a n O
T R =

FLIUINLATUANY IO

Tﬂi\‘]ﬂ'ﬁ mﬁLﬂ'sﬂzﬁuazaammumﬂmmﬂs:mul,%zmé'm%'n

nsdag1slsaeaNalna

Tag
A7, ANNYY UYE
#1212 AINIININTANWIAN ADSIAINITINANAAS

a W %) - 6
NN LN ALWLATINTNIARSAWLNF NS

NW1AN 2563



funaii MRG6080070

FLNWITYRUUANY IO

TA39n15 NMILAITIZHUAZD D NUDUEI8DINIATEWILLS I UFIRIU

nsFag1slsaeaNalna

A7, ANNYY YE
#1212 AINIININTANUIAN ATBZIAINTINANHAS

a [-™) - r=\ 6
NHEINYIR LN ALWLATINTNIARSAWLNFNS

ﬂﬁﬂﬂ%%fﬂﬂﬁﬂﬁﬂﬂ’]%ﬂmtﬂ‘ii&dﬂ’]iﬂ’]iqﬂwﬁmﬂ"] UazdIRNINBNDINWARUARWNITIVY



f15U8y

PN
UNANYD I-1]
Executive Summary -V
U 1 unun 1-4
uni 2 Jgymuaznuideniuineu 5-13
UNN 3 @1891NABNUNLNLATIZS19809TU 14-31
UNA 4 N1SAATIZILALNITOBNLUUAEIEDINA 32-42
unil 5 ManageuAuaudineliiivesaiveInie 43-46
Uni 6 asunamITenastolauaiuy 47-48
AAKNUIN 49-56
U5eI01NIY 57
M3aASNIASUNITANUN 58

LONANTD19DY 59-62



LDNATULUUNUNELAY 2

5ULUU Abstract (UnAnga)

Project Code: MRG6080070

(s%dlasens)
Project Title: N1531AS1SHLAZEDNUUUEIEDINIATIUIULS BUAINS UNSH Ba15LSde
anglna

(F2lAs9n3)

Investigator: A3. ANNGY YEle wImedeinalulagsnvasaasnulnduns

(Fo1in3da)
E-mail Address: komkris.boo@rmutr.ac.th

Project Period: t@1eu 2560 919 LlUE18YU 2562

(s28219a11A59013)



[y

NITeilingItetianisesnuuuageINIAAIeuTaalnalsEInaNmBLHLLNSNTEINY
AR UFUgNINUTATUATLAAINA 860-960 MHz Auana197 910 MHz Tun1sasiauwsiy
WHINIEAEAAUTURNINUTE TUABULINTBITININMIUNNANILYNAT NUUURNULNINTEINY

AAUNNAY HANITBIINNLINUNNANTAIUIATAY DY AT RU USRIV INAUVUVOU

Y

YDINULNINTTIIUARUNNAYN UAZUHULNINTEAEATUNANLAQNARYBUNYLAN 9 d1geIne

o a

shsunuusugninuiiaedomaiianisnssdudgaidsUssqlwihifiedingisnirawaunnmd
IS11| aneernieasunuulisnsweendswindu 6.18 dBic A1 (S| ﬂiaUﬂqmmmﬁl@?ﬂm
837.6-966.2 MHz LLazmﬂwaﬂiSﬁNﬂaumamqumm?{ﬁgﬂl,wi 850.6-963.5 MHz 33a13150
iludsggndldfuszuveisienlefiguanudgienionaina uenanduanisdiaoldld
Tusunsudieadt lalasian agdle wielSeudisuiunanismageu

Aandgy: Nstoudelseqliin nislwanlsdasnay; awmmmﬂ%"mémﬁﬁa;ﬂa; WALANISARA

vouyy; oftenllefigunnudgevion
Abstract

This research paper deals with the design of a circularly polarized reader antenna with
a tennis ball-shaped radiating plate that operates at a frequency range of 860-960 MHz
with the center frequency of 910 MHz. In the fabrication of the tennis ball-shaped
radiating plate, a small annular-ring slot was first created on a circular radiating plate,
followed by two diagonally opposite large arc-shaped annular-ring slots on either edge
of the circular radiating plate and then the truncation of the corners of the remaining
main element of the plate. A prototype antenna with the final tennis ball-shaped plate
was subsequently assembled prior to excitation by the capacitively coupled feed
technique to enhance |Si1| bandwidth. The prototype antenna could achieve an
average gain of 6.18 dBic, |S11| covering the frequency range of 837.6-966.2 MHz, and
the circular polarization of 850.6-963.5 MHz, making it suitable for universal UHF RFID
applications. In addition, simulations were carried out using CST Microwave Studio for
comparison with the experimental results.

Keywords: capacitively coupled feed; circular polarization; reader antenna; truncation

corners technique; UHF RFID
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This research has proposed the tennis ball-shaped radiating plate integrated
into the suspended-structure antenna for generating the CP and unidirectional
radiations that cover the universal UHF RFID band. The proposed antenna was of
simple design and 165x165x42 mm in dimensions. The experiments provided the
relatively satisfactory results with regard to |S11| BW and 3-dB AR BW with the average
gain of >6 dBic. The HPBWs of co-polarization (LHCP) in the X-y and X-z planes were
>80°. Nevertheless, one shortcoming of the proposed antenna was the
cross-polarization (RHCP) of >-20 dB at 860 and 960 MHz in both planes.
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anvenadislfduuuamddunisesnuuusasimsgiamsfiwesans q Afanuddysde
e Taelassnmsissaduil datunseenuuuuasiieseiludiureusuuninszaie
adu lelildsunsslmivazlildguantfimalnindulunuinnsgiuanavesssuuension
lofgunuigevenuazamnsaldaldvilan

2.3.1 vAdyangamelaseutayaeisiewlediiiunnou

MNMsAnwUITeianneu wuiraseiniaed sssudoyaazgneenuuulid
Tnssadadnvazuuudouiielfiereniseonuuy amnsensudnuaziienonisineald
91U sdaddmindiuuazainnsond eudreldazan Wudu T ldarseniaiis
Iassas s svaslouldianuiuiuiniosondn argeniatulasansy (Microstrip
antenna) wiaumensUsudygiamelnsulawealliva (Coaxial feed) ninlauniuaeil
deyeyas (Transmission line feed) 1Uusiu ImEJmEJmmmwiuﬁuw%saa%ﬁq%’juLﬁm%ﬁgﬂLLUU
N13UNSNIEANAALIANEATANIS (Unidirectional Radiation Pattern) UoNIINAaEeIN A



uwWuRsiannsaudoonld 3 lassadrondn q Ao Tassadreduiion (Single layer structure)
Faguil 2.1 (0) Tassadnetsinsseninausuundnsyatndudestyu (Suspended structure)
nielassadreaeadu Faguil 2.1 @) uaglassadrsdoutunarsdu (Stacked structure)
AuEU aneomelassadistuienaiitaaniieennud [Su| (Siu| BW) e 1-29% wazilan
Saswenetioonin 4 dBi uilassadresinanieziedenisesnuuunazithniniiun [7-9]

Dielectric substrate ¢,

Ground plane

(N) @N8NNFLNUALNLATIATIITULAL

T Dielectric substrate &z

l l Air gap ¢,

Ground plane

(¥) angemALuiulasIadsEe sy
U 2.1 Tassadheflugiuvesansernimusiufias
A5 Ua180111ATATIAS19Y 097 19TE NI LA ULNS NS ZIUAA UK DA DN AL UT LN
Taseadreaestuiigaaninennud [Su| Ussana 2-5% waziiAdnsivenetesnin 9 dBi
[10-13] wazdmuatsemalasiadrsdoutumaned uildaaninennud [Si| 11nnsn 10%
wazdiasnsivereuinnan 9 dei[6, 9, 14-15] uniidaidede arvernailassadefidudou
HINABNTTOINUUULAYANTASI Uanandddithuinfiunnninaeslasadnedildnanundhedy



Parasitic
patch

___ Radiating
patch

j___--«'“‘"'“\/'/‘..'*."—’“w'\’ﬂr\--.
o

S
[?‘Alcmsnt amay |

Single-element |

e I
Gp, ; (i

o Ground Plane

I ' Gp.
Top view Side view [R—
(n) IAs9&51981881N"A (1) HANISNAABULININILAUAINUD

JUN 2.3 angonmaunuiaingndeudyaruiiesuiiea

awoInALA3 essuteyaensienledy wusonuuuliarunsaldeuiiguainud
groanananioansaldamuldialanauidus 860-960 MHz (211%) [161-117] Tas
Anwunalinisnsteudygraluguuuusiie q THunangen AR LR LT saulnseadng
[18-28] WielanunsnaseunguANAgievieviaIna InnsAn MU anseinialasaing
Foutuvaisdu [18] anteudyaiiesuiiuea (L-shaped) fa3Ufl 2.2 Lazawoinia
Tssadrsansdu [19] igndoudyaufesufuoaduiontudisuil 2.3 (n) agliaanis
Al [S11] 111N 22% ﬁqgﬂﬁ 2.3 (v) luduaneenmealassadsae i [20] waga8DINA

o

lassaietunen [21] Ngndeudyaamegudien (F-shaped) faguit 2.4 (n) agligianiig

Y] U

AAD [S12] 4NATY 15% AegUR 2.4 () uae (A) ALERTY



—

Antenna 1 (Proposed) Antenna 2 Antenna 3

(n) IAs9@s19@1wDINA

eeeees Antenna 1 (Simulated)
= Antenna | (Measured)
—-= Antenna 2 (Measured)
== Antenna 3 (Measured)

=
>

Return Loss (dB )
1]
S

Axial Ratio (dB )

[

933 MHz
------- Antenna | (Simulated)
—— Antenna 1 (Measured)
—-— Antenna 2 (Measured)
== Antenna 3 (Measured)

™
S

- - — 1]
800 850 200 950 1000 1050 800 850 900 950 1000 1050
Frequency ( MHz ) Frequency ( MHz)

(V) NATABIUALNTNAAOUANGIYLALELTBUNGY  (A) NATIADIUALNAVIAADUATSRIIE TN
UM 2.4 angemialassasetudeignUeudaiaumesusiien

b Y

y ¢

' :
= dielectric
[l . substrole
e (ep:2.33)

. .
7. H " 7-shoped
WY v 1 .-probes
--
4 [+1]
. quarter-wave } bl
transformer Y 5
ground ~ \
microstrp.’ plane 1 s microstrip
fead-line = feed-line
E sl . . 1
e it 3 35 4 &5 5 55 6

ireguency, GHz

(n) laseasnsaneanie (%) nanpaeUASATIEIUAALT
U 2.5 apennalassainsansiugniloudya e
dmduangornialassadnsanstuiigndoudnyandieguiad (T-shaped) faguil 2.5 (n)
29 T19m1ud [Sua| n31a8e 44% Taeddnsaruaiuis <2 (Standing wave ratio :SWR <2)
[22] FsgUil 2.5 (@) aﬂEJmmﬁiﬂiqa%’w%’auﬁ’wma%ugﬂﬂaué’mfywmﬁwmﬂ%aumLLUU
Yo3tUa (Aperture couple) [23-24] é‘fﬂgﬂﬁ?‘i 2.6 (n) waz () T¥2an319Aud [Saa| B9 25% &
SUT 2.6 (A) uag () mudeiy
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DUROID
3850

DUROID
5880

(v) watansUoudyind

40 T T T T T

Axial Ratio (dB)

S-parameters (dB)

s 3 I 5 = = = S T TR L TR TG T |
Frequency (GHz) Frequency (GHz)
(A) HANTNAFBUANDE-NIIILLNDS (9) HANSNAFDUAIDATIEIULAU

5UN 2.6 ageniAlassasetauiuvatedungndeudyausiienisdeuseuuutonln

dmduludiuvesaseinialassairsdeutunasduiignoudnyaufeduuoudulons
(Strip or line plate) [25] 33U 2.7 () uaz (@) uazgnaeIifuHLLNINTENBARUATLTD
Wing9n319A2188 [S1a] 1nn30 25.8% ﬁqguﬁ 2.7 (A) waz (1) argennrlasead sty
wavansenalassanestudion (26-27) Aigndeudqgrandeuszalaingesud 2.8 (n) Tne
fuvismsloudygradinaeguussuuifisfuiuusiuumnsnszeadu wiazgnuenoon
PINUHLLNSNTZIIARUNUTINENsaLinYan19Ad [Su| Wunnnda 25% é’]’qgﬂﬁ 2.8 (%)
u,azmsjmmﬂiﬂiaa%f’mﬂu'aa’jmw'j’ml,muﬂuﬁaaa%gugﬂﬂaué’zp,zym%aﬂszaﬁﬂﬁwLﬂduﬁ’u Wl
GTWLmu'qmiﬂaué’mmm%a@ﬂasjwm"’aLwiuLLWi'ﬂizmaﬂ%LLﬁsWU’iﬂﬁﬁNﬂ%Wﬁﬁ |Su1]
e 5.3% (28] winia
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L, x
- - BV
FR4 substrates
L 7 '|\.\ Ground
Horizontally ..\'\ ,/ plane
meandered strip Y
} ~N_ M
| 1t
~ .
Ly L : Parasitic patch Probe
| ~d
|
By
| . h N\
________ ————— Main patch SMA
N "_,:" "h" connector
. -
Y v v
(n) 1A39a351981891NA () @EBINIARIRULUY
3.0 T T T T T T T 10
6.0 T
gesttielvs, o === Simulated
sptensgiityy - — — GOF -2 imuiate
PR _tagurr® Seves ~ s —— Measured
2.5+ B 45
=+=++ Simulated VSWR I o @
% —— Measured VSWR P 5
= 2.0 - - - Simulated Gain iré = 3.0
> * Measured Gain i o &
i i1} o
j <
1.5
1.0 T T 2 0.0

