with
distance. Linear regression model mentions to any method to
modeling the association among one or more variables,
therefore the model depends linearly on the unknown
parameters to be estimated from the data. Most commonly,
linear regression refers model in the term of conditional mean.
For large scale propagation, the average path loss PL in dB is
expressed as [10].

PL = (d)[dB] = PL(d,)[dB]+10nlog [dij ®3)

0

where dy 1s the reference distance, d is the distance
between Tx and Rx antennas, n is the path loss exponent
which indicates the rate at which the path loss increases with
d. The parameters n and PL(d,) are evaluated by using least
square method of linear regression model between parameter
PL and log( d) with dg =200 cm.
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II. MEASUREMENT DESCRIPTION

Path loss in wooden and metal bookshelves are measured and
estimated. The channel is measured with vector network
analyzer (VNA) at frequency ranged from 2.3 GHz to 2.5
GHz with center frequency of 2.45 GHz The microstrip
antenna is used for both transmission (Tx) and receiving (Rx)
antennas [5],[8]. The co-polarizations V-V are considered.
The measurement parameters are shown in Table 1. [7]-[8]

TABLEIL

MEASUREMENT PARAMETERS

Parameter Value
Frequency range 23 GHzto 2.5 GHz
Number of frequency points 801
Polarization Vertical-vertical

545mx3.39mx3.0m
Microstrip

Dimension of room
Antenna type

The experiment was conducted in the lab of Faculty of
Engineering, King Mongkut’s Institute of technology
Ladkrabang Bangkok. The model of measurement wooden
bookshelves and metal bookshelves is shown in Fig. 1 and Fig.
2. The Tx antenna represented reader is located 2 meters
distance from the bookshelves and 0.67 meters above the
table. The Rx antenna represents a tag placed in front of the
bookshelves and moves to each position where the symbol is
mark. Positions to measure each polarization of the wooden
and metal bookshelves are 96 positions and 80 positions,
respectively. Using VNA to measured and record data of
RFID propagation loss with wooden bookshelve and metal
bookshelves are shown in Fig. 1 and Fig. 2.

Fig. 1 RFID propagation measurement setup with wooden bookshelves.

60

Fig. 2 The RFID propagation measurement setup with metal bookshelves.

IIT. RESULTS

The data obtained from the measurement in a channel were
used to path loss modeling by using contour method and
regression analysis which includes Probability Density
Function (PDF) and Cumulative Distribution Function (CFD)
[12] to see the results.

Fig. 4 shows path loss density of the signal of co-
polarization in a wooden bookshelves. It was found that path
loss increases with the increased distance between a
transmitter and a receiver microstrip antenna. Although the
distance between a transmitter and a receiver is closer, there
is higher path loss in row E1 than row F1 due to radio wave
propagation to the surface of the table that cause destructive
interference occurs in channel around row E1 [12] and
Constructive Superposition occurred in channel around row
Bl.

The same applies to metal bookshelves Fig. 5 shows Path
loss density of the signal of co-polarization in a metal
bookshelves increases with the increased distance between a
transmitter and a receiver microstrip antenna. There is
destructive interference occurs in channel around row G1 and
Constructive Superposition occurred in channel around row
H1 resulted in higher path loss in row G1 than row H1. In
addition, at measuring point near the edge of the bookshelves.
There is path loss in the edge of metal bookshelves higher
than the edges of wooden bookshelves due to properties of
metals that contribute reflection of the signal this causes
constructive superposition. [11]

The comparison of RFID path loss between wooden
bookshelves in Fig. 6 and metal bookshelves in Fig. 7 at a
distance of 200 cm between transmitting and receiving
antennas, it was found that the path loss in wooden bookshelf
was less than metal bookshelf. The path loss in the wooden
bookshelfand in the metal bookshelves is 49.70 dB and 50.49
dB respectively. Path loss of co-polarization are characterized
by using CDF as shown in Fig. 8 and Fig. 9
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IV. CONCLUSIONS

