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Abstract

Project Code : TRG5880015

Project Title : The Passive Chipless RFID Sensor for Monitor Deformation of Material

Investigator : Asst.Prof.Dr.Rattapong Suwalak King Mongkut’'s Institute of Technology
Ladkrabang Prince of Chumphon Campus
Assoc.Prof.Dr.Chuwong Phongcharoenpanich King  Mongkut's  Institute  of

Technology Ladkrabang

E-mail Address : rattapong.su@kmitl.ac.th

Project Period : 2 years

This project presents the passive chipless radio- frequency identification (RFID) sensors
with a non-destructive testing (NDT) technique for monitoring applications of materials such as
soil and construction material products (CMPs) (e.g., light weight concrete (LWC) and concrete).
These chipless RFID sensors can offer both identification and sensing capabilities simultaneously
without any additional sensors. The research and development of both chipped and chipless

RFID sensors are studied and designed to determine qualitied of material of interest.

Keywords : RFID, RF Sensor, IC Chip
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2.2

2 2
b=0c ‘Reader_tx‘(Gmm_”) [ “ 2} : (2.2)
4z 4R
nefl o Ao Aadmraseng (RCS) vosuiinenstenlefnuuldidnasessm Tunsdifisa
g Tan
Procderse B Mdsnusnuiiivesansomaeieseudoya
Grooderte D é’mwmasuaamamﬂw,ﬂ'%'aﬂém%azga
A fo  emuemedulueinie
R fio iwwmiwdmmsjmmﬂLﬂ%aémeﬁagaﬁumammmaqLnﬁﬂ“Lumzﬁﬁﬁm
pgiuTan

NAUNIT 2.2 AUITOUINIMIANTEEENINSARFRERATTNGNER (Re) AIEUNNT
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2 2
G .
Rmax =4o- Preader—tx ( reader —tX) . i , (23)
r,min 47[ 47[
1087 P, i Ao Mdwusuiirvgnvedaseseutoyasisionled

WeldiaTeseudeyalieliuazaninsamaAdnsdiuseeen1anisinsoioansves

Wuasig 1 wazibulwasdi 2 leauaunisn 2.4

4
“wanl :(ﬁj : (2.4)
‘max,2 02

1087 Ry s W8T Rpoo AD S28ZVNNISARRBEDA S INATNI@AvRNTUIOSHIN 1 uaziduwesfai 2
AIUAIAU
o, I8g O, Ao MAdnvasAsvesduasiin 1 wazidueasiin 2 audeu Tunsdl

v v

nenegiuian

INAUNTN 2.4 WU A1dRsIdINTeITEEENINTAnsedea s inangaliliTuey
UPN Preader-to Greader-to W8E Py WH8TUBLAUAINIAGATINGLIANSIYINTIY

weNINUTIasaAIMMASEBENeAnsedeaslnananlavnaunisi 2.5

A P
Rmax B (E \ P t 'GtJXGt,rxGr,thr,rxL(f)9 (25)
rx,min
gl P . e mdwuiuiiigavedsseseuteya
LAZAIUITONIAIDNTIFIUVDITLHENNITAARDE 015V UT ULDI UrazAlAsa
aUN15N 2.6
R G, G, )
‘max,l — tlex tlrx , (26)
Rmax,Z GtZ,thtZ,rx
loefl R, Ao szzmin1sindedeansilinaianvenduesensionled fin j (= 1.2)



11

[

G Ao ONINVYILVBIEYDINAVDILTINAIALTU AU

4, tx

way G

tj,rx

£
|

AERTIEINTEY R, A8TURgiunIsIimesvauniossuteyasiiionlonuas

max, j

4

LYY

WBYNUININAIUYDY (GU,,XGW
0G,, =G

1, tx tj,rx

2)

1
)4 TunsalnsnsvensvasalsaINAdIwarSUTRILAINIANINAY T

o))

=G, fatiuaINNsaANSRsIAIUleINENNNST 2.7

1
2
el {—Gﬂj : (2.7)
‘max,2 Gt2

AatluaunsaUssendldidugesiioanwuulafuaninwindensing q 1 saudanisly
ulunsdianniaing (Free Space) nndnnskagAuinigninluldlunmsinssiagesnwuy

angomeveswinorsonlefuaglilunsmeanaantinsliihvesiagnelinisvaaeusaly

2.3 szuuenstenled (RFID System)
izwmi’l,m/\llaﬁLﬁuiw‘uﬁ'mw"i’wé’ﬂmsﬁmm'aﬁ'amiLLUUi%’amwﬁyugmsuamﬁu
usiimdnladi (Electromagnetic Wave : EM) Tnefidiutszneundn 2 dwu Aein3esstudeyaoidion
19f (RFID Reader) uazuwiinensionled (RFID Tag) sneazidunnng o asaglanaluidedaly
2.3.1 wispssnutayassieled (RFID Reader)

o

szuvansienlefviiamadnlaeluagldiniosoudeyaensievlonlunisdedynyin

A

[

warmdsnuludaudinerdienlefifioliuiinersienlefvinmadnuuuiidnisasynannsaviauld
Tnefifdsnuiiufinensionlofuuuddnassudesdfuegalosdanvinfuidanuidniassy
anunsavield nfuaginsuegueedygaasiounduinduaieseudoyadnadmils dwy
winendieviledvdinmadnuuulifinsasnuazindnmevhauuanseiu fe WeirTese udeyads
fyaraunazmasnuludwinersienlofuuulifidnasesym
2.3.2 uina1stenled (RFID Tag)
2.3.2.1 uinensionlefuuuiitnieassin (Chipped RFID Tag)
Tagnluuiinensienlofvdinmadnuuuidnsassam dauandusud 2.2 Uszneuly
feanseAkarinassT [1] Inefillednisassildsufdanuiisulianidsuiidenainves
m’%'aaém%’aaga%ﬁmﬁwﬁiumiua@Lamﬁ@mmeLazazﬁaué’@@wmﬂé’ulﬂé’amammmaqméaqém
foya Fnsasruasindiegasstivesmeoinimeufinlnefirduinuddudosmeenniauay

IS

Fnassanasiianduneuging (Conjugate) eiuuaziuiielildrnisdsiumdwuligian
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Lo A L e

JUN 2.2 winersielefulama@nuuudanianssay

2.3.2.2 uinonsionleduuulififnisassin (Chipless RFID Tag)

winonflolefuuulaifdnisassy dauanslusuil 2.3 lnefindnnisviaulunis
aﬂm'a?famaLLa3&&5@@?w’hEJmiazﬁauﬂé’uﬁwé’amuﬁeﬁqmmﬂLﬂ'%laaa'm%aaga NTILATIZILAY
sonwuvageInALinetsieleflivinzaudmsunisnsvaeunuauiRresTannIenIsinuasuas
viotagreadislalilusunsudaessanseduudmdnli lunidsdldvhnisesnuuuudinens

[y 1 [ =

willoflianunsaldnulaiuianneasne fie Au wasdguiatun (Lisht Weight Concrete : LWC) Ul

q

'
2 =

a A1 a I = < & a LY I [ A
auyAgIunIdgiaiunduianniinuduiionsniu (Homogeneous) waztluianidireluns
foas9IIvesdIviin N15An N1swnzaan wagn159nz WWudu [27] auaudinsliivesdguna

Lwanslunsen 2.1

o L
1 2 3 4 i

5i 6l 1 3 114 15 16 1

7 118 119 2i0 )
9 ¢
8

1 4 6 7' |
il il |h|||||i|||1|ylx!:!x|x|||v':'n"‘ Ll

JUN 2.3 winersienlefuuuldfidnisassm
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A13197 2.1 AnaafilaBianesnvesdguiaunviindnisaade (Lossy LWO) el 922.5 wnetgsnd
[19]

H01ULVBIBFUIALUN P &'
Wwits (Dry) 2.5 0.2
Wen (Saturated) 8 1.08

a o

dmsunsdinfandanisaydednludeddanusveadguiaiumaniusuiuas
= J A a & a a = o ° [ J =
Won A1aantadidnasnvesdguiaiuituansni 2.1 awnsainisegeulagldinsudusuinani
la81énn3n (Dielectric Probe) [17] el &, =& — je! wazlapUniian & uay & V09BFUIALUI
anuilendzdarunnitanuswisiieninuavesUsunailudguiaiu [8] Tulosdunaisundy
wawuulilidinisagyde (Lossless) lnguunrasdauiaun Wiy 600 Haduns x 200 dadins
x 75 fadiuns uazilAaafladidnn3nuaninenisnad 2.1 lneimualien € =0 anangvesdy

WIAUIRIFUN 2.4

F%g

|

»

JUN 2.4 BguaLLn



14

uni 3

N1529NLUULLAZANADINE

3.1 N1399NUUULALTIABIEN88INAF Az T UVBILAS as8udayasifianlefd (RFID Reader
Antenna)

TuiteildvinnsAnvinazesnuuuasorniaiilddmiuadessudoyaoifiowled (RFID
Reader) Tngluauifeildhmssoniuuaeseiniadmiviaiossudoya wissenidu 2 viia fe
argenianuululasaniy (Microstrip Antenna) LagageInIALUUA BN 308AN (Log periodic
Antenna) Inefiseasdenluniseeniuy wagnsmuamAminoseng o sl

3.1.1 d@ganelulasansy (Microstrip Antenna)

aneemelulasaniy (Microstrip Antenna) fsuanslugudl 3.1 fdwusznoundn 3
du o fuwinsza1enau (Radiating Patch) Yanguses (Substrate) Wars¥UIUNTIIUA (Ground
Plane) lunuisoildoonuuuasenidlulasanivuuuienay duandusuil 3.2 Tnelétangiuses
viln FRA fidAAsiladidnn3n (Dielectric Constant) WAy 4.3 fiAwid 922.5 winzldsnd wasdl

WITTNDIAN 9 Adanslumnssi 3.1

A1519% 3.1 MTwesE1e 9 vesangonialulasansuluuIna

A185U"Y TRERETLE
Srfivasiunsnizatenduianay Qe
AUYIVBITANFIUTDS L
ANUNINYRITANTIUTOS w
AUNUIVDIARNFIUTEN h
suulsnstoudmyaaluluiuny x P,
sumsnstoudaaluluinni y P,




Microstrip Feed

Patch

Substrate

Ground Plane /

gﬂﬁ 3.1 anwomalulasansy (Microstrip Antenna) [1]

~
| R
|
tn
¥
(N) AUUU
} L
(P P)
// \\
v’ \
e ~
\‘\ ]
}\\ ’/}
[ Pl
[ V!
[N |
I I
| N - |
| Seae o |
I I
I I
I I
I I
| | | i {
b

(1) A1UaN9

JUN 3.2 lassasrwesanganialilasansuiildluanuidedl

15
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L 9A9IN1TPNWLUVAIYDINALRAILNITONDUAUDIAINUD N3 BUAINUD LS UL UUA

(ResonantF%equency;ﬁ)ﬁﬂaﬁmﬁl9225 uﬁnﬁéimﬁiuiwuﬂ'TMllﬂmmm]Mode)%ﬂ%wwaﬁuﬁiﬂ

AMUIIANSAva LN NSEeAdWINNaY (a,) lnanaunisn 3.1

Tngn

bbeYe

(1) —;(Xf'm} 1)

mnQ 27[ IUS a

e

(f, )mn . ApAIRLslouuud dmiuaunislauuudluluun M, Ao ( f,,)1 0
X AANTINTBENN1THanguLUawa (Bessel Function) dwmsulvua TMy; 9zlaan
X|, fininfiu 1.8412
& = 1 @ .
7 ADANUTUYIUNIIULARN (Permeability)