T T
850 900 950

Frequency (MHz)

800

1000

(A) NAT1ADILALTNAADUDMSIEAIUAAUNY

750

850 900
Frequency (MHz)

800

10000

(4) HATIADILASNAFDUAIDNTIAIULNU
UM 2.7 lassaieangomadeuiuvateduleudyyrunieduwauidulans [25]

Simutated (FE30)

Al t o Tiomte. 8 -
{) P
W E I s
K——-"!
" g
(a) ;
Dielectric Radiating Feed h
substrate patch - patch | g
[ .j(- ¥
g !
Ground plane
SMA MQ 5 8 ’ ] s
connector Froguency (GHz)
(n) lassadsangenia (1) NATIADILATNAADUAINITITNOT [S11]

JUN 2.8 lassaieaneenmetuieignUeudygandeuseqlnin [26]

winglsAnia szuvendielefguaudgievieniinaznudgmniieanisdeasszning
ago1nALA3 aveudeyaiuatseiniauiin (Aatuingiifeanisnsavasy) 1iesain
arworniawinilnanlsdlaiuuueunazdaau miLLﬁlsuﬂzymﬁqﬂdnﬁmmsaﬁﬂﬁwms
sonuuuaBe MAessseudeyaiinistnanlstisnauitelansnsafudygrainasenie
wiinldninanlsddagud 1.1 dafumsfinudamatiasag q fldeenuuunistnarlsdasnanis
fausnduedneds Mnnsinvnuiifinnoufinadaisens q Wy nisFaveuyuiidesiiy
yosusiuunsnsEaNeAdY (69, 25, 29] FagUil 2.9 mAdansunsnsesiieguNTIiNgg wions
n3odus osU LUK ULNT NT2A18AA UNT BANLYDUNS DA UYDILHULNT NTEANBAAY
[6-9, 30-33] flaguit 2.10
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Ground plana () Microstrip line <%
(n) TassasaangaInia () @gINAFIAULUY
JUN 2.9 angananfldnuaenisunsnsgeadulnallsdunaumemaianisinvousy

»

L..

B e e
e

+ o At A

]
[

fdnwazmswninszarendulnailsduuulrenaumeamaiansadusa

=)

5U# 2.10 angene
JUNTIIN 9 VULHULNINTEEARY

wiada3snsldansornialnanlsduuudadudiuiu 2 1 1dluifuguninuim (Orthogonal)
LaranEeINsIERdvinetY A/4 Wioiasiaf 90 o [6-9, 34] oﬁ’agﬂﬁ' 2.11 uaginaila
gavhefonsldisasulaidanuilasnaiu 90 ssmseidiuatsenia (6, 9, 35] fagU
2.12 Moy

60 mm +

% = bottom side
(dash lines)
o fitsnen A NG ooooooooo !

(n) IAsaaseanga1ne (¥) agRINAFIALUY
5UN 2.11 aganAndanvazunsnszareafulnatlsdhuuinaumemaianisinaled
JUnINUM
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95 mm

chip resistor
3

6
5
34
s, ™~ .
| 1. \
top view bottom view 875 MHz 555 MHz
power divider square-ring loop 2 11
Pl g )
L . e ¥y 840 860  8B0 900 920 940 960
FR4 ground plane frequency, MHz
(n) Tassadrsangeinia (1) NAVAABUABATIAIULNLY

JUT 2.12 sgniandanvaugnsunsnszatgaaulna1lsguuuanauaig 19 siuemasny
wlagneiu 90 asen

2.4 a3

Uwﬂﬁﬁ’lmuaﬂmﬂ’]LLazLLuDVI’]N’]N’QJ"{]VEJﬁﬁﬁJWﬁE]u d1UTUNIT0BNLUULALNNS
Aasgiaeeinimadsseuteyailiinausazgnldiuiuszuueisionleguanuigien
lowana (860-960 MHz) finsunsnszansadulnanlsdasnan dgduuunsunsnszatonay
YAAL1ZIIN AN Lazddns1ve18ge Aren15ldlusunsuTiassauiuuaivanlni
CST Microwave studio [36] uenainiilasen1siseilfsjatuniseonuuuuagiiasesiusiu
unsnszaneadugugnnuiadiolildnuandimaliindulumunnsgiuanadidvualy
WU 93anT9And [Sa| Franieanudsesidiuuny 3-dB Arshsdiuunuy nstnanlsd
2NaY A18RTIVEIAIOTINA WaLFULUUNITUNINTEIEAF U S UNUAULLIIMA LAY
gl sy



unii 3
A18971NALHUNUN LASIES 19699 TU

3.1 umin
UNUNENITNGBE NTIATIVRAZNTAIULHULNINTEIEATUTUINaUNToNR Y

v

msdoudyguiislnsvlauenden (Coaxial probe) Fadugaisudulunseonuuuusy
undnszaeadugninuiailiitauslulasimsided mssenuuukarnTinTeaIseInie
azgnoanuuuyinauluLn TMiw Sedidnuznisuninszaroadudunisinanlsfidadunn
1 (Vertical polarization) wiosdednuaznisuninszneadusiaiaizasiiens uenani
LLNiJLLWiﬂ’i”‘MEJﬂau“umﬂﬂﬁla’lmﬁ%l(ﬂU’lLaualﬂﬂﬂm’iﬂiuﬂ’iﬂua”ﬂiuLLGNGHEW]E]U{]ﬂTﬁ
wsnsesasiwnunaNvadniie vt hakaunad susemguimsiadie
Foaldainguuialng it evinlfarsenialidnuaznisunsnszatead ulnanlsdranay
apenALkufinilassaiisanst uil lddnaueldviins@nudag adnuaenigliiag
Uszneusng [Su| n1slnanlsd smanduuny (Axial ratio: AR) JULUUNMSUNS NTza8ARY
WazaNINA1EHANIe (Directivity) lngAmnsndinesing q azgniiluesnuuuuazinsien

elildnaaudfnislnindulumuuinsgiuanaiigniivuall

3.2 @18 INALHUNUN
Tagtuaeenmiauduiuivsoatvainalulasansulasuanuaulosgisunsnaloun
fnideuardniaunduogiann Wesmnaeenmaussnniazld Yanednsusuisasfia
vidausinszitaduin nszany sudand Judu ielfifugiusesunuiuuninszasniu Tng
awomauiuiniilasaduudsukasitminiu dmsulasmTedldldduTanu
fiuwuieenuuutazadea1venia 1 o9 nilsnagnuasi d1dyaiu15a11199s
Bidnnsedndsiudrdvarsoinialfiduedied [37) mwornaudufisilassadisiiugiy
vioaeenAuHLRuiAEIUENeURE WL (Condutor) S1uauABIMHLM LY
Tneii¥angiusesladidngin (Dielectric substrate) Aunans Baunusthduuuazdivuiafian
nuEuf g duiinsyaneadu (Radiating) dwsuudud i dvuialng
ni5eni15EuIUnT1IUA (Ground plane) fagudi 2.1
awomauuRuilasaduaestuiidnvugedsaieiulassaiaagoiniAuEy
finviduien issuslassadrsargoinialuitedgnunindisdosineeinia (Air gap)
ogszminetangiusesladidnainuagsruiunsniud faguil 2.2 uenanddsaruse
Joursasauyalddaguil 3.1 wasanyaatserniauiufinilassadrsasedy [38)-140]
wUsznauiey fadu fumieni wazdufiuusey (RLCpiae) 1Makvuruuiy ludiu
Y9I AUUTEY (Cplate) M30AMIUYINTANLAUNTIAdIU (Total dynamic capacitance:
Cayn) 9nUsznoulusae ?f’]ﬂ’smaﬁv\h}’\hﬁLﬁmmﬂﬂi:ﬁﬁwﬁwamman (Cetdyn) oy
UszanSwani11und19 (Ceadyn) vuauIuns9A 9 (Fringing Field) 7 LAY UUULH U
WNTNTE18AE U Tudquvesarnugluilalauning (Dynamic capacitance: Codyn)
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Wnfuuaingesineernialagiindugaindu ha Tefvesaiveinialaseasaiae
A1U190U81999AIUNTIY S| WAL NERI1VE18E180INALARNIITATIAT 19
aueINIATULAEY [41-42]

UM 3.1 19sauyavesagaInAkiuiuilassaisaeaty

N1300NKUULHULNINTZAgATUTUINANYBIAI8 1N 1AVELATIES 1R idR 1Y
ANN1T0ANUIUAIINDILYUUUD (Fmn) U2 GHZ vuluuaee la1naun1si 3.1

3 cxk

f =
™ 2X7[X Reff X\[ greff (3-1)

Tne
= 1 < a0 Y] 8
C A ANAINUSILAIUUDINIA LAWINAU 3x108 m/s
k  #8 AdusUTDRLUaaalandy
Reff A9 ANUSYANSHAYDISATLNULNTNTZINUAAUIINAL
ereft A0 AIASTLABIANAINUSEANBHATEITAngIUTeY (Effective dielectric)

! a a a a LY [% PN
ﬂ'ﬂ)(ﬂ@Laﬂﬁ]iﬂﬂi%ﬂﬂﬁmﬁﬂ@ﬂﬁﬂﬂgﬂlﬁ@ﬁﬂﬂll’]im/i’]‘lﬂ"ﬂ’]ﬂﬁllﬂ'ﬁ“l’l 3.2

4 X gre X grdyn

& reft :[\/g_m_l_m]z (3.2)

= 1 A [ a [ a
ere A ANAITIlALENESNANYS MlRAINaNNIN 3.3
erayn 7B NaTINANATLAdNRSNNaTRTIdNaRevWInSATenaN wldainaunisn 3.4

1+(h /h
gre=8rx( +(h/h,)) (3.3)
1+¢& x(h, /hy)

er  fie AaatiladinasnasivesTangiuses
ha A8 AINEIVBITNINIA (Air gap) BIBYTENINUAUIANFIUTOITUTFUIUNTIUA
ha  fe AnugevekugIusesladLdnnsn
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Cdyn

Sran =~ 7. (3.49)
& Cin (e=¢,)

Cayn A9 HaTIANTIUTERLNHMATH (Total dynamic capacitance) Mlaanaunisin 3.5
Cayn (6=¢0) Ao ABeUsERlnimaTsluainie 9sll g0 Aswiriu 1

Cun =Coqn +C

edyn (35)

dyn 0dyn

Cogyn Ao ANTeUszglvihmainlaeusmnauuiivantaliln wildainaunisi 3.6
Ceayn A0 ANTaUsZYIAmaTRuuauNwiwanInd mldeinaunisi 3.7

COdyn = 7/n x COstat (36)

7, Wiy 0.3525 ifla n = 1

Costat A0 A1ASTLT Ul TIUsmanawmwimantni wildanaunisi 3.8

C
Cedyn = % (3.7)

S wiriu 2 nefiFeuly n = 0
Cestat 719 AUzl uuawmwdmanlui wildanaunisi 3.9

e x&. xmxR?
COStat :( ° reht JX1+ q (3.8)
Cestat = q X COstat (3.9)

A11150MANUSEANSNATDISATLAULNTNTZANUAAUINAN bH1NFUNITA 3.10

_ Rx./q+1

3.10
eft 1000 (3.10)

g feo Suuauuwimaninih s tunveunkuunsnszatenauUinal Inedanuduiug

[

a a a a v A
Ausatnenaulaeiiagunisveslssansnaseiienay
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L »|
f
AL e I °
7 1
w
4 |
fil::l\i & Ill X
Grullndﬁe \Cuaxml feed
(n) eneihdyaalulasansd @) Insulauanidea

Radiating patch

Ground plane
(M) NMSIBURDIINYDIUA
5UN 3.2 mytaudygamemaiiaiseingeg

msteudyaalvituansenieiivainnaiemednds dmsuisalesuanudeuldsu
agaunsnaweiy nsleudyynmaeindyaalulasansy (Microstrip line) fiagy
7i 3.2 (n) matleudyanudelnsulauendea (Coaxial probe) é’fﬂgﬂﬁ 3.2 (¥) wazn1stau
Fanasienisd susiudends (Aperture coupling) ﬁqgﬂﬁ' 3.2 (A) A5 Uoudygyrunie
aneihduaalulasansuiideffeausousunundsliie wifiidedefoastdyymd
ﬂﬁLL‘Wi'ﬂSBﬁ]’]EJﬂﬁlua@mﬂi‘uﬂ’J“L!LLN'L!LLWSIﬂSSf\]’]UﬂguLLan\]SiJ’]ﬂs?TULﬁ’eJﬂ’JWiJMU’]‘ZJQQ’TﬁQ
gmsaﬂ,mﬁLé‘ﬂ@%mﬁuﬁumuﬁu dnsuisUsudygraunislnsulaweadsaldanAoainisn
USuuundsansennialdinauiusaziinsunsnszaeaiusenaindalnsudiniinistou
Funnasemaidyaalilasansy willdadefedviniieenuiuay (Narrowband) 210
wpdnisnstloudayaais 2 é’ﬂwmzﬁlﬁﬂzﬂ'nm%ﬁﬂﬁlﬁﬂiwmﬁﬁuqa (Higher mode)
ware1suedn (Harmonic) indudsnavinliasenmefseduidmosnarlsdlafgaududy
LLasqmﬁwmﬂﬁﬂ%%miﬂ@ué’tgtgﬂmﬁwﬂﬁL%@miai'amaaL’TJm‘i‘]ul,mﬁﬂ’i%ﬁaaml,wl,t,az
asenanniian willdefifedvasniisanuiinins (Wideband) tnamadaiadanunsalda
sufvangenalaswadaosuiildinauslfiluetai

Codyn Lprobe

|| m_.

t J_ 11 J_
_ / A L 2Cuan  2Ceun |
Dielectric substrate G -|- -|- Zin
........... Cyyn=C,
Ground plane / ¢ L LT

GND

S N .

