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100 PP.

Keyword : DUAL BAND ANTENNA/ METAMATERIAL

Nowadays, wireless communication is rapidly developed to accommodate the
growing number of mobile phone users. Wireless communication in Thailand has
provided mobile phone communication services in 2G, 3G, 4G, and 5G communication
systems with different frequencies. As a result, the antenna must be designed to handle
multi-frequency applications. According to the findings of the study, the monopole
patch antenna has a wide bandwidth and is appropriate for supporting multi-
frequencies. However, some frequencies may cause interference with other wireless
connections. The metamaterials used with an antenna have been studied. Therefore,
this thesis is to study the structure of the metamaterial which is the spiral resonator
(SR) that makes the negative permeability of the metamaterial (Mu Negative Medium:
MNG) to be used with a monopole antenna for use in the frequency bands 1800 MHz

(1.71-1.88 GHz) and 2600 MHz (2.4-2.6 GHz). It makes a simple structure and easy
| frequency adjustment. Consequently, we study the design of the substructure (Unit
Cell) and simulation using the CST Microwave Studio program to consider the frequency
response and properties of -the metamaterial.- Then, the monopole antenna was
designed in conjunction with metamaterials, using the FR-4 material that can be
purchased easily and cheaply. In the experimental results, the section creates the
metamaterial antenna prototype and measures the return loss (S11), radiation pattern,
and gain. We analyze the results by comparing the results obtained from the

metamaterial antenna measurement and simulation results.
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AN891NALAUAINLDNING AIVIIAANITBUINEINUNATY VIR IVLYY BENEDINIARN

LAY UNTNANLDYIE1ea1N ANt Lt ueNRTRanssUNIURULR

g
=
&

40 1 — owemaliluiwagildmdmiiui

50 == gwawmaluiuinagilsnan

— awomaluiuinagammido
-0
12 14

2 4 G 8 10
Frequency (GHz)

JUN 2.10 wamsaesrnsaydegaundu (S11) vesaneeinielululng

WL (Naktong et al. 2020)
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fouleANYIWITYVe Sharma et al. 2019 levinnnsenwuvaIgaInNA

Mlwauaudnie Feageiniavung 12x18 mm? uanslugun 2.11

T\

(n) ()

JUT 2.11 angonmalalulnauuiiusiuisuinauivinnsagaigeinia
LaELANZNININFUAIUAIS (Sharma et al. 2019)
(n) W@gusuiiaeena

(1) AAAIUUUVDIHUAIUIE18DINA

asenImiudureanuiteiidumseinialylulna vuus e iy
sUrenan Tnefnsiisuiiisuszwinsansermalululnasud v sunazisnay nui
apomagtanauiiuauanuinitaningudivasy feangeimalululnagursnanieae
islonuudfinud 10.23 GHz uazfiuauauiindie 6.99 GHz sexnlsvinisusuaugaues
nsMsnUIIAYeInseTinliuauAmAnhefigaegil 4 mm Jsdinsinznsnduazuiy
yunvesasornelululwaiduguin T hlkaeeimaslouuudifianiianud 7.38 GHz
wazdsnariiliasornmaiuauaudniradiududy 10,04 GHz d8ns1ve1vosasoinia
3.27 dB wenuniuldinsigns i iuguaaaslaehmaandugiasumuia il
\Fansidouveseuiiislonuudafigaainaid 7.38 GHz 1Ju 7.46 GHz siluauadwd