& Aoan neaunaliin (Permittivity)

ANUNIOTHUANNITA 3.1 TUOUVRIANUDLARIANNNTA 3.2

a=; 1 Ko (3.2)
T &
H (fl")mno
M= Lyt
E =g,

fy Ao Arudumuulwanluiinarsiidueinia fewiniu 47 x107 weuuussewns
(A/m)

4 Ao ANNTUIULLWANANNS (Relative Permeability) apsianandla 9

g, Ao anmeauliilufinansiiivennie fewviidu 8.851x1072 Taaddewwns (v/m)

g, Ao anmgoulinduivs (Relative Permittivity) Uassianaidla 9
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[

PnULsunuAMITEasae o asluaunisi 3.2 el

— 1 Xlll
© A x107 x1x8.851x 1072 x 4.3 (fr)
110

a

1 1.8412 j
a

. 27[\/471'><10’7 x1x8.851x107"* x4.3 922.5x10°

a, =45.9 daa.uns

Wl a, Wit 45.9 fadwms waztheildanmssnnaidundudisudulunis
9ONUUY UavdaesnalfiovAAuanuay (Characteristics) yasansoinalalasaniUuuulnausie
TWswnsuduumenauwimanilill (CST Simulation Program) awanssnassuandld famsnadi
3.2

AN5199 3.2 wanisanaseanslulasansuuuulenay

3 ANUINTT |S14|
(a,) AIUNIVDITZUU . Gain
(mm) n3196 (mm?) Uoudtyyno 920 9225 92> (dB)
(P Py) MHz MHz MHz
45.90 100 15,18 -0.68 -0.59 -0.51 1.94
44.40 100 15,18 -3.98 -11.52 -8.02 2.06
44.19 100 15,18 -8.65 -12.32 -13.71 2.06
44.36 120 15,18 -12.73 -18.02 -13.95 3.40
44.38 120 15,18 -13.96 -20.13 -14.09 3.62
44.40 120 15,18 -15.00 -19.86 -13.14 | 3.62
44.42 120 15,18 -12.38 -16.98 -13.32 3.62
44.42 150 15,18 -13.26 -17.17 -12.58 3.86
44.43 150 15,18 -12.72 -17.05 -12.98 3.84
44.39 150 15,18 -13.86 -16.95 -12.01 3.86
44.29 150 15,18 -17.03 -13.18 -8.84 3.86
44.40 250 15,18 -11.34 -11.52 -10.40 3.99
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[

NNANITTIADI WU ﬂ'ﬁ‘wwswﬁma%ﬁmmxauﬁqmaqmammﬁ il
1. aun¥all (a,) Wiy 44.38 Jaans
2. AUATRVDITTUIUNTIIN WNAY 120 Hadluns x 120 Jadiuns
3. dwnisnisteudyain (P, P) Ao dwnusluwnu x Wiy 15 Taduns way
suuisluuny y WAy 18 Jadiuns

4. 99519818 (Gain) Y9@19BINA WINAU 3.620 dBi

WauhANminzauiaauiiniseankuuaandlusun 3.3 wazdiaaawaiionial

ANENYAEAN 9 YBIANYDINA WU A18BINAILITINBUALDIE AN IIATOUAUEIUAIILD

'
a

2984 (Ultra-High Frequency: UHF) @slutszimalnefvuslyidanudifsud 920 - 925 wnzidsnd

naIfe T Syl 6n91 -10 dB wandlaReguil 3.4 wazidlaNTILUUTUNITLNINTEINBAAUTDY

agenaaglanuusUnsunsnsyaendudunuuiiemaies duanddugui 3.5

12cm

Ky

)

12c¢m

(n) PIUNTN

-« 12cm 4>|

12cm

(1) P1UNAI

JUN 3.3 lnssasvesangennialilasanivianay



19

S-Parameter [Magntude in dB)

2 : ; : R T | e § —
4 : s : : e : : :
P A OO S U O V| M I
] 51,1+ -13.964707 $1,1: -14.000975 -. ............... . ...............
10 : ! : ! T s s ' :
2 B R R
14 : ! i | : j 4 ;
1S A AN A |
A S S | O —
20 : i ; : : & E : :
2 o [l sl L
800 820 840 860 880 %00 90 %0 90 1000
. Frequency / MHz
JUN 3.4 ¢ |S,,| vesawenAlulasansy
Farfield Gain Abs (Phi=0) Farfield Gain Abs (Phi=90)
0
180 180
Theta / Degree vs. dB Theta / Degree vs. dB
(n) ()

(m) )

JUN 3.5 LuusunisunsnszanenauvasangaIntawuulilasansULUUINAY

(n) LL‘U‘U‘E‘Uﬂ']iLLWilﬂi%ﬁﬂEJﬂau'iSlﬂU Phi=0
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() WUUFUNISUNINIZANYATUTZUIY Phi=90
(A) WUUFUNMTUNSNIZANEATU 3D AU

(9) hUUgUNISUNINIZANEATU 3D ATUTN

3.1.2 ggenfdanivseann (Log Periodic Antenna)
I3 aa a [~ d'al 1 d’ [ a
aweniedeniisesinluameeinianiuuusunisunsnssaeaduduwuufianig
Weawazldnsveegs lunuideiildesnuuuaiseniadeniizeefinuuuiuninfiosdusenauwiiiu

6 psAUsvnau Awandlugun 3.6 dwsuldiueseseutoyaensionled

UM 3.6 lassainmwesaeenmaieniizeefndmiuiniaeutoya

S-Parameters [Magnitude in dB] d4=0.75 I

s A — 11

-10
-15 NG
-20
-25 i
-30
1 d=45
-40
-45 ;
B ST e B P ------------------------------------
55 i °

0.5 1 15 2 2.5 3

|q ( 2.3525, -53.369 )| Frespiency. | Gilz

(M) VUIAVBINFITLHDST S
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S-Parameters [Phase in Degrees] d=0.75] N
200
: [/ —s1,1

0. 1 1.5 1.86 2 2.5[2.61 3
= 2

Frequency / GHz
() W@Y2INISTLHBS S

4 8.33
i

=198
Phi =5 T
eyl S

(A) LUUFUMIUNSNTZANEATUVDINNTNADT S

JUN 3.7 Kan31RRveEgRINTAYRIATEEUTRYE

MNHANIIABMERTUIUN 3.7 Ui agemAfeniisesfnaunsaneuaupEuAINAL
Aae 1.86 ANLLBINT D9ANUD 2.61 NNLLBINDG TANUDSLYWUUANIAINUD 2.35 ANLLTIADT AIbanIlu

JUM 3.7(n) wag 3.7(v) wazduuugunisunsnizanendunuuiianiuied uandluguin 3.7(a) den

[

[ |

8RM1U8NY VAU 8.33 dBi

3.2 N1599NULUU995A529NA9ULHRAY (Power Detector)
TunseenuuuNasnTduidulnia@dld 1C LTC 5508 Tnsanusaviauldlugiuaiud

300 wnzidsed 9 7 Aneldsed waganansanuidanudunalagdn Wiy 12 dBm 343505393

MAIUNiT LaraAINe18989A UL UUYD919950 T3 UMa s Ul LLamiéfﬁagUﬁ' 3.8 ag 3.9

ANUAINU
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LTC5508 39pF
1t l6 RF
—L1SABN RF _|
DISABLE [ENABLE " N
2 GND GND R

4 = Vee
— Vour Vee
1100p _Lo.luF
i - I

JUN 3.8 19330539umasnulviih

JUN 3.9 nuenevesnRsnyIumasnuliih

3.3 n1seRnLUULATIIaeNaufinastenlef (RFID Tag)

3.3.1 nseanuuuwinetstenlefuuuiidnasassau (Chipped RFID Tag)

' '
A

A1NNIFNUMINLITeTA Badeefi Tuneudsafuduiresldats dafinisinly
Uszgnldnuvannnanelnsiemzogisdenni ldoludnuasve sduwesuindilidesvhaietan
fithumageu (Nondestructive Testing: NDT) Tngandiandnniseing o wi 159795 (Radar) AR
(Capacimetry) AuA U ulnin (Electrical Resistance) warAdusansileda (Ultrasonic Waves)

=

Juwdu luwsasndnnisaziidendedaunndviuveaniviuegivanumunzanlunisiluussandld

[
]

muluusagysznn uenanidfdidnuianaluladilésuauaulasgrann Ao waluladensionled
(Radio Frequency Identification: RFID) @sanunsautseanidifu 2 uuundn fie wuudidnieassiu
(Chipped RFID) wazuuuliiidni39557a (Chipless RFID) Tnefv3dediisadestunisiissuues
olofuUszyndldiduduigesiiane (Wireless Sensor) 1 n1siluussyndldiuduiges
I9TUANTL (Humidity Sensor) Tnsedendnnismaniuuiiug uwes PEDOT: PSS d4ldiisens
wiilefuuuinaglifidnsassn ssunsnsrauieunduiioszylaznaaeuannuesian
noda319 (Construction Material Products: CMPs) 11 8g13aLu1 (Light Weight Concrete: LWC)
wo$H1 (Mortar Specimens) wavAaun3s (Concrete) Wudu TneduweslSaeiilusndudodisn

Wuesae 9 U 1wgesamngll (Temperature Sensor) WulgasA1UY Y (Humidity Sensor)



23

Wuwesnsraaaunisindaulnivesing (Motion Sensor) luLwas A (Light Sensor) waziduLses
e (Sound Sensor) Wudu ualuanAdeilldadendnnisvesnalulagensienlofunussyndldiu
mgugeslsaelaenlidndudosddiiduresyilndu Feldvinnseenuuy uazdiaodlaseadiaves

WuaslSaeaielusunsuinannan1eeduLlidnluii a1nan131809 WUl Hlaseasnasaans

'
=

Tusun 3.10 wazllvuelvangauauandlunisned 3.3 Fuualagsiu Wiy 39.5 Taduns X 25

Ay

Hadwns X 0.8 faduns @amu1sanaUaUs UANLINABINSIA Ao @1unsaneuauadlalug1y

[
a s

Aufigsds (UHP) dddudsemalneddedmuslildsnldnusainmd 920 wnzidsnd fanrwd 925
wngidsnd lumstedl 3.5 uansraudnuarveuduieslimeuuuiiimaasrndifiiduiuudsiny
WAy 165-148.7 Toviu (Q) iAud 9225 winzdsad tnseonuuulfiduiveslaeiian
duiiwaudaudn (Input Impedance) LuAABUNA (Conjugate) AUAIBUNUAUTVDITNIIDTTIN

= =

FanuinduwestiateieanuuudAinisaouginaia Ae dardudszd@ndnisdaiuniadseu

(Transmission Coefficient : T, 1OV 100 WWa5i9U UazdlA18RT19818 (Giggmer) WAV -8.1 dBi
way -8.2 dBi dusuLS U 1 waziin 2 anuadu dnisiwarlsadunuudadulunuinnu x o