(n) laseasrsangena (¥) 295aUYA
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5UN 3.3 angoinmauruinilassaivaesiungndeudyaamelnsulakenden

miﬂaué’iy,iyﬂmé”miwwimwﬂL%SﬁiﬁﬁuaﬂammﬂLLﬁJuﬁuw‘Tﬂiqa%ﬁqaaﬁgﬂuwﬁgﬂﬂau
dygrauuulnug TMnoImﬁwi’flLLmqﬂaué’aﬁgflmgﬂ'mmmt,mLmué’i”jwaqﬁaawmmw%a
AIULUILNY Z ﬁqgﬂﬁ' 3.3 (n) n1stoudygyrumniunuanauaanaazinliaigeinieall
Tnanlsfiaiduuuada (Vertical polarization) Tudaugul 3.3 (1) Aensasauyaiiieanseinie
17‘1'151’11"1Lauagﬂﬂaué’fgfgmé’wiwwiﬂLLam%sJa Tnsnistaudygraninanlisulailousy
wilgiuilusoeynsuiuasasauyaaeeina [38-40] wazannsavmmduiinauduniives
Tnsulakendealdainaunisi 3.11

R ]
Zin (TMllO): 2 +] XI - 2 (311)
1+Qt2[f_flloj 1+Qt2(f_f110j
fllO f f110 f
ABuTiLAuD (R) wazAIwonunus (Xi) mldainaunisi 3.12 uaz 3.13
d
R=— U gos?| 2T (3.12)
7t Egno 2W W )
70y Fio+/Egn
Xy ==y fh| In| —— 2= |+ 0,577 (3.13)

0

lned

do Ao vuIALd UK uANg nauduaIn LG s nel oL TN UL NS LAY
Insulakendya

dp Aa szevduwisgaloudayao

dmSUfUsENaUTIRUAINIILANILARINAUNTSN 3.14 9 3.17

Qt :Qrad +Qc +Qd +st (314)

AUTENRULTIANAMLLRRIINNTAYFENIN LN NTELATULAINANNTTT 3.15

2
Quas = o Gwdg/ (gj (3.15)
2a

museneullsnanmiilesannmsaydenamstliimnlaanaunisi 3.16
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Q. =hyrnfuo (3.16)

o a = = ad a 1 a
WUU?Sﬂ@UL%QﬂmﬂWWL‘U@\T‘UWﬂﬂ']iijiy]LaEJ‘V]'Nlm@Laﬂ@ﬁﬂﬁ'ﬂ,ﬂ'ﬂqﬂﬁﬂﬂqim 3.17

Q=—"— (3.17)

Y [y

a Y = d' & a o U a
LL@SW’JUiEﬂ@ULﬂﬁﬂmﬂ’]WLu@\‘i?ﬂqﬂﬂ?iq@lLﬁUVH\‘iﬂau‘WUNU Qsw dmsuiangiusesladian

9
' [
=Y

AINANANNUI AgllAdIUTENOURIA A NTBIINNSE e NIAA U URITeY Taedl
Rouly (h, << 1)

PnnsAnenuiseifuineu Inealuasernauduiuilassadeduioas
Iﬂ'ﬁqa%ﬁaaaﬁuﬁgﬂﬂaué’ﬁg@mﬁasﬂmwm%aa aeflgraniauauadnud [Su| iies 1-2%
uag 2-5% LLGiiS‘U”U@’]%L@Wlaaﬂ’mﬂ’ﬂmalgL@%L@Wﬁﬂ’ﬂlléf@ﬂﬂ’]i?ﬁliﬂﬂaﬂx‘iﬂﬂua S11] 110N
11% (860-960 MHz)

Radiating plate

/\ ‘ ‘ Radiating plate
Dielectric substrate T Dielectric substrate
Air gap Air gap
Ground plane Connector Ground plane Connector
() AUIULNLLNSNTZANYARU () AIUUDNLNULNTNTTINL AU

Radiating plate

— Radiating plate

Dielectric substrate ‘ Dielectric substrate
Air gap Air gap

Ground plane Connector Ground plane Connector

(A) ATUUULHULNINTENLARY (4) AUA LR ULNINTLNYAFY
Radiating plate ‘ Radiating plate .

Dielectric substrate ‘ _ AT gap Grolaﬂeglt;rlwcesgrate

Alr gap Plate line F‘L@h Dielectric substrate B
Ground plane Connector Plate line

Connector
(?) Woumenulagldidulanzihdygiu (@) vouUnLousoIm

JUT 3.4 m3toudyaa Snuaiesne) vuaeenAkNuiuilaTIas@eIty

fauFommaieisusuuiaieliannsonaseunquauiissuueorfionlofen
ANudgLeTeNdiFesnns sgradu msteudygrandeszqluiilsiauedsgui 3.4 (n)
FhensuMInesitnaunas (Annular-ring slot) adlufaunuunsnszatoadurnansissy
7l 3.5 (M) nonniderinamunauiilfiiauedheanadmisnihdiaaanTnsulawe
Aldoadsdsmarinliivanfratouanuinirsiiannsoaseuaquauifidesnisldels
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¥ |
[y a LY <

dmsuneauneninnsUeudayaandelsealninludnuusiianudunuasAnundeass

[ Ag>]

[ v

AunnInsUoud i o bl ulns nTza1nd ukazn 15U oud ey 1ua 1ua 191e Y

o

Lst'ﬂizmsmﬁuﬁagﬂﬁ 3.4 (A) wag (9) uaﬂmﬂﬁé’fqﬂ%’uLLm%ﬂé’dwEm’nmiﬂaué“igigwﬁw
La’*uiamﬁwé’zgfynmuazmsi’]aué’cg@mmuﬁaaL?Jmﬁ?j'awiaﬁ'wé’fagﬂﬁ 3.4 (3) waz (@) unl
A3ty s’]’qmmiaammmimqa%’wmammﬁiﬂﬁ'aLﬁauﬁ’umiﬂaué’@fymﬁqgﬂﬁ
3.4 (v) ﬂﬂiﬂaué’ay}mmﬁaﬂizaﬂWﬁwﬁlé’ﬁﬂLauaﬁﬁé’ﬂwmzmqmammﬁuimdﬂmmmu
naufignunsnasludefusiuunsnszaneadusuisnan Tnssesinnaumunaudisadsuly
WU Rz wazdisaiiauuenvindu Rs dmsudnuaiznalnnisineureseiingaumiunas
Gusuanslnsulaueafeagniousiomdsnunazdmiumidanudnanludaduaini
Il (Linear electric) Ssgnideusiainiuusuianinnenauad R, anduidssuazgnasly
Fausuunsnszatsadurinaulasmdsnuasiinnisimsesinedall R qaiefdanuuy

wluLNINIEEAAUIUNNaNITTINUdeglasnsnTEeMaNUAT BN INA

G

dn

dy

(O Dielectric substrate (@)

(n) g ARKUTINFUINAY
ffffffff Annular-ring slot - - ————

| |
} CS } Lprobe
| |
’ w Il ol e
|
| |
Raﬂt L p— Cplate } — sz Cpl - Ce‘inner j— Cinner Rinner
I ! Ziy
|
. : %} Outer of radii of Inner of radii of ;
,,,,,,,,,, Radiating plate with | L_annular-ring slot . annular-ring slot ' |

inserted air gap

) 'N%iﬁll%ﬁﬁ?EJE]’]ﬂ'WTLL&iUﬁZJﬁEU’NﬂmJ
p

Ul 3.5 agenmausufinsisUnaslassadsaosduiliiaue
n3UT 3.5 Wunsesauyaase N Ak uiurisUnaslassadsaestulargniloudyn
\Beuszqlwihildinaue Tnerasauyasananazuszneuluse 1sasauyasesinnaumiy
1NANAIUUBNNTE R uazlasauyalavigisnaunie Ry vos3aintaiumunay Tudiuves
2esaNya Rz Uszneude Aanuqluihiiveulansnauduuen (Cener) aansaduals
Mnaunsit 3.19 Arauglai1veslanzasnas (Ciner) ansnsadualdanaunisi 3.18
lngiA1AuAIuIIuTedlang19nas (Rimer) wagludiuvasauya Rz Usenaudig A1A1u9
TWihvassesifiaunmnsfusiuiuassss (Cp way Cpo) wazAURlNigea319 (Cs) s
Auiumldanannisi 3.20-3.22 §995auyasananzgnseif sestuLvUANaLAa
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(Cascade) wazsoaynsuiulnsulakandsailaiiaus [26] @a1u1saAIuIumIAIBuiLaud
YidvesEEaINALURLinSaumensUeudyanandauseglnihlannauinsy 3.31

2
Eo et T
Cinner =0;1—R1 (318)
R Z i gogreffﬂ-Riz
C . —_2 air
e,inner 2 |:C0R§m ht (319)
Q+Q
Cpl = Ce,outer x 5 +12 (320)
1
Q+Q
sz = Cplate Xﬁ (321)
1
C, =7t xhQQ; (3.22)

) ¥

1989 Q1234567 ands A8 Uadelandas (Correction factor) Namuanlaanauns 3.23-3.31

Y

3.23 1.05 1.5+0.3[R1]
arorfpof e T8
& " n 1+ O.G(le
h,
Q, =exp[—0.598(&) ]_0-55+Qe (3.24)
W
w i (3.25)
Q, =exp —0.598{—} ~055+Q,
Q, =9Xp(—1-86><&}x 1+4.09x 1—exp(_o,785\/ExﬂJ (3.26)
h R R,

« 27
Q :o.me{o.om(%} }x(o.z72+greﬂ x0.07) 527
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~ ~ & 0.88 ~ . B & 0.88 ~
Qs =1.55 £13.61[W j 1.361} exp[ 4.793(W ) j 0.1

{ RY)™ (3.28)
X exp —[13.61(—) —1.361D
w
Q, =-0.73+ 1.05[ﬂ) ~3.892 | x exp —8.23(\’1) (3.29)
R R,

1.23
Q= (3.30)

o)

-1 1
1 . 1 1 . .
Zin = |:_+ chplate:| +j60—cs+|:_+ che,inner:| + JLprobe

plate inner

(3.31)

3.3 ﬂ"l'iLLW'ﬁlﬂ'igﬁl’]ﬂﬂgu%a\‘iﬂqElEﬂﬂ']ﬂLLB\ju‘ﬁﬁJWfIﬂ'iﬂﬁ%']ﬂﬁaﬂ%gu
Tuidedavnandmquinisuninszaieadyu (Radiation) vesanseniAfius
Tssadrsanstudasgnuisoondudivhiedosy fio n1slwanlsd (Polarization) Snsnduuny
(Axial ratio: AR) gULLUUﬂﬁLLWiﬂizmaﬂ?{u (Radiation pattern) La¥E@NINLANEIINANIS
(Directivity) tfipthanfinnsanuaginszinudnuuzmsliiuazilugnszuiunsesnuuy
ameomArseseudeyaesievlefduanudgeveludiudaly

3.3.1 nslwanlsgangainie

nsinanlsdansonmeduinysdiamaasauaduimsassannovosaunalwiid
WasuwUatuagn Jsdannandnvaznisniiavesauiubiinlagezuemiundwdud
Wunseenld angeiniaidnuaznisinanlsdey 3 Usvianuany Aenisinailsdidadu
(Linear polarization) n15lwanlsgasnau (Circular polarization) wazn1slwalsed 293
(Elliptical polarization) [8, 43-44] dwsun1sinarlsdid uduazidund ussurvaziinng
Wasuwlastunanduesueiindussneuseauulwiasseside E; waz Ey wiunisly
FiEna +x ansauansawdliiihaaeuildanaunisi 3.32-3.34

E=4E,+4E (3.32)
E= Rel:é E ej(“’t*/’)x) +a E ej("’t*ﬁx)] (333)

E=4E;,cos(at—pz+4)+4,E;,cos(wt—pz+4,) (3.34)

X —x0 y —y0
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loe?l E; uay E; e awinvesawdlniiluiiams z wae y ludiuves ELe way Eje'

o wavasguulniluiianig z wag y suaiau

E E

z Z

>

E =E;,cos(wt+¢,)

E=Ej,cos(t+4,)

:Ey —4—4—-4-—4-—‘-»—-»—->—->->Ey

(n) Tan LSBT adUBL IR () TanlsBTaduLuIuau
JUN 3.6 dnwaizn1sinanlsdigadu

Wenasanauulniindumis x = 0 uag E), = 0 agliiianisinanlsdidadunuinasa

Aun37l 3.35 wazuansdsgui 3.6 (n)
E =4,E;, cos(wt+4¢,) (3.35)

uazlumisnauiu Wemmussuns x = 0 lae?l E, = 0 agyilmannisinanlsdidadunun
WBUAIANNTTN 3.36 WATWARINAFUTN 3.6 (1)