In this paper we evaluated the RFID propagation loss.
Experimenting with two types of bookshelf models. Path loss
density and characteristics are determined from path loss
modeling by using contour method and regression analysis.
According to the results of the experiment, it was found that
path loss of the co-polarization in wooden bookshelves is less
than metal bookshelves as 0.79 dB. Consider the contour
model in bookshelves showed that there was high path loss
near the edge of the bookshelf due to properties of metals that
contribute reflection of the signal this causes constructive
superposition. In addition, see that in the path loss around row
E1 (wooden bookshelf) and row G1 (metal bookshelf) are
higher than row F1 (wooden bookshelf) and row HI(metal
bookshelf). RFID propagation loss does not increase with
distance due to radio wave propagation to the surface of the
table that cause destructive interference occurs around row
El and G1 and constructive superposition occurred around
row F1 and H1. Therefore, factors of distance. environment
and materials used are effect on path loss. The microstrip
patch antenna in V-V co-polarization of RFID propagation
loss in this research are kwon the better in wood bookshelves
by observation of the less path loss as compared to the metal
bookshelves due to reflection of the signal at the edge.
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Abstract— The radio frequency identification (RFID)
library management system has gained popularity in libraries
due to its convenience and improved efficiency. Accurate
channel modeling is crucial for predicting system performance
and received power. This paper focuses on modeling the channel
characteristics of metal bookshelves in RFID library
management systems operating at a frequency of 2.45 GHz. We
employ microstrip patch antennas as both transmitter (Tx) and
receiver (Rx) antennas, considering both vertical-vertical (V-V)
and horizontal-horizontal (H-H) polarizations. Linear
regression analysis models the path loss characteristic, allowing
us to establish a mathematical relationship that accurately
represents the path loss between the antennas. Furthermore,
statistical models based on cumulative distribution function
(CDF) are employed to characterize multipath fading, providing
insights into the distribution of signal variations caused by
multipath propagation. The experimental results indicate that
metal bookshelves with V-V and H-H polarizations are suitable
for the performance of RFID library management systems. The
path loss models generated through linear regression analysis
enable accurate prediction of received power, while the
statistical models based on CDF contribute to a comprehensive
understanding of multipath fading and its impact on system
performance. This study provides valuable insights for
librarians and system designers seeking to implement efficient
and reliable RFID technology in library management systems.
By examining and modeling the channel characteristics of metal
bookshelves, our findings support the optimal use of V-V and H-
H polarizations, ensuring the effective operation of RFID
systems in library environments.

Keywords—RFID, RFID management, library management
system, metal bookshelves, path loss analysis

I. INTRODUCTION

Radio frequency identification (RFID) technology has
gained significant attention recently as a promising solution
for various applications. However, the relatively high cost of
individual RFID tags has diverted its adoption as a
replacement for barcodes. Nonetheless, with the increasing
demand for comprehensive inventory tracking and the
influence of large retail chains, the cost of RFID tags is
expected to become more affordable. RFID utilizes magnetic
coupling or electromagnetic fields within the radio frequency
(RF) spectrum to identify objects, places, animals, or
individuals uniquely. Its versatility has led to its widespread
implementation in various industries, including libraries and
manufacturing [1].

RFID technology offers numerous advantages over
traditional barcode systems, particularly in libraries. Unlike
barcodes, RFID does not require a direct line of sight between
the reader and the tagged object, as it operates on
electromagnetic fields. This feature enables libraries to
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enhance book identification, streamline self-service
processes, improve shelf management, facilitate sorting and
conveying library materials, and enable anti-theft detection.
By leveraging RFID, libraries can increase efficiency, reduce
data entry errors, and free up staff to focus on more value-
added tasks [2-4].

Shelf management is a critical aspect of RFID technology
in libraries, involving the interconnection between readers and
tags. Library tags are typically affordable, with limited
functionality and short read ranges. The propagation
characteristics of RFID signals can be attributed to reflection,
diffraction, and scattering phenomena. Channel models
derived from measurement results are essential for
characterizing these mechanisms and predicting received
power (path loss) and system performance (multipath fading)
[5-6].

This paper aims to model the RFID transmission channels
in the presence of metal bookshelves for RFID library
management systems. The channels were measured using a
vector network analyzer (VINA) at a center frequency of 2.45
GHz. Microstrip antennas were employed as transmitter (Tx)
and receiver (Rx) antennas. The study considers the metal
bookshelves' vertical-vertical (V-V) and horizontal-horizontal
(H-H) polarizations. Path loss characteristics were modeled
using linear regression, while multipath fading was
characterized using the cumulative distribution function

(CDF).

The results indicate that the path loss and multipath fading
characteristics are more favorable for the V-V polarization
than the H-H polarization. Thus, the V-V polarization suits
RFID library management systems employing metal
bookshelves. The remainder of this paper is organized as
follows: Section 2 provides an overview of channel modeling.
In contrast, Section 3 presents the measurement methodology.
The results are discussed in Section 4, highlighting the
implications and insights gained from the study. Finally,
Section 5 concludes the paper, summarizing the essential
findings and discussing avenues for future research.