'
v

LLam‘Lugﬂﬁl 3.10 1nefAUEUNUSIENINAT Gragmar WAZAT Tnee NUAT £ VBATULLBIAIN 1 (S1)
waziail 2 (52) LLaﬂqié’é’qgﬂﬁ 3,11 duldinen 7, seletosaadlenn & ety iosann
Wuweslimeldgnoonuuuliiinsaougineifturdufinauddudivesdmsassailon &,
WU 2.5 9510A Grogmar ﬁma‘ﬁ'qm WinAU 1 dBi wa -1 dBi Wieen &) UAWYINAU 6 wag 5 dnsu
Fuiwesiad 1 uazdail 2 mudidy 9ngUfl 3.12 aunsomanuduiudsenisiiudivindasnns
(Radar Cross Section: RCS) uazszeznsansiodoasszninaedoseudoyauazidumesondionled
(Maximum Read Range: Rqy) furnafilndidnn3n (Dielectric Constant: &) YoudumasHIf 1
(51) uagdaf 2 (52) loldeufinnud 922.5 wnziBand 16 [Wuwesdad 1 wuin e & fldveg
Tugae 5 - 6.5 gy liAlar1a1ARRY21915A15 (Radar Cross Section : RCS) WALANSEELNIINIT
ﬁﬂ@faﬁ'amiﬁllﬂaﬁ'qﬂ (Maximum Read Range : Riay) maﬁqm WINAU 1.8 M1519LUAT way 40
URLAS AuERU dmsudueediad 2 dle & Gauviadu 3 agldAn RCS wagA R mﬂﬁqm
WU 0.3 m3ms way 25 eufluns iy wasdlendsuiileulassaiaisans nud skuy

#1 2 9519R RCS WAZAN Ry 1INNINTIURBITULUUT 1

\ L N l< L N
I wzl kll’”"ik_ I _,'I I w2 |<-I Ly »le— & —>|I
T 72 . !
L S RN | g
W > 9 _’”‘_H Wl
144 o | | 1o i x
R =

Iy

(n) WUUT 1 () WUUT 2

3UN 3.10 lassaiadugesensionled
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N19190 3.3 WW?W@JL@@?GUQQLSUUL‘UaﬂiﬁWEJ
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Wisiwas | Wuwediai 1 | Wuwesdiafi 2 | wisfiees | Wuwesiafl 1 | Guweiiag 2
(mm) (mm)

L 39.5 lg 3.75 3.75
w 25 lg 21 19
L 15 135 Lo 9.5 9.5
L 21.5 19.3 l;; - 2.25
(3 12 13.25 Wi 1 1

L, 24 233 W, 2 0.5
s 9 1 w; 1 0.5
lg 6 3.5 Wy 6 55
L 75 7.75 W ] 1

P [ < v
f1919N 3.5 Qmanwmmmmuwaﬂsma

AAANWZ \Wuasaan 1 \Hugasaaf 2
dudinaugaudn (€Q) 16.5 +j148.3 15.7 + j148.6
BNV Giagmar (ABI) 8.1 8.2
AUUTEANTNNTANIUNEIIY Tt (%) 99.98 99.94
nsinailsd DLy

2 N 100

0 \\ . < \ 1 0

5 ‘.:\\ ‘/ "\1‘\“\

N\ £ —Gain_S1 \'\
= 4 .-‘ . Gain-S2 1 60 o
) B — N X
3_ A - Power Transmissjon Coefficient S1 e
Ez 6 / : '-\.j\\ «++-Power Transmission Coefficient S2 \ 1 40 &

<] e

\

A0}

25 3.0

35

4.0 45

5.0
gf

r

55 6.0 65

70 7.5 8.0

JUM 3.11 AUAUNTUSTENINENTIVEY (Gragmar) HOEAIFIUTEANTNMIABIUAANU (T00) U

ANABIaNASN (&) ouduLgosmi 1 (S1) uazsan 2 (52) Weldvufinud 922.5 wnzidsnd
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2.0 45
1.8 Y e J 440
=7 L
1.6 N o 35
........ / N
14 / \ 1 30
~ 12 _
;; 1.0 = = = \.%
Q RS \\ 4 20 =
& 08 —RCS_S1 M . &
P ~-RCS_S2 \ A s
0.6 [ o ~ ’
- - Rmax_SI ~_ 1 \
0.4 ees*Rmax_S2 \’ 10
p—
0.2 E— S
/
0.0 0

25 30 35 40 45 50 55 60 65 70 75 80
E'

r

JUT 3.12 anuduiussenineiiunviisinisms (RCS) uagszen1sinsedaansseninaunioy
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(S2) Wisldunanud 922.5 wnzdsad
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JUN 3.13 anuduiudseningnndiuressszmsinsedealssenitunioseudeyaduiduigese
N1 (Ronax1) WOELTWTDTHITN 2 (Reyr) NuAIASTIlABIANS3N (&) ) Wisldaunaaud 922.5

WINeLSsas

[
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UNTENIDIAT AU 7 vaeaniuAIgnsIEINTEEEnasiL gy wazllAgeanwindu
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3.3.2 nseanuuuninaisienlefuuulsifi@ngeassau (Chipless RFID Tag)
dusuludiuvesniseanuuunazas1siuwuuraaduaasonsionlefuuulaifidnaeas
59 fisvaviSendedl
3.3.2.1 mseanuuuwiinasienleduuuldidniassindmsunsiaaeunu
Tnssasawouinerfionloruuuliifidnsnssufioonuuudmiunisnsivaeuanuiuy
dusnsvesiu Tnglsvhnseenuuudiuam 4 Tassains uansiesuil 3.14 Fadulassainauuuioumy

WANauwaL L IUUA LAY

MO

LL‘U‘U‘V] 1 () LL‘U‘U‘V] 2
(m) WUUT 3 () WUUT 4

STt 3.14 Tessasavesuiinendionlefuuulsifiinissnudmiuninaeunutudinivdve s

3.3.2.2 mysanwuunina1sonlefuuulifiinasassindmsunsiaaeudguain
winorsenlefsianiadnuuulifidnassin wandugun 3.15 dvwnlaesiu windu
165 fadwns x 140 Jadwns x 0.8 dadwns winansievlefminauetioonuuuuuwiuiangiuses

%A Frd 1a1numun 0.8 1adluns wazilaiaanladiannse windu 4.3 lagoanhuuanuylasiasna
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Wuargenasunazdsdyaranvulululnaniausmiuas leiunes wuvd mva sunazdnig

o

AALUAITZUIUNTIIUA

\ L \
\ \
L »
b, |b
W ‘ a

L
W, Ls 1o, 2 W,
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JUN 3.15 uinanfionlefuuuliddmarssuiinaus

NFUT 3.15 FunsnszanerauveiinUsgnaumesuninsgaienauwuuss C laed
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FASULAYAEAIT U ANTAIN L UUARINT IR WAL AU wazdinisinanlsguuuneriniu ieannanis
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sunuiuresdygrusuiazdsuulaseasauineisienlod vunewms funsnssanenduvisasgn
WnUszgnaldaudmiuninsadu wazrludiuvesislawmeswnudmasulddmsudusia

73olaf (ID) vauduwasansanlen

3.4 nseanwuunazn1sUszandldausinansienlefludnuasveaduwesiiany
vfienlaozunsuvennissdiuwuudmivinnuauifvesianmemainnduainudas wanids
SUN 3.16 Feusznauluime insesfunazdedyginguanudas aeeinmadimsuiasessuuazds

doou lulasaeulnsaass ssuanina wazuiinensionled lnafin1sviiaiunean ¢ fe 1A3osds

<

'
[ [ YY) =

doyayrawvinisderduinggruninud 900 wnzdsnd lUdwiiniidnediuian Wendufinnisnn

Y 9

nsgnuiuninaziinduuisdiuasounduluduaiesiudynin anduszgniszsuianane

lulasmaulnsaans wazinANleuLanINauuIDLanINaLeaTe (LCD)
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'
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AudgnUdosaInluga Ju XTend 900 wnzidsad vimtidnauaud 900 wneidsnd dealud

U 2

Aweialanes (Circulator) Favimthii nvuaiian1anssvdsdygyiuvduazviesn Liled
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WewuanAdeillaldianiluiu duanddugui 3.18 mntusziianisazyiounauludsansainiedn
ASY wardsdyaanunauin ludugesaawes dsimunlrdyainlnaeenludidimsadumaanu
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(n) AU () AUUU

JUN 3.18 mnanevewiniifnegiurnsyleildussaau

3.4.1 mysanuuuwiIndafuTaniiludu

a

2.4.1.1 NSMS8LUIEARY

q
< v 1

lunuddedldauninuiegaunanulasinizugnivsvesandumalulagnss iy
NEUIAUNNTAIANTEUL M NVRYUNTUATRAUANATIIAYUNT Feytiavedunld Ae Ausiuly

N5 Aawandlugui 3.19

v F S SRS
5UN 3.19 Ausiudunsng

nseseuAuialdlunsneaauTaaMuTUFURNNSURIRU Tnsulsn1snaaausantdu

=

233 Ao 1) AwesTaaududuinsszuunasea 4 Tu 1 waz 2) Wuwesansionlefnesniuu Tnedl
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1. daudlalalunszuznanain waznaliluinenisaemleasain Wussezian 2

Tu dauanslugui 3.20

7

JU# 3.20 NM3MNAU

2. UAUNAINLASALAITOUMEAZLNTIVUINYDL VAU 2 TaALUAT LNDLENVBLLAY

YNNYoBNINAY fauandlugui 3.21

JUM 3.21 M3TRUANMYATINTIVIUIATEY WU 2 Hadluns

a

3. dhAufiunsTaumenzLnTuaIldaawazdinge Uil 80 asrLalTyd

Y

Junan 18 $alus ielamnuduiieglufueen daansluzun 3.22
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(¥) gou

JUN 3.22 Mseufuitelaninuy

4. ihAueuasaudiinilenmglianas udrnhuussgasnivuglaenisdedmin

Myurag 500 NTU danandlugun 3.23
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JUT 3.23 NM15UTIRUAINTULLAETIMIINTBIRUAILLATEITY 2 Ui

5. inthaslun1vusussaumuUsnanUasidunuauduivsifenis duany

JUT 3.24 FeanmsaduamnaAnUesiduanuruduinsiianaunisi 3.3

(n) gunsalnsmaaes
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() R luFyY

JUN 3.24 s iiterinauuduinsluay

thwiinvesh (n$u)

2
QoAnudurafiu P
dmtinvasiu(niu) (3.3)

3.4.1.2 NN50DNLUUBAYNITINGDING
panLuLLardaowaduasorsionlenuuuliitnisassiu (Chipless RFID Sensor)
d' (% v [ 1 ¥ o % 1 YY) v} LY} [ v

WeUSulaasimwnuan i 9 Wanusahluldnuinduianludnvasvesiudueesia Tu
lassmsideiiiignusrashiiionaniuy Ins1en aiazyseyndldszuvensienlefvliamadnuuy
TifFwreasnudunsuludiduwesidaraialianusawsnwesasnsiaae uUS U MUMS ALY
duvinslunu