E=4,E;,cos(at+4,) (3.36)

y —yo0

dusunisinanlsdnnauaziindulasewls vuiamasauaunlniivesnisiuanlsdids
Ul uAazkuIveuinay waladygyiavesauiuliiiisaoazAoenneiu 90 aee
aafunsainsinalsgrenaunyuedn Wedmun Ej=E), WAz ¢,= 90 a3 wnuadly

aunIsi 3.35 uasimuali ¢, = 0 83 wnudaun1si 3.36 aslavueaunuliilusiani

WY Z Feaunsil 3.37
E. = E;, cos(wt +90) = —E; sin(ot) (3.37)
gwnaulilufieniauny v wansiiaunisi 3.38

Ey =E,,cos(wt) (3.38)

sraviurunauulnivisasswnuazndulunuaunisn 3.39
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Ew =\[Ei’ + Ejo° = [E;?(cos® at +sin’ at) = E;, (3.39)

zy0

wazazloauulninsIusaaunisy 3.40

Eu = Re[éz Er e ) L a e"("’“’“)} (3.40)

y —zy0

naun1si 3.40 wudlaluaunulaiinfieniauny z dwthauwliidenuny y of
90 09 dsnariilifAnmslnanlsdrsnamnyurfedudgui 3.7 () warlumanduiunis
Aalnantsgrenauvyudie waluawalwihfianiuny y aundsauiuliinfieniaunu z
Wwinffu -90 Bem FsguT 3.7 ()

(n) vigyuvN (%) ViU
5UN 3.7 anvaenistnailsdienay

3.3.2 dNSIEIULNUVDIE18DINA

sns1duuny (AR) Wunsusvenfisdnuaznisinanlsdvesansenaludnyauziuy
199 idasdumsinanlsdigadunianisinanlsdisnan lnedulngiidnsdunuazgn
forsadieldlunsusdsdnuvarnisunsnssanaulnanlsdiinay yenandsasidiuuny
FranunsoesuiedinsiUasuulamuawasilavasaudlng aunsodmsziildainaunisi
3.41-3.43

|E.|+|E

| 00|_

Xp

(AR),, =10Iog[ } (3.41)

Xp
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1+ CPL
AR) =20log| ———
(AR)y QL_ CPJ (3.42)
\le
E,, A9 Inanlsdsiuvesauulvin (Co-polarization)
E,, Ao Inanlsdledvesawlnil (Cross-polarization)
CPL fe szaumasulnailsdled (Cross-polarization level)
Eo| [1-Ae™
CPL=|—2=[-—= |
E,| [1+Ae! (3.43)
e
E., =(1+Ae™) /2 (3.44)
ez
E, =(1-Ae) /2 (3.45)

lng?l A vi3e E;, fis vuinvesaunului e vise e/ fo ilavasaunuluih

= l %] s a d' a wa '
anweniAnIeseudeyasielefguanudgesienavgnivarsanauandinisiniieg
2 Usgtanuiane s 929n2719A2108 [S1a| haza19nd198nTId@uwnY 3 dB (3-dB AR BW)
wieliangeniailadaueaseungunistdaulussuversienlefgunnuiiyiegien
(860-960 MHz) Tnemaly aneeniAkkuiuiiug uiidnwaznsunsnszatenauwuulnailsd
VLAY WALT0YIINTUSULAIWN UL NTEAEARUMENITHNTNANETBIINFUNTIAY AagUTN
3.8 (9) (%) UAE(¥) N1IARVDULUNTOVDULHULNINTEINEARY A93UT 3.8 (1) (1) uae () N3
Uoudayeyaum i uinnuieaasinaneeine 6agun 3.8 () () (¥) uae () wazn13ldaeas
WUIMAINY weas1aiy 90 aseidnunsaldanunsgui 3.8 () AenAlinisaee wanil
aunsavilianee N AR UL IS nwuNsuNInszaterdulnalsgnauinTuiun Tng

L4 dl :J’ = 1 o ! o gj 1 U

Wdeulvauulninvsaesfivwinmindu uwiwladygyiavesauiulniiniaszdaiu 90

291 (A/4)

(n) ARvOULNAULAYY () FinveuNaDIsY (m) Uaudeyayrauiia
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z x&—y z
o xb-y
° ®
(1) WNINIDIWUALY Q) WAITWUIAIAUWAFI 90 B3 (@) Uoudyaunuaides
Xi‘)’ xi—y xi—y
() °
]
(v) wnsnseagunInum (%) WNTNTDINUYDUUNY (5y) APVDULHUABIAY

U 3.8 angonAwNuiuindnsunsnszaeadukuulnatlsdananluguuuusiig

1 dl
3.3.3 E‘LJLLUUﬂﬂiLLWiﬂigﬁlqﬂﬂaUﬂ']ﬂﬂqﬂ']ﬂ
N153ATIENTURUUNITUNI NTEILAR UVBIAERINARN LWL Savi ldau3s
) A ado ' L. . adl o .
18N ) Av Av91a99LUUaIwEs (Transmission line model) 3591aaaunuulngs (Cavity model)
ad o I = a o L a ¢
waglsdasanuuANgnAau (Full wave model) Ing3smsdnasanuuangdadun1siinsgsii
Pefigawazvinauwiugvinlinadnsnladanuiianaings 38n1sdrassuulnsadunis
Anzindenududounasianuuiugngs IneTBdaeimualiuiuunsnszansrdudulans
aaanysel FalaneaenaniasgnineuuaLnisRuUNkaEA U ITuIUnY lagseuy
nsnadazggniruabiidudnhwdvdninihauysavsinssuenuiegnuiAndmasudn sa
ANULATUNTILHLLNSNTEBARUTIIRININ AT IEY wagisaninefonsdiaesuuiiugnaAauy
lngandvaunisndanududeudiuninneiielilanadnsniiauwiugigauazaiunsa
JasiznaneaINAwiLiNilannlasiasaaziilasaassdudeu dusulasinsideillaende
NMyRTemsIaewuuinsdasiiannissuiilunTiasensukuuM LN NTELARULINE
fa o - < o £ ! ! [
muAwesnogtRieaun1s 3.46 wasiunsidildaunsawuliiuazauiuudivin
Tudiudnaly

S=ExH (3.46)

Tneil

S Ae LNWasNeRIIAnTUTAAS 1
E fio mnuduaunuliihdans

H fio mnuduvesawuwivandans
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AT AU INA1TIAI1IMAL AU UUDIAUN UL ME NTIAT1IA AT URUSNI9A2LE
WBagauanNnsanandlafsaunsh 3.47-3.48

E(X, y,z,t):Re[E(x, y,z)eiw‘] (3.47)

H(x, y,z,t):Re[H(x, y,z)e‘Wt] (3.48)

I a i 1 i * dj dl %4
Tnefiaun1sIunnn RE[XEIM]:E[XGIM-FX "] Gavzgnunuadluannisi 3.46 azld

aunsh 3.49
slee[ExH*}lRe[ExHe‘W‘] (3.49)
2 2
atuazldAmesnesRundesaannsi 3.50
1 2
S. =§Re[E><H]Wm (3.50)

Msnseifemssauuinsedasinsided iesnansennmmaioserudeyaiils
thiaussenuuulusiuunsnszaeaiuziaanay dturrgniesgilufidansenszuen Tny
Avualiithlvliauysaidugunssdmasuiuinsuusiumisiuuuias suaiunud
uHuLNsNIEAERALINAN Wazszuunsinazgnivuslidusntusimanluihany saiid
sUnsenspuon dudulassadvaunuliiuazauuiviniegnislulnsmsnszueni
Anualiazlildaunsnameslmmudsaauusimin A, fsaunisi 3.51-3.53

VEA (p.4,2)+ KA, (9,4,2) =0 (3.51)
A =B,,J, (kp,o')[A2 cos(mg' ) + stin(mqﬁ')Jcos(kzz') (3.52)
(k,) +(k,) =K = w?us (3.53)

IS ! < = Y v 6w 1 <
nnweslnudsaauuwimvan A, danuduiusivauulniuazauiuuivan lagazgn
Wnswiiluiiiansinszuen faduaglaaunisi 3.54-3.56

.1 & 110
E, =—J——AZ H, _L1oA (3.54)
wpe Opoz 1 p op,
1 18° 10
E,=- L 10A H, = (1o (3.55)
wue p 0poz 1 Opy
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Ezz_j_|:_+k2j|Az HZZO (356)

E,(0<p <a0<¢ <27,7=0)=0 (3.57)
E,(0<p <a0<¢ <277 =h)=0 (3.58)
H,(p =a,0<a,0<4 <27,0<7 <h)=0 (3.59)

g p¢, 2 wgnidiienanuantayaniglulngg waz J, (x) Faduiledduawanld

AasiziatgaINALHuNuNanay Avualieguuluun TMuo wagviliiAnauisdluiad
aun1si 3.61-3.63

E, =0 (3.61)

KyRy Voe e _ . \ (3.62)
Yl “2: {cospjly}  (0°<0<90°)
kR Voe 3.63
E¢=—j%{cosesin¢joz} (¢=0°,180°) (3.69)
r
3t =3, (k,Ry 5in @) —(k,Ry sin0) (3.64)
302 =35 (KoRy Sin @) + (K, Ry Sin ) (3.65)

AUNIIMAINUEIFANUNTNTZAYARUVBIEIHBINARNUNURINANAIHN TN A INANNTTN
3.66

) 1-3 a2sin?g 4t a“sin“e—%aesinw +
(KR ) 2° 3x2° 12x2

Prad = [VO| 960 (366)

0.333[1—%a25in2(9+ a“sin“@—%aﬁsinﬁa}
2 2

3x2° 12x

WazauN1IMANINEgIEaTiunsnszatendueandeInie lunsdlAnaAinsaagdevesanltndian
P3N sedangIuseewe q selaaunisn 3.67
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1—%azsin2¢9+ L 3a4sin40—%a68in69 +
2 3x2 12x2

(ksRe )’
480

Grg = Vo] (3.67)

ra

0.333[1—%a25in20+ 3a4sin40—%assin69}
2 2

3x 12x2

3.3.4 ANENINLRIZANANTS

ANENINLANEIN AN (Directivity) LT UAIEATIAIUVDIAINULTUAIANIUNT
uN3N3210AAYU (Umex) 1nnfigasienuiduidsnunisunsnszanndu (Uo) vesageinia
lelamsadn (Isotropic) Ingasanidlelansednilfgnvarnsunsnszanemdsnudy
sUnsanasuaziinuduidaiviiunnyuyaiians @lifinsszyiiens) Taevhlumann
WIAfiAmRzLandluniIgveLaiua (dB) a1unTamlaannIsuUasAIEN AL AITAN
filsifiviing (Dimensionless) l#anannsi 3.68

U _ 47U (3.68)

Wieitarsanaunisawnliiii 3.61-3.65 wasiasnuganiiunsnszareaiuluaunisin 3.66
lamaniniazasiiamafaunisi 3.69

_(KRq ) (3.69)
° 120G,
Lﬁ@
A (3.70)
° ¢
3.4 a3

MsenLULAEMILeTgase N ALufuTlassassaesduildiiaus asgnuuy
punguiluuni 3 4 Tnsduneuusnazesnuuuliangeniadiukuunsnszaneadusuaenay
uuulnug TMaio wiaunistaudygrunislnsulalenliva Sanwazn1skninizany
Tnanlsdidadunuds dunoufiansoanuuuuariiesedliansornmaiivraniauaund
AsOUARNIILA 860-960 MHz Tngldmstloudnyanaudsuszaluih dunoufiamesnuuuuay
Ainsginsunsnszaierdulnatlsdasnanlaenisiansseusiuunsnszatonaufiesadla
nnauvalvg) wartugarensdavouyuvesHuLNInszeeduT Ayl SR 1dy
unuvisuiienad 910 MHz dafunisudlunasusuususiuuninsznenduaniaidusunss
annuiliafildinaus dmsunisesnuuuusiuunsnsseeduluuiasduneuazgnnailily
unanly



unii 4
N19ILASIZALAZNNITOBNLUVEIYDINA

4.1 uni

Tuunilnandsmslienesiuagmsssenuuuaesenmausufissilasainsaosdu Tay
yafusenuuulHuLNs nszerduiiolansenimaI sseudoyaesienlodtuniud
gromiannsounquarmaldeuilandous 860-960 MHz finmslwanlsdasnay fiednsndiy
LAUAINT 3 dB mapAguAIIE Tnn1sileTzilagniseenuuUIzAleden AN
T#ene 9 W A [S1a] 929n319A2138 [S11] ANSRSIEILLAY WartIawaUAINE SRIE Y
wnw 3-dB Yusu

4.2 TA59a319UAEN150NUUUENERINTA

5UT 4.1 uandlassainavesanseiniaeisseudeyaeiiieniledgiunuigLoniond
Ifiaue Inslassadnsansenniagnesnuuuliidusunssdimasndnia (G) savvuia
165x165 . dwdunruunsnszaeaausenuuuliiusunsgnnudadisad (R) widu
69.7 3. MNNFIVDIHUTANFINTEA (ha) WU 1.6 wxl. uazidenldianguseusuiuivin
Sn5and (er - 3.78) TAMUNUIVDILHUNDILAT (tp) wazAddsvesiangIuses (TanD)
WU 0.03 1. waw 0.04 muddy Tassadrsaseindldenuuulidulassaiassdy
Tnefivosinaeinie (h) ogfszminetaggiusesiuszununsnaaiviiy 42 uu. uenaindusdu
unsnszaeAauiinsumsniesorinmmInaraEnfignidensedulnsulaueAdea
Iuuuidadu nsteudyyrandsuszlnin (F993191UmIuIenay) wgnIneg Uy
furtsuwunuRaesaseIna fsvgnstoudnyaa (dp) lnedsrerainqaguinaisves
LLﬁJuLLwiﬂizmm?{uﬁﬂﬁwLmiiaamﬂaué%gigmmqﬁu 45 wy. d@wsuseiiaulu (R2) wayseidl
A1uUeN (R3) YBI30CINNUMIUINANILINAU 3.17 UL, Uag 5.6 uil. aua1nu ludiuves
ANelnsudoudygiad (Iy) LazAMUNUIVBITZUIUNTIIUA (tg) UAWYINAY 43.6 L. Lay
1.6 uu. faBauuulaneiia 4 f1 gndaliszuinausuunsnszaisedufuszuiunsiudlaed