A1 LT U TAELAUAINUD VDIA18DINIAAINITO LT IULAH LA AIIUD 5.71-16.92 GHz
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Fafluauarmaniiawinfiu 11.21 GHz wishaswensvesanenmaanasdu 3.03 dB seunled
ﬁflmilmzijué’f';ﬁ'maqmammmmmﬂugﬂﬁ 2.12 (n) Tnewuin L, 9i5A1ue11 6 mm d@awa
ylsuaueufiniratudu 12,03 GHz (5.83-17.86 GHz) usiidnsusnsasaisoIniAanas
wido 1.38 dB Sumeuaarieneiseldvhmadindiusutuvesmeenmadudnldssad R
wandluzudl 2.13 () Feviliaumnunianniudy 14.79 GHz (5.52-20.31 GHz) wandlu
SUT 213 (0) uazddnsversvesasoinimdu 2,04 dB FsainnisAnwiauidedas
Funaiuindevhnisesnuuuaiserniauaveuiniraiisdiuies q Snsveisves
agommazanal esanaeemaniuauanuinhsasfnnsudmdsnuihlisasvens

YDIFNYDINFARNT

0

-5
\ Bandwidth = 14.79 GHz

-10

Jsurfla_per_m]
7.0257e+001
.5975¢+001
. 1693¢+001
. 74%11e+001
. 31294001
. B846e+001
L 4S564e+001
.D282e+001
. 6000e +001
.1718e+001
. 7436e+001
. 3153e+001
.8871e+001
L4589 +001
.0307e+001
.O248e+000
. 74262 +000

Return loss (dB)
r

FPORRERENNOVURESFSIFOOOOD

1 5 9 13 18 22 26 30

Frequency (GHz)

(n) ()

JUN 2.12 wansiaesuuuasanialululnauuwsuesiuisunay
MINSNZaI8INALAEIAENT1IAUAILENT (Sharma et al. 2019)
(n) aweINAveINUITYl

() Ansgaysdedaunay (S11)

AoandelafnwiangeniAkauANn UL UUAN YL LANF19RIN
sUnsusvIAdln Feladnwauideues Cruz et al. 2017 Wumsesnuwuuaiseinalululng
sUlulsivewi Inga Marginata wandlugun 2.12 Inefivun 23.58x45 mm? ehnunaud

10.26 GHz wagiuaumuaning 7.5 GHz
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Ler

Wer

(n) (v)

UM 2.13 TassaievesangenmelilulnasUluliivesiu Inga Marginata

(Cruz et al. 2017) (n) M1uML () ANUNAS

Wonnluua180INIALAT ANUUNITUSUTLIAURINIIRTIUTUAT W

Flalgl 0.5-3.5 mm 718z 1 mm U5UA1 L feue 2-10 mm 9ag 2 mm wui19aauninesy
W, winfiu 1.5 mm wagdiA L A1 8 mm danavinlian Sy, 61n31 -10 dB ngruaanud

5 'y} | d" [~ | a 6 a o 1 v

nduUiuAt Ry R, uay Ry Fadudrnnsidimesuuaseiniauiisndiunisveguluduy
Inga Marginata laglavinnisusuauinvesa R, Gaduruialusazidusundaniinisunaau
USuaaue 18-28 mm nskiiunisanvesal R, d@imananauaudvesaiseiniaiilinay
ANUDARAY FaAndvilAlauauAnIianfe R iy 26 mm wanslugui 2.14 (n) sesn
aUfuA R, nuduilediue R, flunadiaanudiian Sy, gendt -10 dB sl R, Wiy 8.2
mm vIleN S;; And7 -10 dB Mnguaudkandlugun 2.14 (1) duvuinvesdn Ry Uiy
¥ o | A& v P ) L A
wanuIdmadeuauaudiantesuanslugun 2.14 (p) lnegnsvengvesaigeiniateyi
A1A108 3.2 GHz 87519818 3.84 dB N1ANUD 6.2 GHz 19m519818 3.8 dB wagfim31ud
10.1 GHz 1895719818 6.20 dB wardluujUn1SUHNE91UwUY Omni-directional pattern
zdUNAlAIIN15NLUVA1YDINANTLATIAS 19T Ut audINalALE 9 YiINn1sUSUATINIS TR DS

Y]

= ) da o a & A | ' Aaa 1 v
LW@U?UQ’JWNQW&JQNN@INL‘Uumwaizﬂzﬂzaﬂmaﬂ53WU@@F’\I'J'WNOVW]BQLLa']