Tun15aNRUULIN AMNUALTANLEIVRIBATATANNNTUASINTIVDIANNEIARY

(%) TAgNaIN1TANLINIAIANNENNARULAAINENNTST 3.4

A=— (3.4)

e ¢ A9 AuSwas Wt 3 X 108 wasaIuni
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34

Wenanuuukinastonleffiaiug 922.5 wneidsesd wnuaiaduaunisi 3.4 azla

_c_ 3x10°
f 922.5x10°
A=0.325 g

Ws1zaziuazladn %whﬁ‘u 0.163 LWUAT %158 16.3 WURLLAT IINTUUIAIAINNEND

Yasvautanlaueaniuuninludneuzdaulanatiazte L tadinasy

lunseenuuukazdtasinavasinetsienlefifnuuianAuiielusunsuvisnau

udwidnlnsln (CsT) Tavinsudsaniugvesiumuaauueendy 5 429 Ao wiraunn (Dry+) wie

(Dry) Un@ (Nor) 1Wen (Wet) wazilunuin (Wet+) iafnwtiganun1silasuiasuaininiadnuing

15A15 (Radar Cross Section: RCS) wazAsnulniln 91nutiA1n1afau11aLsaNSA b AU

AIMANIUSU (Received Power: P.) 983n11a5U Inganunsamwialaainaunisi 3.5

PGG o
p=—ttr
r 2 p2 p2
(4r) R'R’

A o w

Tne Ao MAINUVDILAT DI

gV

Ao 9n519878 (Gain) Ye9d1gRINAAWINAY 3.68 dB

[y

A9 951818 (Gain) VBIE18VBIEIEDINASUYINAU 3.68 dBi
Ao ANNEIPAL

Ao NARAYINIANS

X A o0 9

Ao SraENI9RINATeaAlUSWANVNAY 11 WwuRng

~

A9 sraEn1InuNnlUFueTosTuWngU 11 WwuRng

~

~

(3.5

M58 3.6 A1 RCS vauinuazidsusuresnasy Wenselesdivwiadurugudnans wiiu 7.5

wuRes waglduiinuuud 1 Svwadusihugudnanawintu 7.5 wufwes

LeR ANANURUIRAU X NANURUIRAY y
Aty RCS wseaulvin RCS wseaulvin
VDU (dBsm) V) (dBsm) V)

Dry+ -35.99 1.77 -24.21 1.19
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%49 MEAULUIAY X MEAULUIMAY Y
A RCS wseaulnin RCS usaAUlnAn
VAU (dBsm) V) (dBsm) V)
Dry -30.13 1.49 -20.57 1.01
Nor -16.20 0.80 -16.95 0.84
Wet -27.42 1.35 -30.31 1.49
Wet+ -31.90 1.57 -27.00 1.33

M99 3.7 A1 RCS vatufinuazidsusuresnasy Wenselesdivwadurugudnans wiiu 7.5

wuRwns waglduiinuuui 2 fvunadueihugudnaiainiu 7.5 wuiunes

sli'N FIIATULLUILLAY X FUINATULUINY Y
AINYY RCS k59U RCS k59U LR
YaIAU (dBsm) V) (dBsm) v)
Dry+ -29.10 1.43 -24.69 1.22
Dry -26.51 1.31 -20.85 1.03
Nor -15.83 0.78 -17.93 0.88
Wet -27.50 1.36 -28.32 1.40
Wet+ -39.91 1.97 -30.20 1.49
nszdes 7.5 cm uinudad 1 uay 2
-10 | | Lo
,E\ P * - e e UNAYUAN 1 AU X
% 20 . .—,-7) '\\ ' —_—  §invied 1 anuuuoun y
= 30 sec? ! Ny | .
8 - e, ceee e LTAYNATI 2 ANULLALAY X
o 40 “e & o s
LNYUAN 2 ANULUILAU y
-50
Dry+ Dry Nor Wet  Wet+
YIANMUYTUVDIAU

JUN 3.25 A1 RCS Wanszdasfivumdunmuaudnatawiniu 7.5 wuiwes waglduinuuud 1 uag 2
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[

°

NIANIUYDINTIATU

1.5

0.5

- e uinydiafl 1 AMNLLILAUX

oo oo inyliai 1 ATULUILULY

= a o
— = UVATUAN 2 ANULUILAUX

\ .. ¢  * ® 4
~ N2 5o o
. 4 S
Dry+ Dry Nor Wet  Wet+
YANUTUVDIAY

£ _a o
UWINTUAN 2 AUy

JUN 3.26 Auswiulnivesniasu Wenselesdlvunaduruaudnaiaminiu 7.5 wudilung

wazlduinuuud 1 wag 2
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A13797 3.8 A1 RCS Tauiin uazmdsnusureaniasy Wensedosdivunaduniugudnald wiriu 7.5

wuRes waglduninuuud 3 Svwadurihugudnanawindu 7.5 wuRwes

FINATULUILNY X

. % MEAIULUILNY Y
429ANUYUY _ _
Yoy RCS useaulndn RCS useaulnAn
(dBsm) V) (dBsm) V)
Dry+ -23.16 1.14 -26.32 1.30
Dry -18.44 0.91 -22.26 1.10
Nor -17.98 0.89 -15.79 0.78
Wet -28.69 1.41 -27.74 1.37
Wet+ -34.21 1.69 -30.16 1.49

M15°99 3.9 A1 RCS Tauinuazindsusuresnasy Wenselesdivwaduriugudnans wiiu 7.5

ey wagldufinuuud 4 fvuaduinugudnaiaviniu 7.5 wuiunes

129 MIAULUNAY X MIAULUINY y
ANy RCS usaAulnAn RCS usaAUlnAn
Yoty (dBsm) V) (dBsm) W)
Dry+ -28.99 1.43 -25.55 1.26
Dry -16.54 8.15 -22.34 1.10
Nor -15.92 7.85 -16.30 0.80
Wet -27.69 1.37 -28.22 1.39
Wet+ -33.47 1.65 -29.28 1.44




RCS (dBsm)

nszdad 7.5 cm winwial 3 uay 4

=
':
-
Dry+ Dry Nor Wet  Wet+
YIANUTUVDIAY

- e @ uFnyledl 3 AIULILAY X

eecce inYTa 3 ANLLILAY Y

e 0YTAR 4 AULLILAY X

s o o
—UnPUeN 4 ANNLILA Y
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JUN 3.27 A1 RCS Wanszdasfivunmduniuaudnataiiu 7.5 wuiwes waglduiinuuui 3 uay 4

A8 1UVRINIATU(V)

as

o

2.5
2
1.5
1
0.5
0

£

- e a1 AMULLILAUX

oo e inylial 1 AMNLLILMLY

— 0T 2 ATULLILAX

e
s"'_ \
Dry+ Dry Nor Wet
YAV UVDIAY

uinvded 2 aruuuumly

JUN 3.28 Auswiulnivesniasu Wenselesdlvunadunuaudnaiaminiu 7.5 wudilung

wazlduinuuud 3 uag 4

M15799 3.10 A1 RCS TosuvinuasMasnusureinIasy Wenselesdivuaduriugudnas wiiu

10.3 wuAes waglduiinuuud 1 Sawaduiugudnanawindu 7.5 wufiwes

129 MIAULUNAY X MIAULUINY y
ANy RCS usaAulnAn RCS usaAUlnAn
Yoty (dBsm) W) (dBsm) W)
Dry+ -25.39 1.25 -16.08 0.79
Dry -17.76 0.88 -13.03 0.64
Nor -38.54 1.90 -26.23 1.29
Wet -24.23 1.19 -26.83 1.32
Wet+ -20.67 1.02 -21.18 1.04




M15719% 3.11 A1 RCS vosuiiniasMasnusureinIasy Wensedesdivuadurugudnay wiriu

10.3 wuAes waglduinuuud 1 Svwaduiugudnanawintu 10.3 wuRwms

38

Y29 FNWNATNULUILAUY X FAMNEAULLUILNUY Y
AU RCS usaAulnAn RCS usaAUlnAn
vnU (dBsm) v) (dBsm) v)
Dry+ -25.39 1.25 -16.08 0.79
Dry -17.76 0.88 -13.03 0.64
Nor -38.54 1.90 -26.23 1.29
Wet -24.23 1.19 -26.83 1.32
Wet+ -20.67 1.02 -21.18 1.04
nseUag 10.3 cm , Tag 1
0
. -10 = == = Ginylef 1 (@=7.5cm) MuLUIUNX
% E e \e o3 — = uiinviief 1 (@=7.5cm) AUy
8 e "\ 7 oo ooe FinydaR 1 (@=10.3cm) AuLUIUNX
- -40 4
s U0 TAT 1 (@=10.3cm) MUY
-50
Dry+ Dry Nor Wet Wet+
YRANUTUVDIAY
Ul 3.29 A1 RCS Wonsziosivmnadusugudnanaviniy 10.3 wuims uazlduiinuuud 1 4

2.5

SU(V)

1.5

1899 UVDINIASY

0.5

°

JUN 3.30 Auseiulnivesniasu Wenselesdivunadunuaudnanaviniu 10.3 wudiluns

YPNALFUHUANINAINAY 7.5 loudung uag 10.3 LYuRwng

Q/.\
£
} . IO‘ . ~\
.. e ’..
Dry+ Dry Nor Wet  Wet+
FIANMUTUVDIAY

== e yfinylied 1(@=7.5cm) MULUNLX

o inuilied 1 (@=7.5cm) MULLUNLX

eoooe ufinuliaf 1 (@=10.3cm) MuuILALX

e UfinesTiof 1 (@=10.3cm) FuULLLNUX

warlduinuuun 1 Suwaduruaugnanawiniu 7.5 wuiums uwag 10.3 wufung
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M15197 3.12 A1 RCS Y0euNNLarMANIUFUT0IIASY Wenszdasdivwimdur ugudnans winiu

10.3 wuAes waglduiinuuud 2 Sewaduihugudnanawindu 7.5 wufiwes

199 MIAULUAY X MIAULUILNY y
A RCS usaAulnAn RCS usaAUlnAn
Yoty (dBsm) V) (dBsm) W)
Dry+ -20.39 1.01 -16.70 0.82
Dry -15.46 0.76 -13.19 0.65
Nor -40.84 2.01 -25.17 1.24
Wet -24.23 1.19 -27.17 1.34
Wet+ -20.70 1.02 -21.22 1.05

M15197 3.13 A1 RCS YoeuNNLarMANIUsUT0InIAsY Wenszdedivwimdurugudnans winiu

10.3 wuAns waglduinuuud 2 Svwaduiugudnanawintu 10.3 wuRwms

199 MIAULUAY X MIAULUINY y
A RCS usaAulnAn RCS usaAUlnAn
VoY (dBsm) V) (dBsm) W)
Dry+ -13.74 0.68 -10.78 0.53
Dry -11.65 0.57 -11.66 0.58
Nor -37.59 1.85 -28.01 1.38
Wet -21.30 1.05 -23.89 1.18
Wet+ -19.20 0.95 -19.95 0.98

nszUse 10.3 cm ,Tag 2

0

-10 — = = = uiinyle 2 (@=7.5cm )MuLnunx
_— oo ®
E /" b ) e - a &
A -20 - NN sevuse — = yntien 2 (@=7.5cm) auuuaunuy
el \&-M .
w»n -30 N — 3 e oo oo iinyllaRl 2 (@=10.3cm)AMULUILAUX
@] N o0
[a s " & a

-40 N e— NP UAN 2 (@=10.3cm) auuuIuny

-50

Dry+ Dry Nor Wet Wet+

YNANUTUVDIFIY
UM 3.31 A1 RCS Wanszdasfivunmdunuaudnatainiu 10.3 wufwes waglduiinuuui 2

YPNALFUHUANINAIWNAY 7.5 loudlung uag 10.3 LouRwng
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V)

[

ANAI9IUYDINIASU
[EEN

- e Ginvded 2 (@=7.5cm) AULILAX
— L 0v00T 2 (@=7.5cm) MALILY

oo oee yinulal 2 (P=10.3cm) MALILAX

!