II. RFID TRANSMISSION MODEL

Path loss and multipath fading significantly impact the
performance of RFID library management systems. Modeling
the transmission channel is necessary to understand these
characteristics. This section describes two methods: linear
regression and statistical models, used for characterizing path
loss and multipath fading in indoor environments. Linear
regression analyzes the relationship between received signal
power and distance to model path loss. Statistical models, such
as cumulative distribution function (CDF), capture the
statistical distribution of multipath fading. Understanding path

ithorized licensed use limited to: King Mongkuts Institute of Technology Ladkrabang provided by-+niNet. Downloaded on October 16,2023 at 04:02:09 UTC from IEEE Xplore. Restrictions appl



loss and multipath fading aids in optimizing system design
and performance.

A. Linear Regression Model

The measurement-based RFID transmission channel
models demonstrate that the average received signal power
logarithmically decreases with distance in both indoor and
outdoor environments. Linear regression modeling is a
method used to describe the relationship between variables,
where the model depends linearly on the unknown parameters
estimated from the data. In the context of large-scale
propagation, the average path loss PL in dB can be expressed
as [7]:

PL(d)[dB] = PL(d,)[dB] + 10nlog (dio) )

where, (d,) represents the reference distance, and (d) is the
distance between the transmitting (Tx) and receiving (RX)
antennas. The path loss exponent 'n' indicates the rate at which
path loss increases with distance. The parameters 'm' and
“PL(d,) are estimated using the least square method of the
linear regression model, where the parameter PL is regressed
against the logarithm of (d) with (d,) set to 1 m.

The path loss PL [dB] comprises both average path loss
and multipath fading, and it can be expressed as [7]:

PL(d)[dB] = PL(d)[dB] + X, . 2

where, X, represents the multipath fading factor in dB, which
is a random variable with a standard deviation of ¢. The
parameter X, characterizes the small-scale propagation and is
analyzed using a statistical model.

By utilizing linear regression for average RFID path loss
estimation model and PFID statistical models for channels
fading characterization, the performance and behavior of the
RFID transmission channel can be understood and optimized.
These models provide valuable insights for system design and
performance evaluation.

B. RFID Statistical Model

RFID channel fading arises with the mnterference between
multiple versions of the transmitted signal, arriving at the
receiver with slight time differences. This phenomenon
persists even in the presence of a line of sight, as reflections
from the ground and surrounding structures contribute to its
occurrence. In order to characterize the parameter X,
associated with multipath fading, we employ the cumulative
distribution function (CDF) [8]. The CDF of X, is defined as:

Fy,(x) = P{X,; < x}, )2

The CDF provides a probabilistic representation of the
random variable X, expressing the probability that X, is less
than or equal to a given value x. By analyzing the CDF, we
can gain insights into the statistical behavior of multipath
fading and its impact on the system performance. The
characterization of X, through the CDF enables a
comprehensive understanding of the multipath fading
phenomenon, facilitating the design and optimization of
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communication systems in the presence of such fading
effects..

III. MEASUREMENT DESCRIPTION

Our objective is to understand the impact of metal
bookshelves on wireless communication performance within
a library environment. This section presents a comprehensive
analysis of the path loss in channels with metal bookshelves
through rigorous measurements and evaluations. To
accurately assess the channel characteristics, we employ a
Vector Network Analyzer (VNA) for the measurements. The
frequency range chosen for our experiments spans 2.4 GHz to
2.5 GHz, with a central frequency of 2.45 GHz Both
transmitting (Tx) and receiving (Rx) functions are carried out
using microstrip antennas, which exhibit favorable
characteristics for this study.

The precise geometry and dimensions of the antennas can
be found in [6]. Our measurements account for two
polarizations:  vertical-vertical (V-V) and horizontal-
horizontal (H-H). These polarizations allow us to investigate
the variations in signal propagation caused by different
orientations of the antennas. A thorough description of the
measurement parameters can be found in Table 1. To conduct
our experiments, we utilize the library facilities of the
Information Engineering department at King Mongkut's
Institute of Technology Ladkrabang,

As illustrated in Fig. 1, the measurement setup includes
antennas and metal bookshelves to capture the diverse
conditions encountered in natural library environments.
Figures 3 and 4 provide amore detailed depiction of the layout
of the metal bookshelves. During the measurements, the
receiver antenna, represented as the reader, is positioned in
front of the shelves at 0.76 m above the floor. Meanwhile, the
transmitter antenna, represented as the tag, is placed within the
shelves and systematically moved to various positions along
the shelf. This approach enables us to collect a comprehensive
dataset encompassing different spatial configurations.