= |

szey (dm) MMNYAAUEINASVRIEAlaveiamalsaINainiu 7.07 uy. uanaintidelaende

3
Qlldo 1

ngudnansvesiidalavgdiau 2 i Alduninsstuiuiioldiumisianariiieang
forindldsduunnlvg Sederildsddargnuonsenannusuuninszatadulsnauiiolvly
sunsaluliidrunu 2 wiu uasiukuunsnszaondunsanarsvuneivg$iuu 1w Tnefisad
AUl (Ra) warsAinuuen (Rs) ¥89399391A9UNa IMivnAy 74 uil. wag 81.5 wal.
ARy fupuyuite 4 druveauduuninIzIIAd uRsINaILIAluY Ay nFRvTUAY
sUnsalAssasl (Re) iy 30 wa. fagufl 4.1 (n) wae ()
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G
y

G

Ry
(O Dielectric substrate

Vi
Dielectric substrate 4 P T
. Iy ;
Air gap
z
Metallic Post SMA connector

(n) lassassagenniailaiiaue (@) 1AT3a519@N801NAFIAULUU
JUN 4.1 InssassangenniAeseseudeyaoisionlefgiuaiudyevie

; G ] ; G ;
To di® To di#

G G
1 o Dielectric substrate o 1+ o Dielectric substrate o
(n) TURBDULIN () FUNBUNEDI
G G
Rs dq& Re d&
G G

(4 m
Dielectric substrate
(A) Funoudian) (1) Funoudia
Ul 4.2 Fammsmsesnuuvageinadilsiiaue

Frfulasamidedlduvsnmsiinssiuazesnuuuaiseiniadildinaueduou 4 duneu
&N (@ main stages) Usgnauludie dumeuusn (Stage#1) iunisnisoenuuuaseinie
uufailassaisaestuiignioudeinsulauonfoauazeeniuuusuunsnszaIsAduINay
fivinenuuulyun TMio Sa3Ufl 4.2 (n) duseuiiaes (Stage#2) Wumsoanuuuaiserniali
a150v818uauAMNd (S1| BW) Ineltimadanisdoudsdseqluindieseainssuniu

10 | o Dielectric substrate
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’Nﬂaumﬁﬂm 4.2 (v) Funeufiany (Stage#3) LﬂumiaaﬂLLUUiamwml,muiﬂwummimu
dioviliansemeddnvurnsundnszarsadulnatlstunaudguil 4.2 () Funouiia
(Stage#4 or proposed antenna) L uN1IFATBULHVBILHULNINTEI1BAR UATINATIYUIR
Tuiitelvanansavsuasursasdnunudulumuauinasiildlunisesnuuudagui
4.2 () Ingludruvesdunouiianuuard felianissuduasyi lduduunsnszanendy
naneifusunssgninuiiailiitausineiimanfivoding q vesusastunougnasylumsns
4.1

[
Y Y

ANS199 4.1 ATNISINLRDSVNETURDUNTEBNRUUVDIITAUINITAIEDINAN LALLEUD

'
L=}

YUADULIN JUADUNEDY  JUABUNEIN  VUABUNE

N1513LMD3

(3u.) (3u.) () ()
G 165 165 165 165
ha 42 42 42 42
hd 1.6 1.6 1.6 1.6
dp 45 45 45 45
dm 7.07 7.07 7.07 7.07
R 63.23 69.7 69.7 69.7
R2 - 3.45 3 3.17
R3 - 6.4 5.6 5.6
R4 - - 74 74
Rs - - 81.5 81.5
Re - - - 30

gﬂﬁ 4.3 (n) Juwasiassraenitaauaud S YIRS R AT UR UG
si'?umauqmﬁwsummammmﬂ?mém%yjaﬁlﬁﬁwLaua‘wudw MnMIFLATunauRsA
awenmdliuungmedufivaudiinty willednsunsnsesinnraumulinauasULLHY
Lst'ﬂszmUﬂ?{maﬂam‘[mEJmﬁ’aLmﬁﬂmiﬂauﬁ’mmmL%qﬂizf\ﬂWWW d1891N1ALLAANTT
LA TBURunuduazansaTIE TN aLaUAI LA [S1a| I6Ee 15.69% (814.2-957 MHz)
dmsutuneuiiawazligraniruauanud S11] 13.71% (850.8-975.6 MHz) Lardunau
qmﬁwUﬁ]ﬂﬁﬁd’m%umummﬁ S11] D9 13.89% (845.8-972.2 MHz) fnuaIsiu
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-5
B :
)
s
%)
=20
Stage#1
a5 |7 Stage#2
- - - Stage#3
Proposed antenna
=30
800 820 8B40 8BGO 8BBO 900 920 940 960 980 1000
Frequency (MHz)
) A7 [S11]
45 45
Stage#1 and Stage#2
T S RN IR R S S (_.)_ ........ 40 o
2,
. Stage#l =
— =)
o 35 — — — Stage#?2 35 W
= - - - Stage#3 e
@ . -5
< 10 Proposed antenna 10 2
(o}
o8]
5
5 5
0 0

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)
(1) ANIRTIAIUUNULAZABRTIVEY
JUN 4.3 nsiSeuiisunainasmsdiunouresangomeanseseuteyaitiiaue

'ﬁﬂw 4.3 () LLammamaaW’m’mLmummaamwmmmu 3-dB LazAERIIVENY
WU31 TumeuwsAuazduneuil 2 axlAisnsndrunnui 40 dB FeUsuenisdnuairnis
wnsnsza1end udusuudadu Tnedaaendawaunudsnsidiuwauriafiy 21.98%
(800-1000 MHz) g uludiuvesd unouilauinnnsslauuunddninud 860 MHz il
P2anF19uauANETTIdLLALLYINAY 9.88% (827.5-912.5 MH2) uazd unouaniiig
(@wornafilaiaue) aziansSlowuundfiauiosnuuy 910 MHz fltaeneuauainud
AT IULNUYINAY 12.31% (853-965 MHZ) AUEIAU @1UTUNITINA0IAIDAIIVUY
ANYDINIANUIN %’jumauLLiﬂLLaz%umauﬁaawﬂﬁmé’mwmsmammﬂ <3 dBi wag >6 dBi
Tumanduiutuneuiianunazd ael¥snsueneannnii 6 dBic
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4.3 NMsPaNUUULAENTIATIEEBaNALLRWTAsIaS9ER Ity
dmsulumdeiifunmsiinssiuasnmsoonuuvasonauufinilasiasdesdu
TneBuuaINNITLLENINTEEARUIINaY dgaundunisiwmedanstoudygiandlszy
ntflfiovenetisnirauaunrud [Su] mndudunsiinaianisunsniosinnmuléeg
yualngiilelianseniaidnuugnisunsnszatsadulnanlsdisnannazanvneidunisi
wAdansinLLreuieUuAsuAsnTduLnulUSInuAnans 910 MHz Tagangennie
wossudeyaiildiiausilifauuazanunsoldomiussuvosionlofiguanugonon
anavilan TnaAntlsnnuaudflnilieing o wu @1 S| PN euauAINA [S1a| ranF1auau
AURSATIAILNY 3-dB uarASnIuesaEeINA el viaenadestuNasg LA ualY

4.3.1 ggernAnkuiulaseadesestusudy (Funauusn)

anpeneLELRuTASIEdsEesT U udUeenLUY (State#1) THusuunsnszaeaay
Jugvienauuazesnuuuuuluun TMao dmsSUimuaaInsdnesauguedgeeing
91m (ha) Augsvesianguses (ha) wazaArladidnaSnasiiindy 42 ua. 16 1. uay 3.78
AINEITU 91nMIEwInsA (R) veawsulnsnszaenduienaufiniiuinals 910 MHz v
WINAU 59.23 3.

0

R =55.23 mm
- - - R=59.23mm
R =63.23 mm

e R = 67.23 mm
R=71.23mm

S| (dB)

-2.5

800 820 840 860 880 900 920 940 960 9830 1000
Frequency (MHz)

gﬂﬁ 4.4 nas1apIrNELRLSSEIneen [Su | fuaudlewuund Wevihnsuudey
il (R) Y0auNULNSNTZ8ARUIINAL
Tnesalu awoimaunuiinilasiadaesdundoumsdoudyaasisinsulawendeall
Tod1ianiesuag sr o190 nad oelaiAy 20 uu. Fe9ziAnauliuundd
(Missmatching) Meduiiwaud aunsaudlatgmildlaenisinmaianistoudyayindu o
LINNTINDDALUU LU ﬂ73ﬁ@uﬁ€y€yﬂmL%ﬂﬂizﬁﬂWﬁ’lﬁlﬁﬁ’lLﬁuaiuiﬂix‘]ﬂ’lieﬁﬂﬁ 99zdIma
yilWangenminnsuIndsuastaeve1sranianuaad 913U 4.4 1unanisdnans
A1 [Sua| ilefinsusuidsusad (R) vesunuunsnszaenausaus 55.23-71.23 au. wuin
WHULNSNIE8AALSATIYINGY 55.23 3. 59.23 1y, (FUINAINANNNT) 63.23 131, 67.23 .
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waz 71.23 1y, asiinnis3lenuunganudmiafu 1000 MHz 960 MHz 910 MHz 870 MHz
Lay 825 MHz audndu unnlunintu nanissiassianund ageiniefnnaalluundds
Sufluauduasdsdamanansnsagefitesnia 3 dBi waed19lsfinIy nan1591a09n13
Tnanlsdvesasoinmadnamudn Snuarnsuninszaeadulnailsddadundaie Ui
4.3 (v)

4.3.2 n3taudaysyraudelszlui (Sunouiises)

ndeymfieinuan miﬂaué’ﬁyzymﬁaEﬂwsiﬁ,ﬂLLaﬂL%aaﬁﬁmmqw@aﬂm’mmmﬁ
wihifu 42 uy. apormaiaenylitundneduiivaud dadulutedsldldinedanistiou
Fyrandalsegbiinsrudunsteudygrunislnsulavenidea (Stage#?) i ovinle
ageINALNATILATaNTYE18TnT1eAad Tnemailaisnstoudyananduszqlii
1909919 IUIIN AL LN NAIN UL NI NS Z8ARY T95ATUNULNSNIZaT8AALIINA
wgnmAsalifinfigauaninnisTleuuundanufinans 910 MHz ldluniseenuuy ey
axl83AT (R) windu 69.7 ua. wenandlgvihmsitasziuas@nwinanissiass wevins
USudsusatisnuuen (Rs) 1993093100umuaenans s 4.4-8.4 uy. IngAmnsines
$19 9 azgnuamﬁqmswﬁ 4.1 lughuwestuneuiiasenadenadidnvaznisuninszane
adulnalsidadununduariinsunsnszanerdurinezasficmaduiiertus uneuusn
Taggui 4.5 (n) Wunanisdaeslsvinnisufuddsusafisnuuen (Re) v8930971998umIu
WAANTIUIU 5 ATNIT1LADSA8AUAD 4.4 1L 5.4 Ui, 6.4 U, 7.4 1. Lay 8.4 Uil
AUdIRU WU Ran1sSlewuundfinnud 865 MHz (auunduarlaifvaeniienanud [Su)
STwhuung7innud 890 MHz (42905 19a9ud [S1a| Windu 12.96%) STguuungfini1ud
910 MHz @%79n319A2148 [S1a| Winfu 15.69%) Slauuundfiaaiud 940 MHz (fv3ning
AUA [S11| 1A 11.58%) wagdleuuundfiaud 953 MHz @93n319aanud [Su| wiiu
10.63%) MudIFU dmsusal Rs wihifu 6.4 1wy, azdans3lawuundfianudnas 910 MHz
LLazmaUﬂqumm?{&?@Lwi 814.2-957 MHz (@23 19aud [Sua| Wiy 15.69%) usedls
An ﬂ’]i@@ﬂLLUUﬁ’]EJE)’]ﬂ’]ﬂsﬂzumE)uﬁlﬁﬁﬁLﬂuaﬁgﬂlﬂﬁ’]uﬁﬂﬂi@Uﬂ%jiJiSUUE)’]%LE)Wl@ﬁEh‘L!
mnudgetenanaldnuiisiosnts dmiusuil 4.5 () Aeradiasirdnsrveiarseinie
WU TA18RIIVNEgIEANAY 7.12 dBi fiAnuiinana (910 MHz) fesail (Ra) iy
6.4 1Y, AMTUAISNIIVEIBLRE 1N 6.5 dBI LTuLASAS (Re) windy 4.4 uu. 9glwen
Snsweneladedien 5.63 dBi WeswniAanislluunduesasannie
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0

-------
‘‘‘‘‘‘
ant®
....