R1=22 mm
- = =R1=24mm
.35 R1 =26 mm
— — R1=28mm
-40 —
1 2 3 4 5 6
Frequency (GHz)

(n)

0
-5
-10
%—15
-
-
“-20
----- R2=5.2 mm
-25 R2=6.2 mm
- = =R2=7.2mm
-30 4 R2=8.2mm
= == R2=92'mm
-35 -G e
1 2 3 4 5 6 7 8 9
Frequency (GHz)

()

7 8 9 10 11 12 13 14

10 11 12 13 14
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-10

-15

511 (dB)

-20

-25

-30
7 8 9 10 11 12 13 14

6
Frequency (GHz)

(A)

JUN 2.14 nsmluansdnnisgededoundu (S,,) vesangaimalilulna
sUluldvassiu Inga Marginata Wein1susuAmsiimes

(Cruz et al. 2017) (1) @1 R, () MR, (A) A1 R,

2) sganAfiivareuauANd
soalfvinn1sAnunuideues Manouare et al. 2017 Fuduanzennie
Tululwavuwsivsasiuinfidnwasdutaulanzuandusuil 2.15 Tgvinistdounduuuy
Coplanar Waveguide (CPW) LaZIUIAUDIA1891N1AAD 20x37 mm? aTeddums
sonuuUmBeIMALiiesessunansn Al iiuuaulangliiuasorneiioufuaud

Tugaasne 9 lneisuaineenuuuuaulansiifianvauzilugudueanduduinsdiwes L,

1
=

Faiidnuazfuaeseinialululna seulsvinsifisuaulangususuea fmnsdiees L,
ilemuautIsamAfiaes seanldifinuaulaveiiamfidnsdnes L, siliiAntisaud
flanuAniu demalviansornaiifuaseinmaauguaruiudidesnnuidesesnisgiu
WA WIMAX 3.5/5.5 GHz Wwag WLAN 5.2/5.8 GHz 3efimsideusewiauaulansiiaesuas
wavlangfiany villdvrsanui iaosgnsamdrfvdisnnuifiawd snseunqueiuaiiud
WIMAX wag WLAN faifuaiuidefsdidrseuiansdaeniud wasduasenmeadiduoy
audniiedae svazdulunafinwoulavzvesarseiniaiednasonisaauauninud

VIAYDINA
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woitlesanivaredadelunismivauainud laswaiiwesaieeniaiinig
Fudeuluniseanuuy vilrgnlunisuiuanuiiieliladiinnudndents wagileiansan
9MTINTVEIYVBIAERINANUINNINTINTVEwBEN 1.45-3.31 dB Felldns1vengAouys

Waneunuatge @l ulnanin1sname ol

| La

¥ w_ I 3

_'\'_ 1 1] n
Wg g Wi Wg

[

5U# 2.15 Tasaasnsaneennialululwauuusuisosissinddnwasy
Wuuaulane (Manouare et al. 2017)

sounFsladnuatgennmalululwadidnisiamns s0svos Ahmad et al. 2020
Juansernaiifinsesnuuuliiinsldauaumiudlugeninud WLAN waz WIMAX uaz
fautndn gedaunn 27.5x20 mm? Taea2 48 7 vi191usl 929AuE  2.37-2.52 GHz,
3.35-3.90 GHz Wag 4.97-7.85 GHz fidulsvihnseenuuuansenielulnauuisuiaasiasii
galufin1singgses LLa@QEU‘ﬁI 2.16 (n) WUINANFUUSEANSNTAETOUYRIE188INA (Sip)
finsisTonuudlugaenud 3.12-6.6 GHz Fadunauaudning desndaleriniseizses
Busuda L ndudu uansgudl 2.16 (@) wudidlevnssamgsosdavilianeeiniai
mMauslonuLdaesrud Ao 929A10BUsN 3-3.94 GHz Ua 5.14-6.6 GHz

domlavihnisizsonduzume () LLamﬂugﬂﬁ 2.16 () WUINA Spq VBS

a8 ALNTLSIgRUUNGIANND 2.4 GHz MEuBNINYIANUANININNITIETBIFUM L
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ﬂé’um”ﬂuuaﬂuﬁ'wmmﬁqaLLaummﬁﬂfwmmfiﬂLﬁmﬂu 5.12-7.2 GHz @i 9991n% 24