For the receive antenna at the bookshelves, we conducted
240 position measurements for each polarization, capturing a
wide range of scenarios and enabling a detailed analysis
scheme of the path loss characteristics. Similarly, we perform
320 measurements for each polarization in the case of metal
bookshelves, ensuring a comprehensive investigation of the
short range wireless communication system performance. By
conducting these extensive measurements, we aim to gain
insights into the impact of metal bookshelves on the wireless
channel and provide valuable information for designing and
optimizing RFID library management systems in real-world
library environments.

TABLEL MEASUREMENT OF PARAMETERS
Parameter Values
Frequency range 2.4 GHz to 2.5 GHz
Number of frequency points 801
Polarization V-V,H-H

Dimension of room 248%x3.43x3.0

Microstrip patch antenna

Antenna type
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IV. RESULT AND DISCUSSION

The measurement and evaluation of path loss in the
context of RFID library management systems are crucial for
understanding the performance and efficiency of the system.
In this section, we focused on measuring the path loss of metal
bookshelves with V-V and H-H polarizations using the
measurement scheme described in Section 3. The objective
was to gain insights into path loss and multipath fading
characteristics in different scenarios.

Fig.3 presents scatter plots depicting the measurement
path loss with linear regression models for wooden
bookshelves, considering both V-V and H-H polarizations.
The results showcased the relationship between distance and
path loss, visually representing the measured data compared
to the linear regression models. Similarly, Fig. 3 displayed the
scatter plots of the measurement path loss concerning the
linear regression models for metal bookshelves, considering
V-V and H-H polarizations. By analyzing these figures, we
could observe the path loss trends and the effectiveness of the
linear regression models in capturing the measurements.

The evaluated results that the path loss for metal
bookshelves' V-V polarization was higher than H-H
polarization. This finding suggests that the orientation and
polarization of the antennas play a significant role in
determining the path loss characteristics. By understanding
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these variations, we can optimize the design and configuration
of the RFID system for improved performance.

The multipath channel fading is an inherent phenomenon
affecting wireless communication systems' quality. In the case
of RFID systems, multipath channel fading arises due to
interference caused by the arrival of multiple versions of the
transmitted signal at the receiver with slight time differences.
Even in scenarios with a line of sight, multipath fading can
occur due to reflections from the ground and surrounding
structures.

To evaluate the multipath fading factors, we employed Eq.
(2), which combines the average path loss with the multipath
fading factor, represented by X,;. Fig. 4 provides an insight
into the multipath fading characteristics by displaying the
fluctuation of the multipath fading factor for both V-V and H-
H polarizations of metal bookshelves. This information is vital
for understanding the impact of multipath fading on the
performance of the RFID system. It can aid in the
development of suitable mitigation techniques.

Furthermore, we employed the cumulative distribution
function (CDF) to express the multipath fading characteristics
quantitatively. Fig. 5 illustrate the CDF of the multipath fading
factors for V-V and H-H polarizations, respectively. By
examining these figures, we can determine the statistical
properties of the multipath fading factors, particularly the
standard deviations. These standard deviations provide
insights into the variations and fluctuations of the multipath
fading factors, contributing to a comprehensive understanding
of the system's behavior.

In this measurement and evaluation of path loss and
multipath fading characteristics in metal bookshelves with V-
V and H-H polarizations have been conducted. The findings
shed light on the variations of path loss and the impact of
multipath fading on RFID library management systems. These
insights are crucial for system optimization, antenna design,
and RFID channel performance enhancement..

V. CONCLUSION

This paper focuses on measurement and modeling of
RFID multipath channel fading with metal bookshelves in the
context of RFID library management systems. Path loss and
multipath fading characteristics are analyzed for V-V and H-
H polarizations, employing linear regression and statistical
models. The findings reveal that the average path loss for V-
V polarization is lower than that for H-H polarization by
approximately 1.17 dB. Moreover, the quantity of multipath
fading for V-V polarization is lower than that for H-H
polarization by approximately 0.76 dB. However, when
considering the results of metal bookshelves, the path loss for
V-V polarization is slightly higher than that for H-H
polarization by about 0.02 dB. The multipath fading for V-V
polarization is also slightly higher than for H-H polarization
by about 0.02 dB.

Based on these outcomes, it can be concluded that V-V
polarization is suitable for RFID library management systems
with metal bookshelves. In contrast, H-H polarization is
appropriate for such systems as well. These findings
contribute to optimizing the performance and efficiency of
RFID library management systems by selecting the most
suitable polarization based on the characteristics of the metal
bookshelves.
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