o
=)
= -is
2 Ry =4.4 3
9 - - - 3=4.4mm N\
20 Rs =54 mm Y
Rz =6.4 mm
=25 Ry =7.4mm
== = R3;=8.4mm

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

(n) WAYNADIAT [S11

6

—

m
=

£
<

L - - - Re=44mm

R;=5.4mm

R3; =6.4 mm

3 R3=7.4mm

= Ry = 8.4 MM

2
|00 820 840 860 8RB0 900 920 940 960 980 1000

Frequency (MHz)
() NAFNRBIANDATIVYNYE18DINA
UM 4.5 nadnaeullevihnsuiuluaeu Rs (Tunauiias)

4.3.3 waian1sdug (Tunoudianm)

MTIAzALarnseenuuUlutunouiariansanamsimessatauly (Ra) vo9
Jodldauialng §edwanseronisinanlsduesarsainiauazaiunsalua sunlainis
unsnsranemaulnanlsddadudulnanlsdrsnay wenaint ludunouiddesimseinas
NAITUIANDATIEIULAULTITINAIBLTUNU
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0
-10
20
)
S -
=30 - - - Re=44mm
@\ R, =50 mm
40 ||=== Re=56mm
R4 =62 mm
~ e R, =68 mm
=30 1 ——— Ry=74mm 1
— — R4=80mm
=00
800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)
(n) A1 |S11|
8 —
- - - Ry=44mm —
7 Ry =50 mm -~
— — = R,=56mm i
6 R; =62 mm 5
e R, =68 mm -~ ]
5 %5 Ve r.._;rr‘
g
= 4
@
< .
k]
2
1
0
800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)
(1) AmLATIEIULNU (AR)
7
o
_nc:] 3
=t ¥ - ‘ic.%‘.
R L R, =50 mm AN
O 33 — — = R,=56mm ‘%g%
Rs =62 mm &
< —v=— R,=68mm b
- — R4:74mm
— — R;=80mm
4.5
800 820 840 860 880 900 920 940 960 Y80 1000
Frequency (MHz)

(A) ANBRTIVELELDINA
5UN 4.6 nadnaesnaantinislnihavenniadieysuudeummaiiwes Ra (Tunauiiany)

dmsutuneuiianuazgniriniaifuuen (Rs) vessesirnumuldmuelugdosdisaili
Ay 815 1u. esnainnsasudsudinsdeutuiuseninesed el fuses
InawnmnaNrUEnTieg LI AsEaERaY dmSurmsidineseing o axfeseyly
Tupsadt 4.1 wasludumeudazvifinseiuasfnuia¥al Ry wagvinisfnwudlednig
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UfuAsudmnsfines Re daust 44-80 1. fe3uil 4.6507 4.6 (n) Humanisdraesen [Su)
wartani19Aud [Su| Tnedinnuduiusiuanudslewuund Wevhnisusudsusadisnu
DN (R4) VDITDII1TWUAIUNNANVUIN NG LWI1AU 44 131, 50 U3, 56 Ul 62 1. 68 3.
74 13 kag 80 . MUEIAU IINHAN1ITIA8 Ra iU 44 uu. (LF5Unsaluld) 50 wu.
(sunsdlulivunaidn waziivesieniseninduliifuwkuuninszanendunssnasuualng))
56 3. 62 w3l. 68 1. 74 . uaz 80 wy. (Funssluliifivunalvg uaslidosinuausening
Tulsifuusuunsnszaonduasanansunalug) daguil 4.2 () wudn Re wirdu 44 1. 9ifn
M53launuNgfinad 903.8 MHz (3390319 uBwindy 11.65%) Ra winiu 50 1. 1A
M53louuLnginud 893.4 MHz (B3 13anudivindu 11.69%) Ra Wiy 56 wil. a¢ifin
Ms3lauuungfinaud 903.81 MHz (Faniannudvintu 11.67%) Re winffu 62 ua. 2ziia
M53lauuuNgfnud 904.4 MHz (339n319auBwindy 11.71%) Ra winiu 68 ual. 2ziin
M53lBUUUNGTAINE 905.4 MHz (33anF19anudmindu 12.7%) R winfu 74 uy. 9zfa
Ms3lauuLngfiaud 910 MHz (Faniannudviniu 13.71%) Re Wity 80 s, azifnnis
Sleuuundiianud 913.6 MHz (@13n3eaudvindu 14.95%) ann1sfinnsanuagnisdana
fawudn §efl R windu 40 1. uag 56-80 uy. mnudaseuaguszuuensienlefgiuniiud
gravievang (860-960 MHz) snuiuussail Ra ity 50 s, whifu Alinseunauaudilag
fi9nT19A2107 (844.4-951.6 MH2) uansfaguil 4.6 (1) ludauguil 4.6 @) uansnans
$1a0edataluLny (AR) Afleudiiudtuanudslowuund devhnsusuasused Rq
WU 44 131, 50 1. 56 U3, 62 k. 68 . waE 74 Uil WU Hraniaaud Sasndau
LNU LAY 9.01% 9.83% 9.24% 9.3% 9.77% (Glonuundiaud 860 MHz) waziail Re
Wiy 80 1. faanearnudsnsdiuunumiaiy 9.88% Gleuundfiniug 843.3 MHz)
Wuiefunanissasiadnsaluwnudaiiinit 0.8 dB Al Re windy 74 ua. uazsed
Ra faud 44-80 . 9g1waaanieenud shsdiunnuasounguensionlofgiuaiiud
grovienaInafsguil 4.6 (1) 303Ul 4.6 (A) iunanisTaeadnIveEaseIAANYIN
Sl Ra fowst 44-74 uy. flA18nsve181adeninnin 6.15 dBic (860-960 MHz) usiseil Ra
winitu 80 u. ismsnveneindennnnin 6.25 dBic ilesanTdruvessunsslulifivunnlg
uazdidasinssesseunudsnaliiidnetoiigedu

4.3.4 WAlANSANYY (%y'umauﬁqﬂﬁ'm)

MATANNIAAYEU (StageHa) I2QNARTYNYOUYBILNLUNINTLIIARUATINANIA Y
sunssldslaedisall (Re) daus 20-35 uu. iiedosnindeuddnsamunuludsiauinans
(910 MHz) fifeamsoonuuy uenanilddmaniaguinavesusuunsnszaenaudailviusi
uwninszenduiisunsgninuiaiidiiauelulasinsided vhnsAnviuasiiages
AmnsTimesiall R saud 20-35 1. uagAmsdinodeng 4 aggnssydamsnedl 4.1
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1]
-10
220
o 30
)
=
I ]
50 - - Rg=20mm
- - -m Re =25 mm
R =30 mm
-60 © Re=35mm
=70
800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)
1
(M) A1 |S1]
10
9 - - Rg=20mm
- o= Rg =25 mm
8 5 Rs =30 mm
7 N Re =35 mm
o™
° =
~ 3
24
< 4
3
2
1
0
800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)
1 U 1
(@) ABRIIEIULNU (AR)
6.8
6.6
6.4 S
./g (1.2 """"
Q ¢
E’ - - Rg=20mm
s 5.8 - === Ro =25 mm
o Rs =30 mm
3.0 Rs = 35 mm
54
52 -
<

800 820 840 860 880 900 920 940 960 980 1000
Frequency (MHz)

(A) ANBRTIVELELDINA
Ul 4.7 nadreosnmandimaliiimesaesenna Weviinisusuiasu Re (fureuaating)
1n3UT 4.7 (n) Wled$afidnvauyy (Re) WinAy 20 1y, 9z1inn153louuundiinaud
896.6 MHz ($13anTapnuiivitiu 13.45%) Safinsdiaveusa (Re) Winfu 25 ua. 9g1AnnIs
Seuuundiinud 916.8 MHz (Faenrennuivindy 13.51%) Safldaveuyy (Re) wiriu
30 3. L AANTIlBuULNAMNLA 910 MHz (F2enTrsaufviniy 13.89%) wazsafidn

Uy (Re) WU 35 1y, LAANTTI Lol uuUNgNAud 910.4 MHz (39031918 iu



a2

14.46%) MUEIHU Wona i nranIssiaesdanudn Baaniiemnud [Su| vessriifnvou
13 (Re) amum anunsansouaguand ensiewlodguauigosienainaldeoud
860-960 MHz 913U 4.7 (¥) wanswan1ssrasstaenianudsnsiaunnu 3-dB fiduius
fuend uazviinisUfuuAeusai Re daust 20-35 ua. wud1 Re windy 20 1al. 25 1y
30 1. Wag 35 1. Wi eANLRSRTIELLAUIYIAY 11.2% (838.1-940 MH2) 11.26%
(847.5-950 MHz) 12.31% (853-965 MHz) uay 12.7% (871.9-987.5 MHz) mua19u Lagain
mMsdunadanuin $all (Re) Agndnveuyanyindy 30 1. a1150AT0UARNYTNNT19A2LE
miavﬂaﬁshumm?igwmaﬂama (860-960 MHz) Wity LLangﬁ 4.7 (p) \unanisinaes
AdnsweaseIneliovnisuiuasused Re windy 20 uuaglidnsnsiveingean
Wity 6.52 dBic fimad 900 MHz Tneatl Re iy 25 uu. aglvidndnsvensgegaindu
6.48 dBic f1ANA 910 MHz MHz $f Re i1y 30 uu. alvirdasvengeanivinfy
6.50 dBic 711 900 MHz waz §afl Re winiy 35 ua. axlwAdnsnvensgeqaminfu
6.5 dBic fin21uf 900 MHz Anuddy uenaninamIssiaemuIndAsnsvesRdemiy
6.33 dBic

4.3 unagy

MnTeiuarn1sesenuuUAEaIN AL RInlAssadsaesdu Tnesadusenuuy
LLcJuLLW'i'ﬂivm&Jﬂ?{ﬂﬁﬁé’ﬂwmvﬂé’wﬁﬂaﬂmuﬁau,avié’ﬁﬂmﬁqmwwmﬁma%@m 5 Tulsiay
Funoui lana 17139198 U 91Aran15T1a0ImUT 19290 19ALE LAY 13.89%
(845.8-972.2 MH2) war3lawuundfinnuiina1s 910 MHz nan1ssiaessnsadiuwnuiinanud
860 MHz 910 MHz Wag 960 MHz LW 1AU 2.79 dB 0.49 dB wag 2.79 dB Wan15318843
41903192108 SR IURAY 3 dB WU WU 12.31% (853-965 MHz) nan1531a8s
Sns1venuaEeInIATiANE 860 MHz 910 MHz was 960 MHz winiu 6.37 dBic 6.48 dBic
48y 6 dBic uazNANITIaeIRLRAESRTIVENEAERINIAWINTY 6.28 dBic AUy



unii 5
n1snagauANaNUAnIslWivasaInaInia

5.1 unii
TuuniaznaniinsiisudioussninmanissiasuasNan AR UYEIEE8INA
FIAULUY s?famiﬁa}'mmQmauﬁ’@mﬂm]ﬁwﬁugmmaamsmmmzﬂisﬂ@UlUG’ha A1 [S11]
F29n19rd [Sua| Sasrduuny Faenedasdnuny 3-dB nstnanlsdnay Shsrvens
awmmmmgﬂLmeﬁLLwimzmsjﬂ?{umstmﬁﬁgqaaqigmUﬁa X-Z Way X-y wilafudu
mmgﬂé}’mszijmamsaﬁaaqLLaswaﬁlﬁmﬂmsmaau

5.2 @899I IAAULUY

Tuhdeilunsiisuiiouseninamamssassssasormedildnaus Bluuni 4
ﬁ’umamimaaumammﬁéffgéful,mué’qguﬁ 5.1 HAN1IINADIUATHANTNAAO UL NWAATLY
W A1 [S1] 939n319AuE [Sua| A18RTIdILLAY YIanT19AuA SRSIEIUMNY 3-dB
9NI1V818A18DINA LLaZEULL‘UUﬂ’]'ﬁLLW'ﬁlﬂizﬁﬂElﬂﬁluﬁg\i’izu’mau’mlWﬁ’l (X-2) wae
AWULIWAN (X-y) dMTUNISVAABUMANSRTIVENEEIDINA SRTIEIULAL kaZTULUUNIT
unsnsraneaau Malassnsiseldmmualiaeeniadmdunuuegluluunnisiiuniniy
Foyro Jeldnaaeuluiesldnisagsiou (Anechoic chamber) fasiadosdonaaaunis
ATINLATIVIELIAMEBS Agilent 8720 NIANUNIAAIBABEIDINALALNANINTFIY KON
% (Anritsu) 54 MP-6518 4 a@n8o1n1AsuLazatsenIadsazgnindluszezauiulng
(Far-field) Wago1A8@unN15N1Sd N 1UAa 99 UNT @ (Friis transmission formula) Tun1s
MUt madnnslFaInnsaaeufsgURl 5.2-5.4 SwSusUTl 5.2 (n) Aenanissiassuas
NANITNAFDU [S12] WU RANSTlawuUNgALET 910 MHZ wag 902.6 MHz fiaaenns
LOUAINUE [S11] 1A U 13.89% (845.8-972.2 MHz) Lay 14.13% (837.6-966.2 MHZ)
ANUAIRU dMUNENITIABLATHANISVIAARUAISHTIEILWAUTIAINE 860 MHZ 910 MHz
i a Y
960 MHz WUI1 HAN15I180INAIDRTIAIULAUYINGY 2.79 dB 0.49 dB waz 2.79 dB Lazka
AsnageUATSRsIEuLuTAYINAY 2.54 dB 0.82 dB way 2.91 dB MuEU wenani
NAN1ITIADINATNANITNAADUYIINT19AILE 3-dB WAy 12.31% (853-965 MHZ) was
12.41% (850.6-963.5 MHz) fagUil 5.2 (v) dm3usuil 5.2 (A) 1unanisdnassuaznanis
NAFBUSAIIVENBEE91NATIAINE 860 MHZ 910 MHz wag 960 MHz WUTINaN1531a84
ANDRNIIVEIBANYDINIAWIIAY 6.37 6.48 LA 6 dBiC LAYHANITNAADUAIDNIIVEIHAIYDINF
WinAv 6.44 dBic 6.31 dBic wag 5.8 dBic MINAINU 1UTUNANITIIADILATHANITNAFDU
ﬂ"]La?{aé"mswmamaawmﬂm%‘laqa"msﬂ'azﬂams‘l,aw%ﬁEJ"mmm?{auL@%L@Wamamﬁﬁ’u
6.28 dBic way 6.18 dBic
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(1) AUV