—G0YT0T 2 (@=10.3cm) MUY

[

Dry+ Dry Nor Wet Wet+
YNANUTUVDIFY
JUN 3.32 Aussiulnivesniasu Wenselesdivunadunuaudnanaviniu 10.3 wudiluns

Y @@ A = ¥ 1 L4 [ a a
LLﬁZI“ULW]ﬂLL‘U‘UV] 2 EJGUU’WIL?WN’]UQUEJﬂa’NLVHﬂU 7.5 WURALUAT o 10.3 LWURALLAT

M15197 3.14 A1 RCS YouNNLarMANIUFUT0IIASY Wenszdedivwimduriugudnans winiu

10.3 wuAes waglduiinuuud 3 Sawaduiugudnanawindu 7.5 wufwnes

199 MIAULUAY X MIAUBUINY y
Ay RCS usaAulnAn RCS usaAUlnAn
VoY (dBsm) V) (dBsm) W)
Dry+ -14.30 0.70 -16.82 0.83
Dry -17.68 0.87 -13.18 0.65
Nor -28.19 1.39 -30.75 1.52
Wet -24.54 1.21 -25.30 1.25
Wet+ -20.53 1.01 -20.73 1.02

M15197 3.15 A1 RCS U0euNNkarMaNIusUre1nIasuy Wenszdedivwimduriugudnans winiu

10.3 wuAns waglduinuuud 3 Svwadusiugudnanawintu 10.3 wuRwms

129 MIAULUAY X MIAULUINY y
ANy RCS usaAulnAn RCS usaAUlnAn
Yoty (dBsm) V) (dBsm) W)
Dry+ -10.96 0.54 -12.38 0.61
Dry -14.42 0.711 -11.20 0.55
Nor -30.64 1.51 -35.81 1.77
Wet -21.16 1.04 -22.37 1.10
Wet+ -19.03 0.94 -19.35 0.95




RCS (dBsm)

V¥

o

nszU03 10.3 cm ,Tag 3

R
o

W
o

IS
o

Dry+ Dry

Nor

Wet Wet+

YIANUTUVDIAU

41

= e o yinylief 3 (@=7.5cm )ANULLILALX

—_— - uinried 3 (@=7.5cm) anuuuauny

oo eoe ufinulinfl 3 (@=10.3cm)anuuuaumx

— 0 TeT 3 (@=10.3cm) AuLILY

JUN 3.33 1 RCS Wanszdasfivunmdunuaudnatainiu 10.3 wufwes wagldufinuuui 3 4

(V)

'
a

AIAINIUAIUD

@

°

2.5

1.5

0.5

PNALFUUANINAIWNAY 7.5 loudung uag 10.3 LEuRwng

rd "
ST
e
Dry+  Dry Nor  Wet Wet+
Y IANMUIUVDIAY

- e inuled 1 (@=7.5cm) auuuumx

— 0U0AT 1 (@=7.5cm) ANULLILMX

oo oo yinyliafl 1 (@=10.3cm) ATULLILMIX

G0y Tie T 1 (@=10.3cm) ANULUILAX

JUN 3.34 Aussiulnivesniasu Wenselesdivunadunuaudnanaviniu 10.3 wudiluns

Y @@ PN = ¥ 1 L4 [ a a
LLﬁZI‘ULLV]ﬂLL‘U‘U‘V] 3 N‘UUWWLE‘{HN'}UF‘JUSﬂa’Nm’]ﬂU 7.5 WURLUAT o 10.3 LWURALLAT

M15197 3.16 A1 RCS YoUNNLATMANIUFUVDIIASY Wenszdasdivwimduriugudnans iy

10.3 wuAes waglduiinuuud 4 Sawaduiugudnanawindu 7.5 wufiwnes

129 MIAULUUNAY X MIAULUINY y
A RCS usaAulnAn RCS usaAUlnAn
Yoty (dBsm) W) (dBsm) W)
Dry+ -19.31 0.95 -15.55 0.76
Dry -14.86 0.73 -12.89 0.64
Nor -41.95 2.07 -26.49 1.30
Wet -24.57 1.21 -27.59 1.36
Wet+ -20.69 1.02 -20.96 1.02




a2

M15197 3.17 A1 RCS Y0euNnkarManIusure1nIasuy Wenszdedivwimduriugudnans winiu

10.3 wuAes waglduiinuuud 4 Svwadusiugudnanawintu 10.3 wuRwms

199 MIAULUAY X MIAULUILNY y
A RCS usaAulnAn RCS usaAUlnAn
Vot (dBsm) W) (dBsm) W)
Dry+ -14.12 0.69 -11.48 0.57
Dry -11.84 0.58 -11.27 0.55
Nor -36.84 1.82 -30.31 1.49
Wet -21.20 1.045 -23.81 1.17
Wet+ -18.97 0.94 -19.77 0.97

n3eU03 10.3 cm Tag 4

= e o jinydafl 4 (O=7.5cm IATUULLILAUX

— e ydinudadl 4 (@=7.5cm) AuuUINUY

oo oo finyiiafl 4 (O=10.3cm)ATUULILAUX
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TUsunsudrasssanisnduusimdnladih wagldrmsdinedeing o uazAnudnvuzvesaeMAds

LAASIUANTINN 3.22 WATANSIN 3.23 AUAIAU
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Dimension Dimension
Parameter Parameter
(mm) (mm)
L 104 W, 1
L, 14.3 W, 0.2
W 104 r 13.5
W, 1.5 7 13.5
91’1'5'1\1‘17; 3.23 @mé’ﬂwmzﬁuaﬂmammmwmaﬂam
Radiation Characteristic Description
Radiation Pattern Omnidirectional
Gain 2.14 dB1
Polarization Linear

agalsfmuditlaunesuuurnvzddodninGeenaniuiuseninadnvesdayalunsdii
sonuuulidumesidntoyauinndt 1 T whldnsesaeuldenn [21] Awiuluenuddeils

Usuusdhitinaulaensesnuuuludnuazassiinsesmud (Filter) Jso1dananns fis oanuuuleg

Tasuuuuvaneln dsuanduguil 3.62(0)

(n) TAS9@519
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, S-Parameters [Magntude in dB] [=ia]
: Ty (N NNAC| =
b A N A
5 ZARNA R WERWEL S\

% W WEAY LAY,

e~ Mo\

" S Y N
N LGN T

(2.082, -33.19) \\ //

s (o) W

%Ei;g: f:::):;z 14 1.6 18 Freq umiy - 2.2 24 26 28 3]

(9) WAaN1591804

JUM 3.62 laseasneveiingeemnuiuazainaes

(ORGERGERY

o Py I 7R\ [\ A\ y/ N
| T WP = e
. i \
. \/ v

I i/ <4 7 N&7
20

fl J2 fz .;'4

-35
1.2 1.4 1.6 1.8 2 22
(1.87, -3.6893 ) Frequency / GHz

(9) WAaN1591804

UM 3.63 laseainsvessinsesmnudseiuange1n1Akuuanay
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JUN 3.64 Inssaadumesersienlofuuulifitnaasrunifmnsesnud

L.

Y

JUN 3.65 Inssaiadugesersienlofuuulifiinaasrundfmnseswnudnfnuuiivedy

IAaLUN

MNNHaNIsTIERIRIFUT 3.63(1) WU AuevesAT YA Undmarierudilonuudives
fnsesnnad  wazileddnsesnseitiiuaeeiniavedinendionled fauanslusuil 3.63()
wuin Weudldnuresiningesnud 1w 4 vl fe £ =22 neAidsed £, =2.4 neAldsed f,
2.6 neABINd WAy f,=2.8 neAiBInd wazanguil 3.65 uandlassainsweadumesensienleduuy

Lifignaeas9iu Tneflvwalagsan Wi 41.7 wufians x 19.7 wuiuns x 0.8 wuiwng wayliian

guseadu RT5880 (&, =2.2, tan O = 0.0009) lugul 3.66 wansnsAinaaduesorsienlefuuulyl
TFNWATTINVURIVDIBFUIALUNAUAAAIUTIUATINANVBIBFIAUITTVUIA U 600 LURLLAT
x 200 WURLLAT x 75 WuRwes dmsunansvausmnsnuiveadugesorsionlefuuulifitnggs

sullunsdlennmainiaznsdifinfsuuinvedguiaiuanusiiuazanuzlen wanalanagui 3.66



64

Probe Vake in V/m [Magnitude n dB]

-20 /

PO Lo S —— S — A
% NN SU— f | SOVAVARY e . |- —— =Y

35 e AN WY AU W LT J— R . . frsses Baensecd \fooee]

q (208, -34.026)
8 (2.32,-38.427)
@ (248, -28.306)
609 (27,-25.385)
Q (287,-32.722)

1 1.2 1.4 1.6 1.8 2 2.2 24 2.6 2.8 3
Frequency / GHz

(n) Tuen1AINg

Probe Value in V/m [Magnitude n dB]

0 I~ e v Bl
.35.{ _______ \ ? ;W

-25

40 A M e N NG NG

45 ; | ; S | s T S L

50 b 3 i i S 4| E—
q (2.08,-36.73) : i

ss @ (232, 43232 ) foee
Q (248,-34916)

60119 (27, 31645)

Q (2.87,-32847) —— E_Field (Farfield) (Cartesian) (0 0 200)(Y) [pw] |
-65 i + + + + +
1 1.2 1.4 1.6 1.8 2 2.2 24 26 2.8 3
Frequency / GHz
a 3.}/ a a v
) ANPNUUNIVBIDZUIALUIETDTUS LI
Probe Vake in V/m [Magnitude n dB]
-25 - T

T/, IR ...........