ANURgeAn S;; SelidAnedniudadinmsdacmudnvesageiniauanslugui 2.16 (1) viliie

LSINRNTEUNAT Sy YIAIND 5.12-7.2 GHz HN1SUURUe9aIgaInANnuY

Q)] Q) G)) ()

JUN 2.16 lassafavesagornialalulnaluanide (Ahmad et al. 2020)
(n) anganalilulna
(v) aeormalslulwaninisienzsonduzus L ndus,
(m) aeemalululnadifinsionzseadusus L ndudunazdme

[y

(1) @182 INAIILIVEVDIN U

Wl 815 W ANTAUIAI MUY UYBINSELALT 92 (Surface Current) 989
awemAmUINiaNd 2.44 GHz fiaamuiuuvesnszuadainnniuinainzseady
sUsme wanegUluil 217 (n) Wefinnsaniinmd 3.5 GHz nszuaBeiavunuiuui il
nsiwnzdeadugui L nduinunazdrufidnisdnsuinsesaseiniasiuisaedsves
awemesneuandluguil 2.17 (o) wazilofinnsaniiaud 5.55 GHz wuindianamuiuiy

YINTLUATRIMUUUUTIUNINSETReIUM L ndususnandluguil 2.17 ()



22

gﬂﬁ 217 AMUALLLYDINSLATRTe s INIATiA LA 9
(Ahmad et al. 2020)
(n) Aawd 2.44 GHz,
(9) A1A 3.5 GHz uay

(@) AUA 5.55 GHz

WosanargenmasusuduangeiniAwauaANIn ez lavinn1seankuU

IS 1

LﬁUﬁ’]EJEJ’]ﬂ'mamLLOU@']’]iJaVTﬂﬁéJG]T]“UEJ']‘EJGUENZ“HEJ@']fﬂﬂllF’Wll’]ﬂﬂ’]’]ﬁ’]ﬂ@’]ﬂ’]ﬁLLﬁUﬂ’J’ma

[y

ABdleiguAUAUIUITENBUNUNTE AeduLIdedl

= [ 1

AW §9151N159818Y09a189 N ABY T

Uszanad 4.1 dBi whtilesannisiawizseadulaseasisniaududoulunisoanuuusiugs

Y =

a (Y] a (Y] 3 = Ve a o ] [y a o <)
1N15UTUAINUD YN @Quu‘\]Qlﬂﬁﬂ‘t’ﬂﬂ?EJ@Wﬂ’]ﬁVW\N’]Ui’JlIﬂ‘UEJﬂ HQLWEJU’WBJ’]LUHLLU’JVI’WQIU
N1SANYIY

2.3.2  #182INATINAUBATHN

1
a a =

affanlouninyssgnaldivaigeinavinliaieinaiusednsning wu

RV

WU U19bASIAS 19V IAA188711AT A UANUANINUINT Y U19LASIAS 19V D MS10818984
a18e1nAgy Pudnsihbliagenieiaulivateaudls wuidvarenuidend
n1sldeidtansiuivalgeinie 49938071 @189n1AeAian tngunAazisueeniuuln
lassaianugiuwazaziinisusuldsulassasnanoawmuizandunisidaulugisainud
Ay va = aov . PN 1 a ¢
691015 InglalsuAn®19UIT8994 Selvi et al. 2018 NOBNLUUAIEDINIAUULNUIDTRUN
~ & 1 ) av A P & &
wazdnseslanuudTIUiueA Tan N 1lATeas 19bUULs IHIULA BT 3T IULENTA8TY (MSRR)
sUNSEmaeN Aawanslugun 2.18 (n) lagangainialvwin 25x31 mm? G93a189In1A
YULKNUIITAUNTNTLS LB UUGT AANUD 6.5 GHz #aU190 NN Y MSRR #1429 84
oA a ° v ~ ¢ A a 2
A1991N1A WUILL LY MSRR ¥Mlra1801n1ATlnI56S lawUUga09AUR LAgANUR WS NAD