() MUAAYIN
3UN 5.1 angomaunuiiuilassasaestudinuwuuilaiaue

SUT 5.3 AaNan1591aakazNaNIINAAUULUUNITUNT NTE18AE U A1AD
860 MHz 910 MHz waw 960 MHz Uuszuuwny X2 wudi fimuniieesadinduvedinanlsd
394 (Co-polarization) n3en1slnailsdrsnauiuunyudeiiewindu 81.5 03f1 83.8 aeen
WAz 82.5 9971 MIUAIRY LaTHANITIIRITERURd v dnailsdluifiaud 860 MHz
910 MHz uag 960 MHz filaundniinfiu -16.1 dB -40 dB wa -16.3 dB auddy dwiuna
nMsnageuANun R sirauvednanlstin (Mstwanlsdranauuuunyudneile) e
860 MHz 910 MHz wag 960 MHz 171U 84.1 991 83.6 84AN LAY 82.5 8IAT LAYHANIT
nageusERudIuvedlnailsdlaiiinanud 860 MHz 910 MHz waz 960 MHz 7ilaundn
Winffu -15.15 dB -40 dB uag -15.45 dB mudiU 3UT 5.4 FenanissnaeuazNanIsnaey
gﬂqumsu,wa'ﬂssmaﬂ?{uﬁmmﬁ 860 MHz 910 MHz way 960 MHz UUSEUIULAU X-Y
WUl Aunieessdimduvatinanlsdsuiinnuniieesedindurintiu 84.4 esen 83.7 aae
WAz 82.5 94fN MIUAIRY uarNaNITIIaeITERURdurednailsdlaiiiaiud 860 MHz
910 MHz wag 960 MHz flaundnivinfu -16.11 dB -37.11 dB waw -16.11 dB mud1fu Ha
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Analysis and Design of Circularly Polarized Capacitively-Fed
Planar Suspended Antenna for Universal UHF RFID Applications

Abstract. This research paper deals with the design of a circularly polarized reader antenna with a tennis ball-shaped radiating plate that operates at
a frequency range of 860-960 MHz with the center frequency of 910 MHz. In the fabrication of the tennis ball-shaped radiating plate, a small annular-
ring slot was first created on a circular radiating plate, followed by two diagonally opposite large arc-shaped annular-ring slots on either edge of the
circular radiating plate and then the truncation of the corners of the remaining main element of the plate. A prototype antenna with the final tennis
ball-shaped plate was subsequently assembled prior to excitation by the capacitively coupled feed technique to enhance |Ss4| bandwidth. The
prototype antenna could achieve an average gain of 6.18 dBic, |S14| covering the frequency range of 837.6-966.2 MHz, and the circular polarization
of 850.6-963.5 MHz, making it suitable for universal UHF RFID applications. In addition, simulations were carried out using CST Microwave Studio
for comparison with the experimental results.

Streszczenie. W artykule zaprezentowano projekt anteny o ksztaftcie pitki tenisowej pracujacej w zakresie czestotliwop$ci 860 — 960 MHz. Prototyp
anteny pokrywat zakrs 837.6 — 966.2 MHz co spetnia wymagania uniwersalnej komunikacji UHF RFID. Projekt i analiza planarnej anteny

cyrkularnie polaryzowanej do zastosowan w UHF RFID transmisji danych

Keywords: Capacitively coupled feed, circular polarization, suspended structure, truncation corners, UHF RFID.
Stowa kluczowe: antena RFID, antena cyrkularnie polaryzowana, antena planarna

Introduction

Based on the radar principle, radio frequency
identification (RFID) technology is suitable for objects
identification and tracking applications. In a typical RFID
system which consists of a tag and a reader antenna, the
exchange of data is carried out through electromagnetic
waves. Currently, the RFID technology has found its
usefulness in manufacturing, security, logistics and
transportation [1-2]. Of the existing RFID bands, the Ultra
High Frequency (UHF) RFID band is commonly adopted for
various applications due to its long readable range, higher
transfer rate and robust capability. According to the
International Standardization Organization (ISO)’s 18000-63
standard, the UHF RFID universal band refers to the
frequency range of 860-960 MHz [3]. The Europe Union
(EU) and the city-state of Singapore have adopted the
866-869 MHz frequency. The Americas and some Asian
nations have used 902-928 MHz, while Japan and several
other Asian countries have implemented 952-955 MHz.
Typically, the design of the tag is of dipole antenna with a
linearly polarized (LP) radiation, and so is the design of the
reader antenna with the linearly polarized radiation.
Nevertheless, due to the inherent multipath fading and
mismatch polarization of the tag (when rotated positions),
the design of reader antenna of this research is of circularly
polarized (CP) radiation to overcome both issues.

Previous research [4-14] investigated three existing
UHF RFID reader antenna structures fed by single linear
electric coaxial probe: the single-layer, suspended, and
stacked antennas. The first structure (i.e. the single-layer
antennas) could achieve the less satisfactory [Sq1|
bandwidth (BW) of 1-2% and gain of <4 dBi, but the
advantages of this structure are its low profile and ease of
fabrication [4-6]. The suspended structure (with an air gap)
could achieve a better |S11| BW of 4-5% and a higher gain
of <9 dBi [7-12]. With the stacked structure antenna
(multi-layer structure), the |S11] BW was enhanced to >10%
with a much higher gain of >9 dBi [4, 7, 13-14]; however, it
is bulky and difficult to design.

In [15-25], the previously three structures were
experimented with different feeding methods to improve the
|S11] BW. The stacked [15] and suspended structured
antennas [16] with an L-shaped feeding probe could

achieve the |S11] BW of >22%. The suspended [17] and
single structured antennas [18] with an F-shaped feeding
probe produced the |S11| BW of >15%. In [19], the
suspended structure antenna with a T-shaped feeding
probe achieved the |Sq1| BW of 41% with an SWR of <2.
The stacked structured antenna with an aperture couple
feeding achieved the [S11| BW of >25% [20-21]. In [22], the
stacked structured antenna with strip or line plate feeding
connected directly to the radiating plate could achieve the
|S11] BW of >25.8%. In [23-24], the suspended structured
antenna with capacitively coupled feeding on the same
plane as but outside the radiating plate produced the |S4]
BW of >25%. The suspended antenna with capacitive feed
(i.e. rectangular slot near the feeding probe) on the
radiating plate generated the |S11| BW of 5.3% [25].

In addition, various CP-radiation generating techniques
were employed in [26-32]. In [4-7, 26], the truncation
technique whereby the corners or edges of the radiating
plate are truncated were discussed. The insertion technique
with slot, slit, strip plate or spur line on the radiating plate or
at the corners or edges of the plate were experimented in
[4-7, 18, 26-30]. In addition, the generation of CP radiation
was achieved with the use of cross or orthogonal antennas
[4-7, 31]. In [4, 7, 32], an antenna with square radiating
plate was integrated with a Wilkinson power divider circuit
with 90° phase difference.

This research paper has proposed a square suspended-
structure antenna with tennis ball-shaped radiating plate
excited by the capacitively coupled feed technique to fully
cover the universal UHF RFID band. In the fabrication of the
tennis ball-shaped plate, a small annular-ring slot was first
created on a circular radiating plate, followed by two
diagonally opposite large arc-shaped annular-ring slots on
either edge of the circular radiating plate and the truncation
of the corners of the main section of the radiating plate. In
the implementation of the capacitively coupled feeding
technique, a small annular-ring slot was connected to a
coaxial probe to enhance and achieve the |S{1] BW of
14.13% (837.6-966.2 MHz). A paring and the truncation
techniques of the CP radiation were achieved a 3-dB axial
ratio (AR) BW of 12.41% (850.6-963.5 MHz) with the
average gain within the universal UHF RFID band of
6.18 dBic.
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The organization of the rest of the paper is as follows:
Section |l details the structure, evolution and design of the
proposed antenna. Section Il discusses the parametric
study of the initial antenna, capacitively coupled feed,
paring and truncation techniques. Section IV deals with the
simulation and measurement results with regard to the |S11|
BW, AR BW, radiation patterns and gains. The simulations
were carried out using the CST MICROWAVE STUDIO
software program. The concluding remarks are provided in
Section V.

Antenna structure and design

Figure 1 illustrates the geometry of the proposed UHF
RFID reader antenna. The antenna was composed of a
165 x 165 mm square-shaped structure (G) and the tennis
ball-shaped radiating plate of 69.7 mm in radius (R). The
height (hg) of the epoxy substrate (£=3.78) was 1.6 mm,
while the copper thickness (f,) and loss tangent of the
substrate were 0.03 mm and 0.04, respectively. The
antenna design was of suspended structure with a
42 mm air-gap (h.) between the radiating plate and the
ground plane. In addition, on the radiating plate was a small
annular-ring slot which was directly connected to a linear
electric coaxial probe
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Fig.1. Geometry of the UHF RFID reader antenna

The capacitively coupled feed (i.e. the small annular-ring
slot) was located vertically opposite to the center of the
radiating plate with a distance point (d,) of 456 mm. The
inner (R2) and outer (R3) radii of the small annular-ring slot
were 3.17 mm and 5.6 mm, respectively. The feeding probe
length (k) and the ground plane thickness (t;) were
respectively 43.6 mm and 1.6 mm. Four metallic posts were
mounted between the radiating plate and the ground plane
and the distance (dn) from the metallic post center to its
nearest antenna corner was 7.07 mm. Two of the metallic
post centers of opposite corners served as the center points
from which two large arc-shaped annular-ring slots were
created. The double paring divided the circular radiating
plate into three sections, consisting of two leaf-shaped
sections and one large middle section. The inner (R4) and
outer (Rs) radii of the large annular-ring slots were 74 and
81.5 mm, respectively. The four corners of the middle
section of the radiating plate were subsequently truncated
into arc shape with a radius (Re) of 30 mm individually. The

amalgamation of the three sections (i.e. two leaf-shaped
sections and the middle section) formed the tennis
ball-shaped radiating plate of the proposed antenna.
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Fig. 2. Design evolution of the proposed antenna: (a) circular
radiating plate antenna (stage#1), (b) the antenna with a small
annular-ring slot (stage#2), (c) generation of two large annular-ring
slots (stage#3), (d) truncation of four corners (stage#4 or proposed
antenna).
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Fig. 3. Comparison of the simulated |S44|, AR and gain for the four
stages of the antenna evolution (a) |S4|, (b) AR and rad gain.
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Table 1. The parametric values at the four stages of the antenna

evolution
Parameters | Stage#1 | Stage#2 | Stage#3 Proposed
(mm.) (mm.) (mm.) antenna (mm.)
G 165 165 165 165
ha 42 42 42 42
hq 1.6 1.6 1.6 1.6
dy 45 45 45 45
dn 7.07 7.07 7.07 7.07
R 63.23 69.7 69.7 69.7
R, - 3.45 3 3.17
Rs - 6.4 5.6 5.6
Ry - - 74 74
Rs - - 81.5 81.5
Rs - - - 30

Figure 2 illustrates the design evolution of the proposed
antenna, consisting of four main stages. Fig. 2 (a) depicts
the initial suspended-structure antenna excited with linear
electric coaxial probe (stage#1). In stage#2, to enhance the
|S+1] BW, the capacitively coupled feeding technique using
the small annular-ring slot as the feeding point was
implemented, as shown in Fig. 2 (b). In stage#3, the two
large arc-shaped annular-ring slots (i.e. two leaf-shaped
sections) were created for generation of the CP radiation
(Fig. 2 (c)). The remaining middle section of the radiating
plate was subsequently truncated along its four corners to
shift the AR to approach the center frequency. The three
sections in combination produced the tennis ball-shaped
radiating plate of the proposed antenna (stage#4), as
shown in Fig. 2 (d). Table 1 presents the parametric values
at the four stages of the evolution of the proposed antenna.

Figure 3 (a) illustrates the simulated [S14| BW throughout
the evolution of the proposed antenna. At the first stage of
the evolution, an impedance mismatch was observed. With
the introduction of the small annular-ring slot (stage#2), the
[S11] BW of 15.69% (814.2-957 MHz) was achieved. In
stage#3, the |S11| BW was 13.71% (850.8-975.6 MHz), and
the proposed antenna (stage#4) could achieve the |S11| BW
of 13.89% (845.8-972.2 MHz).