-35 4

q (2.08,-37.98)
(2.32,-50.362 )
(2.48, -34.023 )

5516, (2.7,-37.194)

Q (287,-33.933)

-50 4-

[— E_Field (Farfieid) (C‘artesan) (00 206)(v> [ow] |

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Frequency / GHz

(P) AnFicuuRIveIBgauan uEen

JUN 3.66 Kan1srevaUBIIANiveLduesersienlefuuuliiTnIaTTIN

° = ] = A s s = !
mnmamﬁmaaﬂugﬂw 3.66 WU NaﬂqjﬁaUau@ﬂWq\‘iﬂjqﬂﬂ%aﬂLGUULGUa'i'Eﬂ'ﬁLan@ﬂLLUUIQJ
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a (Y a

H¥n2993553lunsdloniAadnauasindsuuiIveIdgEaluIan U LTl LW lduG ey Tsanie

281MTINAMUDNDUAUDIVDIFINTDIAUANG 5 AuD Sutdunautann1seanuuulisinsasaud

T32UNUNTNIUATILYIAARANTENUVBITANNUNFAAT d1mSUTunIARnAIULRIY0ITFUIAUN

q

anuztdenaznuIndianumanulunsflan Ui dULL99UNNNNATDIVUIANTIIUAYDIAINT B
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aa < a NAg Yo a = 1 [3 v [ 1 1%
anuddvuaaniiulUlunsaldiudsmauaniuzien sgslsinuannsauidymainanle

FIUNTISLANIUINVDITLUIUNTIIUA LRI U AN LN sl Le
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uni 4

NaN1INAgaUy

4.1 dganAdauwasSudaynI

4.1.1 uan1sNAFdUENgINTAd Az S UM
NNTBBNLULLAEIaBINaage1nAlulasansUuuunadlagldlusunsudnans
waverduLman Wi fememiinosmungandian (Optimum Parameter) uagiilnssasng
y03a1891n e lulasan3 UnuUIenaud ad1suuukuls u (PCB) silnaontn Tnsdundwdusn
unsnszateAduLuUMnatuaziundadusruunsuddvdey Jeudyaaliaeeneadenou

waLmasvlln SMA dauanslugui 4.1

(n) PIUNTN

(1) P1UNAI

JUN 4.1 nwenevesasaMalulasansuwuunay
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HANTENUABAIAMENBzvaa1saINIAllaTanIULULNaN oanku wastau
FUIUTNALNUS Py = 15 Ha81Ua5 Lag Py = 18 Jadtuny tWeln19iUdsuliasuuinuedszuny

n3ue agulanannsed 4.1 - 4.4

M15197 4.1 Audnuuzvesaisanialulasani yuuuianan 1T ossu1unsIud dvuIn

WiNAU 100 Jadiuns x 100 dadwns waztoudyiansiunus Py = 15 daduns wag P, = 18

BRI
a, [S1] (dB) Gain
(mm) 920 MHz 922.5 MHz 925 MHz (dB)
44.19 -8.65 -12.32 -13.71 2.06
44.40 -3.98 -11.52 -8.02 2.06
45.90 -0.68 -0.59 -0.51 1.94

M15197 4.2 AuanuzYeda1801n1AlulATART ULUUIINAN LT 958 UIUNTIIUA T YUIA

WA 120 dadwuns x 120 Jaduns wazUoudyiaeninug Py = 15 Hadluns wag Py = 18

BRI
a, |S11] (dB) Gain
(mm) 920 MHz 922.5 MHz 925 MHz (dB)
44.36 12.73 -18.02 -13.95 3.40
44.38 -13.96 -20.13 -14.09 3.62
44.40 -15.00 -19.86 -13.14 3.62
44.42 -12.38 -16.98 -13.32 3.62

M15197 4.3 AuanuzYeda1801n1AlulATART ULUUIINAN LT 958 UIUNTIIUATYUIA

WA 150 fadiuns x 150 daawwns wasUoudyiunaunug Py = 15 Hadluns wag Py, = 18

BRI
a, |S11] (dB) Gain
(mm) 920 MHz 922.5 MHz 925 MHz (dB)
44.42 -13.26 -17.17 -12.58 3.86
44.43 12.72 -17.05 -12.98 3.84
44.39 -13.86 -16.95 -12.01 3.86
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a, |S11] (dB) Gain
(mm) 920 MHz 922.5 MHz 925 MHz (dB)
44.29 -17.03 13.18 -8.84 3.86

M15197 4.4 AuENYzYeda1801n1AlulATANT ULUUIINAN LT 958 UIUNTIIUALT YUIA

WA 250 Hadluns x 250 dadiuns wastoudygiunaiunus Py = 15 Jaduns wag P, = 18

BRI
a, |S11] (dB) Gain
(mm) 920 MHz 922.5 MHz 925 MHz (dB)
44.40 -11.34 1152 -10.40 3.9

4.2 nsnadauLEugasansienled

SUA 4.2 wananmanedunuuveslassaiisagenaa’ st uteya Mnsesnnud waz
Juwesersienled nnanmageunsnevaLeIInINAvesTInTesn AR uandluguR 4.3 -
4.5 wuh annsonsesarwdldfiauiinans wihiu 2.5 Ansdsnd WeRndaduiresorsievlefuuy
Lif3nsassumeanaseimaveanisseudoyaliuszezns 10 wudng wui1 mnimes
S, maaawmmmaaLﬂéaaémsﬂ’aga%ﬂajﬁ5@@?&4%31315 2.5 Anzidsnd wilunsdifineisesnin
fisvnene Wiy 20 wufuns wuhanudfldasefudyyalfiudedly dalumsssendld

NudeudansyuziNsEnINEngeINIAveRAseseuleyaiudugeslinyay

¢ i:?:mlll'lIIl|llIl'l!il[lllllliiull“l Il|lI|I|IIII|IIIIIHII[IIIAlIHI:J‘.1.:\': Jitry
! 1 2 3 4 B 6 7 8l 9l ORI 112 113 114 1l5 16 117 1i8

g;l||||.|l||I|||I.'2|||l.l.l.l.ls,lﬂvvl‘;}‘.ul‘\ T 2 i ’

(n)
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! :*:H::‘!w“‘:“‘H\mn‘w"1||lu|nnin||||n||||n|l||| I | A x
12l "3l "4l i eSS EORRRI2S S 1l 115 16 117 118 1l9 2/0 D
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bl Iv\Il ool '2|.|.|.|.| | I?l el e I"4|I|I|I|I|III!'E|I|I|I|III|!‘lﬂ" Bl |

@

JUN 4.2 nmienelasias1avetaeeInIAveATeIeLuteLa fNTaerud wasdugesersionlen
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3 E5071C Network Analyzer EE

1 Active ChfTrace 2 Response 3 Stimulus 4 Mkr/Analysis S Instr State

Save State |

Recall State |

Recall by

|
File Narme

Save Channel |

Recall Channel |

Save Type
All

Channel/Trace
Disp Only

Save
Trace Data...

Save SnP

20.00 N ~ Explorer

Return

[T Savt GHz IFBW 70 kHz Stop 3 GHz (@]
JUT 4.3 Han1snaaeunnsimes S ¥ediIngeenIud

3 E5071C Network Analyzer BEE
1 Active ChjTrace 2Response 3 Stimulus 4 Mkrjanalysis S Instr State

Save State |

Recall State |

Recall by
File Narne

Save Channel |

Recall Channel |

20,00 Save Type

|
All

Channel/Trace

Save SnP |

Explorer

Return

[1 start 2 GHz IFBW 70 kHz Stop 3 GHz [@5]
2001-01-01 01:14

JUN 4.4 namsvadeumnilines S veuduwesilionwinenalueInIAveeseIs uloya

SYYLNNG VAU 10 WURIAT
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[ E5071C Network Analyzer E]@El

Save/Recall

1Active ChiTrace  2Response  3Stimulus 4 MkrfAnalysis 5 Instr State

Save State |

Recall State |

“““ Recall by |
. File Narme

Save Channel |

Recall Channel |

20.00 Save Type

All ‘

Channel/Trace

Disp Only

Save
Trace Data...

Save SnP |

Explorer

Return

|1 Start 2 GHz Stop 3 GHz [
2001-01-01 01:13

JUT 4.5 wansvnaeuniines S veuduwesiflonsieninaiyeinAveaseseuloya

SYYLNNG VAU 20 WURIAT

4.3 N1SNAGEDUANUIUFUNNSVDIAU
4.3.1 NAN1ISNAFIUANNIUTUNNS VDAY

NIAEDUTAAMUTUALINSUDIAU U5 wazidunng o Al

(%

1. NAABUA8TLNDTINANUT UAUN NS STUUAINDA 4 Tu 1 1aevinn15InAuTy

(%
v o ¢ a o

winsvesRuluusiaedieg1e Awandlugui 4.6 - 4.13 Fadiweslaunsouaniualavianun 5 a1 fail

DRY+ fio amutuduimsiiosnit 5 %

DRY fio amududuimseglutaasening 5 - 10 %
NOR fio amutuduimselutnasewing 10 - 20 %
WET fio amududuimseglutnasywing 20 - 30 %

WET+ Ao ANNTUFUTNNSUINNTT 30 %
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7

JUT 4.6 Jannududuivnsvediu llemnududuimsvessiuwiniu 0 %

JUT 4.7 Tapnuauduingvesiu Weanuiuduinsvesdiuwiniu 20 % @Usunaniwindu 100

ASY)



JUT 4.9 danuiuduivnsvesiu leanududuivsvesiiuminiu 22 %

@USunaniwinau 110 n3w)

JUT 4.10 Tnanududuinsvesiiu iWeanuuduingvesduviiu 23 %

@USunaniwingu 115 n3w)
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3
u

U7 4.11 Saanu

7 4.12 9N

U7 4.13 Saau

FUALINSVDIAU LDANUTUAUNNSVIRUYINAU 24 %

@USunaniwindu 120 n3w)

FUALINSVDIAU LDANUTUAUNNSVDIAUYINAU 25 %

@USunaniwingu 125 n3w)

>

i
14

= U v s

FUALINTVDIAU LDANUTUAUNNSVIRUYINAU 30 %

@USunaniwinau 150 n3w)
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PNNANINAARURIAAIUTUT 4.6 - 4.13 WatuANuTudimsvesiumenisiiy

a

iashUlunsuefivsseRuifiimgn 500 ¢ Inewdutfivsuna: 0, 100, 105, 110, 115, 120, 125 wae

q

< &

150 g ielAufiAnUasifunmnuTuduivsivingu 0 %, 20 %, 21 %, 22 %, 23 %, 24 %, 25 % WAz

a1 v v 6

30 % ANUAIRU WU AUNTALUBSISUANNTUFUINSINAU 0 % Ao DRY+ AufdAIAududuing
Tua29 20 % @D DRY AUNLAIANUTUAUNNSLUYI9 21 — 22 % An NOR AUNLAIANUTUFUNNS

' [
aa 0 A [ v s

Tu%33 23 - 24 % fip WET uazAunlAnmnududuingiaus 25 % fie WET+ Geasulanennsei 4.5

a 1 = & o o« a dou v a s a aa
A15197 4.5 919 USIFUANNTUTLRSIRUInMIBtine S InAuss ULAInea 4 Tu 1

3 % AMUIUFUNNS VDAY
AT
0% <20 % 21-22% 23 - 24 % > 25 %
1 DRY+ DRY NOR WET WET+
2 DRY+ DRY NOR WET WET+
3 DRY+ DRY NOR WET WET+

2. naasumeduasaisionlonuuluitniasy

v v 6 a 1

AINAADUANUTUAUINS VIR UAIe T U5 an oA uUlUTTNIRITIULARIA

=

sUN
Y

'
a a v o 1

4.14 Tngltwadarauanuigeds Jduusenau Ao A3 o9aILaYS U UIME 1 UAIIUD 900

Y v o
wnzdsed ivthdsdyganazSuiasnuiigeioundumandugesensienlefuuulifidnices
591 WuwasansenloAuulliiniassn 31 4 wuu Wevhwinddudueeswuulsanednsu

ATIARUANNTUANTINSVRsRUNINIAaey lulasreulnsalaainszna Arduino UNO R3 dmsu

LYY

N3UsEIaNEA FDLEAAINE LaznaomndouTInulunaemndoufnftasINAdILazSURY QN

JUN 4.14 nManegeunuTuduImsvesAuMmeiureonsionlofuuu ity



M15199 4.6 NaNIAdEUANNTLEIIVSYDIAUME@ULeS 4 uuy tngldnszdaussguiiivun

ieusugudnats Wiy 7.5 cm usS9MeAuLIAY (DRY+) wagiuden (WET+)
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‘UﬁﬂsU@\‘iL%UL"UE’J% ﬂ%’jﬂ‘ﬁl 1 ﬂ%’jﬂ‘ﬁl 2 ﬂ%’jﬂ‘ﬁl 3 ﬂ%’jﬂ‘ﬁl 4 ﬂ%’jﬂ‘ﬁl 5 %ﬂ’J’]SJQﬂé]JB\‘i
1 DRY+ DRY+ WET+ DRY+ DRY+ 80
2 AU DRY+ WET+ DRY+ DRY+ DRY+ 80
3 (DRY+) DRY+ DRY+ DRY+ WET+ DRY+ 80
a4 DRY+ DRY+ DRY+ DRY+ WET+ 80
1 WET+ WET+ WET+ WET+ WET+ 100
2 Auden DRY+ WET+ DRY+ DRY+ DRY+ 20
3 (WET+) DRY+ WET+ DRY+ DRY+ WET+ 40
a4 WET+ WET+ WET+ WET+ WET+ 100

M15199 4.7 NaN1INAARUANMLTUFNIVISTRIR UM BTG Wes 4 wuu TegldnszlesussAuniuuin

wusluAugnans Wiy 10.3 cm UTIYRRgAULI (DRY+) wagduden (WET+)

=
ylnvouduwed | aiedi1 | adefi 2 | adefi 3 | adefia | adedi 5 Lﬂmmf i
gnéies

1 DRY+ DRY+ DRY+ DRY+ DRY+ 100

2 AU DRY+ WET+ WET+ DRY+ DRY+ 60

3 (DRY+) WET+ WET+ DRY+ WET+ WET+ 20

4 DRY+ DRY+ DRY+ DRY+ DRY+ 100

1 WET+ WET+ WET+ WET+ WET+ 100

2 audan DRY+ WET+ DRY+ DRY+ DRY+ 20

3 (WET+) DRY+ WET+ DRY+ DRY+ WET+ 40

4 WET+ WET+ WET+ WET+ WET+ 100

nansNAgeUANTudIMsvesAud e fionlofuuulaldinisassan 4 Uuuy
Tneldnszilesusspuiivunadusinugudnas Ay 7.5 lwufiims uag 10.3 lwufiluns agunanis
naaouldauandlunisned 4.6 uay 4.7 auddu Mnransmeaeuiileldnszdesussgauiidvuia
Gushuaudnans whitu 7.5 isufiues wui dumedvie 4 wuullansouenuezdsnnutuduing
vasdulagnsias 100 % Inefanugniedlunisueniezduwialdivindu 80 % Insiduwesuuud 2
annsauenueziudoniinnugndesifigawindu 20 % usegnslsinmidumesuuuil 1 waz d

ANUTALNKEEYIIRNNTUFUTNSVRIAULAGNABY 100 % FaauRanaIafiiaTue1a dumngiedn



e

nszdesussgiulazdumesivunadniAuluilirduniiinnnssnuuazagieundulses Wevh
mManaaoufunszlesusTyAuAivuadusugugnans Wiy 10.3 lwuRims wui Wuwesuuud 1
uay 4 AnnIusnLezTNATudLTMSvesRuldgndes 100 % uwidueeiuuud 2 amnsouesnues
PrmuFudimsvostuiuas Donldgnieaviniiu 60 % wag 20 % muddy uanduigesuuui
3 amnInuenuszs AT udiivsvesRuianTenldgnieaiiiu 20 % way 40 % nud
Feorndunauannsfidueesuuud 2 way 3 fidefivemosunstioafuluvilhiinnisasion
e aulatloy

INHANITNAFDUTIIU TN umasasenlamnuulildtiniessiuieonwuuaniigg

'
v ¢ a A

L NWYLYIAIMUTUTURNNSVDIAUNUINIMAADULS WATIAIANUEANAIA L UNITHENLELTIAIUTY

[
a v v =

duiivsvesauluunansd danudslausuly Wanwazeanuuulasadsweadugesiuuln sauds

1%
< v o 6

PONLUUANBAUzNSARALTUgaSIILAI N NAB LN lUNSUEN LYY AUTUT NS VR IAY

[

dmsulassasrwendugesorsionleduwuululdinisassiudiudsznaveg iy 2 du fe
a1891n1¢1 (Antenna) Mvinandaniiludau waziangiuses (Substrate) vinandaniuansladian
A3NfiANUNUINAY 0.8 Tadwns WediaewanislusunsuAiuinmsaduwiivanivin e

ANNTINWRsAN 9 veadugesorsieledlifidnmunzaniign dmsudugesensienlefwuulad

(%
1A

FeasuliingusvasdlunisesnwuuiielvlaAnuidawwsasunian

4.4 nsnagauszuvarftevlefvdania@nuuulildinsassaudmsunisuszandldanuduey
< 1%
\Wuiwesliae

SUN 4.15 LLﬂﬂQﬂ’]‘WﬂIWSﬁULLUUGUE’J\‘iﬁW88’1ﬂ’]ﬂgaﬂﬁéaaaﬂmaﬂLﬂ%@\‘i@l']usiljall (é’wu%w) el

Y Y

winensionllefuuulifiimesruiusslowmesuuulfs (uean) wesnmeiensinsentmageu
vesszuudumesenfielouuulififnisesssuansdsgui .16 Tagldaeenadoniizesinidy
mammﬂdmazé’ué’mmwmaaLﬂ%ﬂ@'m%’a;ﬂa aoINAdwar SUS TR AEIReRING
fusaziuiieannansenuresnisniufuvesdygudasdygiaisuldannsagiounduan
Wuwosorstonloduuulifitnisassin anuamsmaasunandlug Uil 4.17 wuin Avwuinves
W3 dwed S, (M3deuidanuanaeeniadsludaseainiasu) Saniidu -20 dB faud

2.45 ANLLEIAY WaLANUNIBAUAIIND WINAU 700 LUNZLEIHT AILAAINUD 1.8 NNLLEITHT D9AIIND

v [

2.5 Angdsnd Fanuneaudinisaeiumasiuazgninulilulasadweslammesiioanwuull

(% '
v ¥ =)

auaansaldnuanRilunsvidnvestayaiionsivasunuantivesiannielanismaaeuly

Y
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JUN 4.15 mnenevewiuwuuTesaeaINAieniizeenn (ude) wazwinesienlefuuy

'
aa v

L3l TFn9955u NS lumasiuulas (Auwan)

JUN 4.16 nmanevessyuuiuwesenfienlefuuuliiianiessu
S-Parameters (Magnitude in dB)

0 — —

05 1 15 o i 2 25 3

JUN 4.17 Avuavesinsfiwes S vesszuudugesorsionlofuuuldfizniass
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a3Uuaziansalnan1mnaes

[
a v A

nuideilldiaustazeonuuuidugesensionlofd msunisussendldlunisnsivasy
AaandAvesianieislivharelaseidondnnisvesnduusmdnlinlunsdsdyaa Tuns
oonuuuibuwesonfevleflusidviidenldonfienlefuuulififsasmuieandununisuan
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Abstract— A radar-cross section (RCS) of passive printed
tags in a radio frequency identification (RFID) is presented to
determine a dielectric constant of a material under test (MUT).
In this paper, a printed loop tag with a meander-line is employed
as an RFID sensor. The optimum parameters of the proposed
RFID sensor are obtained using the CST Microwave Studio
program. This paper employs two RFID sensors with different
RCS to improve the accuracy of dielectric material
determination. The relation between the read range (R,,) and
the real part of dielectric constant (&,.) can be used to determine

the dielectric constant of MUT.

Keywords—dielectric material; nondestructive testing; printed
tag; radar-cross section; RFID sensor.

I. INTRODUCTION

Nondestructive testing (NDT) applications have been
growth in several years, such as the radar, the capacimetry, the
electrical resistance and the ultrasonic waves [1]-[5]. In
addition, the passive radio frequency identification (RFID)
employed as an NDT wireless sensor that has been increasing
in demand. In [1], a family of polymer-doped tags and fully
characterized for the detection of ambient humidity is
presented. The authors use a sensitive chemical species based
on PEDOT: PSS to dope a properly shaped slot carved into a
folded-like patch tag. Furthermore, a hybrid RFID strain sensor
utilizing both chipped and chipless approaches was presented
in [6] to detect an embroidered RFID-enabled sensor. Both
read-range extraction technique, relying upon the detection of
the threshold power required to activate an RFID IC and the
radar-cross section (RCS)-based technique are reported. The
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Prayoot Akkaraekthalin

Faculty of Engineering,
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RCS variation of the strain sensors, however, has been
measured using a two-port vector network analyzer (VNA).

In traceability to identify and inspect qualities of material
products, especially for construction material products (CMPs),
such as light weight concrete (LWC), mortar specimens and
concrete, a reliable NDT technique is required to evaluate their
properties whether they are suitable for construction usage.
Therefore, the improvement of a reliable sensor technique for
determining CMP qualities is necessary.

This paper proposes printed passive meander-line tags to
determine the dielectric constant of lossy LWCs using the radar
equation. Note that the RFID tag performances are affected by
many factors such as tag locations, size, especially,
environment or properties of the material on or near an RFID
tag. The traditional RFID sensors require additional specific
sensors, such as humidity, temperature, motion, light and sound
sensors, to be integrated with RFID tags [7]-[12]. On the
contrary, the proposed RFID sensor does not require additional
specific sensors to determine dielectric properties of MUTs and
only specifically designed tags are required [13].

This paper is organized as follows. Section II presents a
configuration and design equations of RFID sensors.
Numerical results and discussions are shown in Section III.
Finally, Section IV discusses conclusions.

II. CONFIGURATION AND DESIGN EQUATIONS OF RFID
SENSORS

To determine the dielectric constant of MUTs, a passive
RFID tag is employed as a wireless sensor, called an RFID-
sensor. The printed loop tag with a meander-line is placed on



the surface of an MUT is shown in Fig. 1. The tag antenna is
designed such that its input impedance is conjugately matched
with the IC chip impedance of NXP UCODE to achieve a good
matching between the IC chip and antenna for a maximum
power transfer. In this paper, the MUT of interest is a lossy
LWC used in construction. In addition, the received power (P,)
and the read range (R, of RFID sensor in the presence of an
MUT are calculated by using the radar equation instead of the
modified Friis transmission formula in [13] due to using the
low-sensitivity receiver of the RFID reader to reduce the cost.