Figure 3 (b) shows the simulated 3-dB AR BW and
gains throughout the antenna evolution. Both stages#1 and
#2 could achieve the simulated AR BWs of 40.00 dB with
21.98% (800-1000 MHz) and were of linearly polarized
radiation. The 3-dB AR BW achieved in stage#3 at
the resonant frequency of 860 MHz was 9.88%
(827.5-912.5 MHz), while that of stage#4 (the proposed
antenna) at the center frequency (910 MHz) was 12.31%
(853-965 MHz). The average simulated gains for stages#1
and #2 of the antenna evolution were <3 and >6 dBi, while
those for stages#3 and #4 were >6 dBic.

Parametric study

This section discusses the suspended-structure initial
antenna, the capacitively coupled feed technique for the
|S11] BW enhancement, the paring technique to create the
two arc-shaped large annular-ring slots for CP radiation
generation, and the corners-truncation technique for shifting
the AR to be near the center frequency. The proposed
reader antenna is developed for use in the UHF RFID
system and applications. The [S14], |S11] BW, 3-dB AR BW
and gain are the deciding criteria for the suitability and
applicability of the antenna.

Initial antenna at stage#1, the radius of the circular
radiating plate of the suspended-structure initial antenna
was determined using TMi10 mode [16, 33]. The basic
design parameters of the initial suspended antenna
encompass the height of the air-gap (ha), the height of the
dielectric substrate (hg) and the dielectric constant (&) were
42 mm, 1.6 mm and 3.78, respectively. Based on [16, 33],

the resultant radius of the circular radiating plate at the
center frequency (910 MHz) was 59.23 mm. Nonetheless,
the air-gap height of a typical suspended-structure antenna
with linear electric coaxial probe is limited to not exceeding
20 mm; otherwise, the impedance mismatch would ensue.
To overcome the height limitation, the capacitively coupled
feeding technique was integrated with the linear coaxial
feed for impedance matching and the [Sy1| BW
enhancement. Figure 4 depicts the simulated |Sq1| and
resonant frequencies achieved with five circular radiating
plate radii (R) of 55.23, 59.23, 63.23, 67.23 and 71.23 mm.
The resonant frequencies for the radii of 55.23, 59.23
(identical to the above calculation), 63.23, 67.23 and
71.23 mm were 1000, 960, 910, 870 and 825 MHz,
respectively, with varied impedance mismatch. At this
stage, the simulated gain was <3.00 dBi and the radiation
was purely linear polarization with AR of 40 dB, as shown in
Fig.3 (b).
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Fig. 4. The simulated |S44| relative to resonant frequency for various
radii (R) of the circular radiating plate (stage#1).
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Capacitively coupled feed technique (stage#2). At
stage#2, the capacitively coupled feeding technique was
employed to matching and enhancing the |S11| BW
(Fig. 5 (a)). In general, the insertion of slots into the
radiating plate of an antenna affects the resonant frequency
of the antenna. In this research, the radius (R) of the
circular radiating plate thus required optimization and the
optimal R was 69.7 mm with the resonant frequency of
910 MHz (i.e. the center frequency). At this stage, the
simulations were carried out by varying the outer radius of
the small annular-ring slot Rs (i.e. 4.4, 5.4, 6.4, 7.4, 8.4 mm)
while using G, ha, hq, dp, dm, R and R, from Table 1. Similar
to those of stage#1, the polarization and beam achieved in
stage#2 were vertical and unidirectional, respectively.
Figure 5 (a) illustrates the simulated |S11] and |S11] BW for
the various outer radii of the small annular-ring slot R3. The
simulated resonant frequencies and |S11| BWs for R3 of 4.4,
5.4, 6.4, 7.4 and 8.4 mm, respectively, were 865 MHz (with
impedance mismatch and no |S11| BW), 890 MHz (BW of
12.96%), 910 MHz (15.69%), 940 MHz (11.58%) and
953 MHz (10.63%). The Rs of 6.4 mm was resonant center
frequency and |[Sq1| BW of 814.2-957 MHz (15.69%)
indicated the failure to cover the universal UHF RFID band.
In Figure 5 (b), the maximum gain of 7.12 dBi at the center
frequency (910 MHz) was achieved for Rz of 6.4 mm, while
the average gains achieved with R; of 5.4, 6.4, 7.4 and
8.4 mm were >6.50 dBi, except for the case of R3 = 4.4 mm
where there was impedance mismatch was average gain of
5.63 dBi.

Paring technique (stage#3). In the third stage, the
simulations were carried out to identify R4 that provided the
lowest AR by concurrently varying the inner radii (R4) of the
two large annular-ring slots. In this research, the maximum
outer radius (Rs) of the large annular-ring slots was limited
to 81.5 mm to avoid an overlap with the small annular-ring
slot. In addition, except for R4 which was varied between
44-80 mm, G, ha, hg, dp, dm, R, R2, Rz and Rs were referred
to the optimal values in Table 1. Figure 6 (a) illustrates the
simulated |S44|] and |S11| BW relative to the resonant
frequency for varying R4 (i.e. 44, 50, 56, 62, 68, 74 and
80 mm). The simulated resonant frequencies for R4 of 44
(without two leaf-shaped sections), 50 (with two “smallest”
leaf-shaped sections and “widest” gap between the leaf-
shaped and middle sections), 56, 62, 68, 74 and 80 mm
(with two “largest” leaf-shaped sections and “narrowest” gap
between the leaf-shaped and middle sections), respectively,
were 903.8 (BW of 11.65%), 893.4 (11.69%), 903.81
(11.67%), 904.4 (11.71%), 905.4 (12.70%), 910 (13.71%)
and 913.6 MHz (14.95%). The simulation results also
showed that, except for that of 50 mm, Rs of 44 mm and
56-80 mm generated the frequencies that covered the
universal UHF RFID band (860-960 MHz). The frequency
range for R4 of 50 mm was 844.4-951.6 MHz. Figure 6 (b)
illustrates the simulated AR relative to the resonant
frequency for the various R4. The simulated 3-dB AR BW for
R4 of 44 (without two leaf-shaped sections), 50 (with two
“smallest” leaf-shaped sections and “widest” gap between
the leaf-shaped and middle sections), 56, 62, 68, 74 and
80 mm (with two “largest” leaf-shaped sections and
“narrowest” gap between the leaf-shaped and middle
sections), respectively, were 9.01%, 9.83%, 9.24%, 9.3%,
9.77% at 860 MHz and 9.88% at 843.3 MHz. Based on the
simulation results, an AR of <0.8 dB could be achieved only
for R4 of 74 mm. In addition, the simulated 3-dB AR BW for
all the R4 (i.e. 44-80 mm) indicated the failure to cover the
universal UHF RFID band. Figure 6 (c) depicts the
simulated gains for the various R4. The average gain was
>6.15 dBic (860-960 MHz) with the highest gain of
>6.25 dBic achieved at R4 of 80 mm. (with two “largest”

leaf-shaped sections and “narrowest” gap between the leaf-
shaped and middle sections).

Truncation technique (stage#4). In the final stage, the
four corners of the middle section of the radiating plate were
truncated into arc shape with a radius (Res) of 20-35 mm to
shift the AR in order to reach the center frequency. The
amalgamation of the two small leaf-shaped and the large
middle sections subsequently formed the tennis ball-shaped
radiating plate of the proposed antenna. At stage#4, Rs was
varied between 20 and 35 mm, while G, ha, hy, dp, dm, R,
R2, R3, R4 and Rs were referred to the optimal values in
Table 1. Figure 7 (a) illustrates the simulated |S+1| and |S14|
BW relative to the resonant frequency for varying Rs (i.e.
20, 25, 30 and 35 mm). The simulated resonant frequencies
for Re of 20, 25, 30 and 35 mm were 896.6 MHz (BW of
13.45%), 916.8 MHz (13.51%), 910 MHz (13.89%) and
910.4 MHz (14.46%), respectively.
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Fig. 6. The simulation results by varying R, (stage#3): (a) S|,
(b) AR and (c) gain.

The simulated [S14] BW for all the Rg (i.e. 20—-35 mm)
indicated to cover the universal UHF RFID band.
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Figure 7 (b) shows the simulated 3-dB AR BW relative to
frequency for the various Rs. The simulated 3-dB AR BW for
Rs of 20, 25, 30 and 35 mm, respectively, were 11.2% of
BW (838.1-940 MHz), 11.26% (847.5-950 MHz), 12.31%
(853-965 MHz) and 12.7% (871.9-987.5 MHz). The findings
also revealed that it was only Re of 30 mm that the
simulated 3-dB AR BW covered the universal UHF RFID
band. Figure 7 (c) depicts the simulated gains for the
various Rs. The maximum simulated gains for Re of 20, 25,
30 and 35 mm, respectively, were 6.52 dBic at 900 MHz,
6.48 dBic at 910 MHz, 6.50 dBic at 900 MHz, and 6.5 dBic
at 900 MHz. The average simulated gain within the
universal UHF RFID band was approximately 6.33 dBic.
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Fig. 7. The simulation results by varying Rs (proposed antenna):
(a) |S1], (b) AR and (c) gain.

Simulation and experimental results

This section presents the comparisons between the
simulation outcomes of the proposed antenna and the
measured results of the prototype antenna. Fig. 8 illustrates

the front, perspective and cross-sectional views of the
prototype antenna. Both the simulation and measured
results relative to frequency encompass the |S41| BWs, the
3-dB AR BWs, the gains and the radiation patterns in the
x-y and x-z planes. The comparison revealed a close
resemblance  between the simulaton and the
measurements, as shown in Figs. 9-11.

a)

b)

c)

o

 —

Fig. 8. The proposed CP reader antenna for the universal UHF

RFID band: (a) front view, (b) perspective view, (c) cross-sectional
view.

The measurements were carried out using Agilent 8720
vector network analyzer. In Fig. 9 (a), the simulated and
measured |S11| were resonant at the frequency of 910 and
902.6 MHz, with the |S11| BW of 13.89% (845.8-972.2 MHz)
and 14.13% (837.6-966.2 MHz), respectively. The
measured antenna gain, AR and radiation patterns are
performed in the receiving mode in an anechoic chamber.
The measurement setup uses transmitting standard dipole
antenna with Anritsu MP-651B and the proposed antennas
were separated by a distance of the far-field region.
Mean-while, the boresight gain was measured based on the
Friis transmission formula that can be accomplished by
swept frequency. The simulated and measured AR at 860,
910 and 960 MHz of 2.79, 0.49 and 2.79 dB; and 2.54, 0.82
and 291 dB, respectively, while the simulated and
measured 3-dB AR BW were 12.31% (853-965 MHz) and
12.41% (850.6-963.5 MHz), as shown in Fig 9 (b).
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Fig. 9. The simulation and measurement results: (a) |S+|, (b) AR,
(c) gain.

Figure 9 (c) shows the simulated and measured gains at
the frequencies of 860, 910 and 960 MHz of 6.37, 6.48 and
6.00 dBic; and 6.44, 6.31 and 5.8 dBic, respectively. The
average simulated and measured gains within the universal
UHF RFID band were, respectively, 6.28 and 6.18 dBic.
Figure 10 illustrates the simulated and measured radiation
patterns at 860, 910 and 960 MHz in the x-z plane. The
simulated half-power beamwidths (HPBWSs) of the
co-polarization (left-hand circular polarization: LHCP) at
860, 910 and 960 MHz were 85.1°, 83.8° and 82.5°
respectively. The simulated cross-polarization (right-hand
circular polarization: RHCP) levels at 860, 910 and
960 MHz at the main lobe of the radiation pattern were
-16.1, -40 and -16.3 dB, respectively. The measured
HPBWSs of the co-polarization (LHCP) in the x-z plane at
860, 910 and 960 MHz were 84.1°, 83.6° and 82.5°, while
the measured cross-polarization (RHCP) levels at 860, 910
and 960 MHz were -15.15, -40.00 and -15.45 dB,
respectively.

Figure 11 depicts the simulated and measured radiation
patterns at 860, 910 and 960 MHz in the x-y plane. The
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simulated half-power beamwidths (HPBWSs) of the
co-polarization (left-hand circular polarization: LHCP) at
860, 910 and 960 MHz were 84.4° 83.7° and 82.5°
respectively. The simulated cross-polarization (right-hand
circular polarization: RHCP) levels at 860, 910 and

960 MHz at the main lobe of the radiation pattern were
-16.11, -37.11 and -16.11 dB, respectively. The measured
HPBWSs of the co-polarization (LHCP) in the x-y plane at
860, 910 and 960 MHz were 84°, 83.5° and 82.5°, while the
measured cross-polarization (RHCP) levels at 860, 910 and
960.00 MHz were-16, -30 and -16.2 dB, respectively.

270°

Simulated : Co-polarization
Simulated : Cross-polarization
== == Measured : Co-polarization
== == Measured : Cross-polarization

Fig. 10. The simulated and measured radiation patterns in the x-z
plane (a) 860 MHz (b) 910 MHz and (c) 960 MHz
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Fig. 11. The simulated and measured radiation patterns in the x-y
plane (a) 860 MHz (b) 910 MHz and (c) 960 MHz

Conclusion

This research has proposed the tennis ball-shaped
radiating plate integrated into the suspended-structure
antenna for generating the CP and unidirectional radiations
that cover the universal UHF RFID band. The proposed
antenna was of simple design and 165x165x42 mm in
dimensions. The experiments provided the relatively
satisfactory results with regard to |S¢4| BW and 3-dB AR BW
with the average gain of >6 dBic. The HPBWs of
co-polarization (LHCP) in the x-y and x-z planes were >80°.
Nevertheless, one shortcoming of the proposed antenna

was the cross-polarization (RHCP) of >-20 dB at 860 and
960 MHz in both planes.
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