Tag J a[_|
K
MUT z MUT

Fig. 1. An MUT with an attched tag.

Using the radar equation, the received power can be
expressed as

G ’ ’
R =0 Preader—mc : ( reader i ) |: ﬂ' :| ’ (1)
47[ mat

where o is the RCS of the MUT with an attached tag, P,cugers
is the input power of the reader antenna, G,uge-1 1S the gain of
the reader antenna, A is the free space wavelength, and the R,
is the distance between the RFID reader antenna and the tag
antenna in the presence of the MUT. By manipulation of (1),
we can express the read range R, na; as

2 2
Rmax mat — 4|lO - Preader—tx A (Greader—tx) ) i ’ (2)
| £ 4 4z

7,min

where P, ,;, is the minimum received power of the RFID
reader. Using the same RFID reader, the read ranges of two
RFID sensors #1 and #2 (denoted as R,,; and R,
respectively) are related as follows:

1
R 4
Tt _| Oy | 3)
Rmax,Z 0-2
where 6, and o, are the RCSs of two RFID sensors #1 and #2
in the presence of MUT, respectively. It should be pointed out
that the ratio of R, in (3) does not depend on the parameters

of RFID reader (Preuderrvs Greader-ovs @nd P.i), and it solely
depends on the ratio of G.

III. NUMERICAL RESULTS AND DISCUSSIONS

To study characteristics of the RFID sensor placed on lossy
LWCs, a printed loop tag with a meander-line is designed

using the CST Microwave Studio program [14] based on the
Finite Integral Technique (FIT). Note that the RFID sensors in
Figs. 2 and 3 are obtained by optimizing their dimensions to
almost conjugately match with the IC chip impedance of 16.5-
j148.7 Q at 922.5 MHz in the presence of a lossy LWC, where
each RFID sensor is placed at the center location of the LWC
as shown in Fig. 1. The LWC has the dimension of 600 mm X
200 mm x 75 mm with the dielectric constant (&, =&/ — j&!)

of 2.5-j0.2 at 922.5 MHz for the dry state and 8-j1.08 for the
saturated state. This paper presents two printed loop tags with a
meander-line as RFID sensors to improve the accuracy of the
dielectric constant determination, where RFID sensors are
designed on the FR-4 substrate with the dielectric constant of
4.3 and the loss tangent of 0.025. Only the dry-state LWC is of
interest in this paper for illustration purpose.
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Fig. 2. The RFID sensor#1 (S)) structure.
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Fig. 3. The RFID sensor#2 (S.) structure.

From simulations, the optimum parameters and the
characteristics of the RFID sensors mounted on the lossy LWC
for the dry state are illustrated in Table I and Table II,
respectively. In Table II, Gjyg e and 7, are the gain of the tag
antenna and the power transmission coefficient of the RFID
sensor in the presence of the lossy LWC, respectively [13].
Note that the overall dimensions of two RFID sensors are 39.5
mm X 25 mm X 0.8 mm.

Figure 4 shows the gain and the power transmission
coefficient of two RFID sensors in the presence of the lossy
LWC. It is obvious that the gain of both RFID sensors are
totally different, except ate.=2.5. However, their power
transmission coefficients are similar. Note that the RCS of
RFID sensor #2 is significantly greater than that of RFID
sensor #1 as displayed in Fig. 5. Therefore, R, is greater
than R, ; as shown in Fig. 5 as expected (see (3)).



TABLE L OPTIMUM PARAMETERS OF THE RFID SENSORS.

Parameter RFID RFID Parameter RFID RFID
(mm) Sensor#1 | Sensor#2 (mm) Sensor#l | Sensor#2
L 39.5 I 3.75 3.75
w 25 Iy 21 19
1 15 13.5 Lo 9.5 9.5
b 21.5 19.3 I - 225
I3 12 13.25 wy 1 1
Iy 24 23.3 w2 2 0.5
Is 9 11 w3 1 0.5
ls 6 3.5 Wy 6 5.5
Iy 7.5 7.75 Ws - 1
TABLE IL RFID SENSOR CHARACTERISTICS FOR THE LOSSY LWC
WITH THE DRY STATE.
Characteristic RFID Sensor#1 | RFID Sensor#2
Input Impedance (Q) 16.5+j148.3 15.7+j148.6
Glragmar (dBi) -8.1 -8.2
Tar (%0) 99.98 99.94
Polarization Linear
1 100

o 3 - - AN
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Fig. 4. The gain and power transmission coefficient of RFID sensors #1 and
#2 (S and S2) as a function of &, with & =0.2 at 922.5 MHz.

To determine the dielectric constant of the lossy LWC
under test, the relation between R /Ry, and €. of two
RFID sensors designed for the dry-state LWC is plotted in Fig.
6. It is found that the ratio of R,, tends to decrease as
increasing € until & is equal to 7, and is dramatically

increased to 0.89 at &£ =8. Similarly, the plot of the ratio of
R, versus €. of two RFID sensors designed for the saturated-

state LWC can be obtained as well. After obtaining both plots
of dry-state and saturated-state LWCs, a straightforward
procedure of the dielectric-constant determination of the lossy

LWC under test can be readily followed as discussed in detail
in [13].
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Fig. 5. The RCS and R, of RFID sensors #1 and #2 (S/ and S2) on the
lossy LWC as a function of &, with & =0.2 at 922.5 MHz.
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Fig. 6. The plot of Ryax,i/Ruax2 versus &, of two RFID sensors with &/ =0.2
at 922.5 MHz.
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IV. CONCLUSIONS

The determination of the dielectric constant based on the
radar equation is proposed. The characteristics of two RFID
sensors #1 and #2 in the presence of the lossy LWC under test
are studied. It is found that the read range in the presence of the
lossy LWC depends on the value of & . Therefore, it can be

employed as the wireless sensor to determine the dielectric
constant of LWCs. Future works include a study on the
chipless RFID sensor based on the radar equation. In addition,
relevant measurements will be performed as well.
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Abstract — The dual-band chipless RFID sensor is proposed
to employ as a wireless material quality monitoring application.
A printed perpendicular rectangular loop tag and a printed
concentric rectangular loop tag are designed and optimized
using the CST Microwave Studio program. The chipless RFID
sensors are located on a material surface to determine qualities
of a material under test. From numerical results, it is found that
the proposed dual-band chipless RFID-sensor has a significant
different radar cross section (RCS) compared with the single-
band one. Therefore, both RFID sensors can be used together in

the material quality monitoring system to improve the accuracy.

Index Terms — Chipless RFID sensor, dielectric material,
dual-band frequency, light weight concrete, radar cross section.

1. Introduction

The traditional radio frequency identification (RFID) is
widely used in many applications. However, it is employed
as an RFID sensor, which can be categorized into two types,
i.e., the chipped and chipless RFID sensors. In order to
minimize cost, the chipless RFID sensor is employed instead
of the chipped one. In [1]-[2], a chipless tag based on
multiresonators was presented. It is possible to decode the
information by measuring the magnitude and phase of the
backscattered tag signal and also the radar cross section
(RCS). In addition, the polarization diversity technique to
encode information was presented [3]. This technique is
based on the versatility of the rotation angle of split ring
resonators. Furthermore, a hybrid RFID strain sensor
utilizing both chipped and chipless approaches was presented
in [4] to detect an embroidered RFID-enabled sensor.
However, these techniques of the chipless RFID sensors
require a two-port vector network analyzer (VNA).

To improve the accuracy of the material quality
monitoring, the dual-band chipless RFID tag without a VNA
is proposed in this paper to minimize the system cost.

2.  Analysis and Design of Chipless RFID sensors

A passive RFID tag without any IC chip, called a chipless
RFID sensor, is employed as a wireless sensor to determine
the dielectric constant of the material under test (MUT) and
finally its quality as shown in Fig. 1. The chipless tag can
sense MUTs through their RCS characteristic. Therefore, the

chipless RFID sensors are designed and optimized to
maximize associated RCS by using an EM simulation
program. Note that the received power (P,) and the read
range (R.) of chipless RFID sensors in the presence of an
MUT are calculated by using the radar equation instead of
the modified Friis transmission formula employed in [5] due
to using the low-sensitivity receiver of the RFID reader to
reduce the system cost.

Using the radar equation, the received power can be

expressed as
2
} , (D)
t

where ¢ is the RCS of an MUT with an attached chipless
RFID tag, Preader-ie 18 the input power of the reader antenna,
Ghreader- 18 the gain of the reader antenna, A is the free space
wavelength, and the R, is the distance between the RFID
reader antenna and the tag antenna in the presence of the
MUT. Rearranging (1), we can express the read range
Rinax,mar as

P=0oc-P

r reader—tx

. (Greader—tx )2 |: /1

Ar 4rR’.

= 4|0 -

max,mat

2
Preader—tx M(ijz , (2)

4r 4r

7,min

where Py pin 1s the minimum received power of the RFID
reader.
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Fig. 1. A chipless RFID-sensor system.

3. Results

This paper presents two structures of tag antennas based
on the printed loop configuration, where they are designed
and optimized using the CST Microwave Studio program [6]
to maximize associated RCS. The optimum tag antenna



parameters are tabulated in Table I and Table II below. The
light weight concrete (LWC) with the dielectric constant
g =¢.— je! is employed as an MUT in this study.

The printed perpendicular rectangular loop tag is proposed
to use as a chipless RFID sensor, called Sensor#1, is shown
in Fig. 2. It is a single-band chipless RFID tag operating at

the frequency of 922.5 MHz.
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Fig. 2. A perpendicular rectangular loop tag structure.
TABLE I

Optimum Parameters of Chipless RFID Sensor#1

Parameter (mm) Dimension Parameter (mm) Dimension

L 39.5 Jed} 2
w 25 s; 5
a; 15 kP 5.75

as a4 6 3 4.75
a;z 18 Sy, S5 7.5
bl 2 Se S7 1.5
8 1

Figure 3 illustrates the printed dual-band chipless RFID
called Sensor#2, designed based on a
concentric rectangular loop operating at 922.5 MHz and 2.45

tag structure,

GHz.
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Fig. 3. A concentric rectangular loop tag structure.

TABLE II

Optimum Parameters of Chipless RFID Sensor#2

Parameter (mm) Dimension Parameter (mm) Dimension

L 100 as 39
W 50 S, 82 4.5

ap as 60 S3, S4 14
a 30 Ss, Sg 3
ay 26 g1 2

das, dy 94 82 2.5
ag 44

MHz and 2.45 GHz. It is found that its RCS and Ry in the
presence of the lossy LWC depends on & . In addition, the
RCS of Sensor#2 at frequency of 2.45 GHz is noticeably
greater than that of Sensor#1. Therefore, the proposed dual-
band chipless RFID tag can be a good candidate as a material
quality monitoring sensor. Future works include relevant
measurements and performance analysis.

——Sensor#1_922.5MHz
—Sensor#2_922.5MHz .
. --Sensor#2 245GHz | -

RCS (dBsm)

25 30 35 40 45 50 55 60 65 70 75 80
r
£,

The RCS of Sensor#1 and Sensor#2 on the lossy
LWC as a function of &, with & =0.2.
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Fig. 5. Ryax of Sensor#1 and Sensor#2 on the lossy LWC as a
function of &, with £ =0.2.
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