AR 2.51 GHz wagAuifaesfion il 6.39 GHz wandlusuil 2.18 (1)
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O R ——S 0P VL 2205 s
-
.
.o
54 / il A
8 o i
- T N
Y K
2 M N
L . 2
e =
2
o
4
-15
w= = Conventional patch
«e«e+ Conventional patch with inset fed
e Conventional patch with MSRR loading
-20 T T T T T
1 2 3 4 5 6
Frequency (GHz )

JUT 2.18 ang@InAUULRUINATRNRYIUTINAve i Tan nillasaasne
LUULS IR WL a8 U (MSRR) (Selvi et al. 2018)
(n) lnseasnevesagennIf

(v) nadnapInsgadedounduretayeINIA

7 MPEC

! / I": PMC
Ve

\~PDRT2

PORT1




Real & Imag (Permeability)

0
-5 4 -'--"-----_..
T R PR T
-
— I -
LT :
oF
- J \ P Pass Band
w20 \ 1
PO v
B 25 Ve
@ 4
E 1
o -30 4 i
[1:]
o ] db Stop Band
W -35 4
1 7 [=——st
.40
[ - = =521
-45
1 2 3 4 5
Frequency ( GHz)
(%)
3
25+ "l ==Real (Permeability)
= lI = Imag (Permeability)
2 I .
I
1.5 1
1 I |‘
i
05 R
7’ \ .
" ———————————————————————————
05~ .
-1
-1.5
| ! : X
1 1.5 2 2S 3 35 4

Frequency (GHz)

(R)

gﬂﬁ 2.19 aﬁ’j’a@LLUULﬂmuma%aqLLmuLLsmMmﬂ%u (MSRR)
(Selvi et al. 2018)
(n) N13391883k UL Unit Cell 99 MSRR
(¥) HANTIFI1ADILUUAN S-parameters

(A) HaTIADILUUAITNY I ULIMAN (1)
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FeafiaNsaNn3IaBaluy Unit Cell vaslasaadns MSRR fagudl 2.19 (n)
Tneiediassuuundmuinlaseas MSRR fl799 Stop Band 7iraemanud 1.9 GHz wazileag
Pass band 71413738 2.5 GHz wandlugud 2.19 (@) dssalsiddusivusman (u) dan
Huausaudaud 1.9 GHz naontarudiildvhnssiasiuy wanddusud 2.19 (a) was
fuvugumsusindssundreansoinalalna nandeidunuusevfiansluszunuien uside
FunmA S-parameter 18489 INIANUILAUANLETIABIT AL S UL uANE LAY
\osnnangenauuLKussIaniuarlassaiis SRR fauautiifuauauduay Felad
nsAnwaATeifiovgnsuauanuiivesagennie

AoudeladnwIuITeves Salhi et al. 2018 lafnwiuazoanwuualsaInie
vanounuawd Tageenuuuaisonelululnarenausiuiuisleiunes1suuu Lengunss
Avdeudiinsfiudruasululaseadhs (Complementary Split Ring Resonator: CSRR) wad
Tuguit 2.20 (A) wagguUil 2.20 () dvunainfu 20x30 mm? ngiileviinissiass Unit Cell
Y89 CSRR nuAan mgounsliiiuszadnina (&, ) wazArAudueiuwsiivan
UssAnBua () dAnduavuanslugud 2.21 (n-v) dawavinlidAndsddnivdseansea
() fanduaulugr9nrud 1.5-2.8 GHz, 5.2-6.3 GHz waz 7.9-10 GHz wazid oun

nunivsmeanalilulnauanddusun 2.21 (@)

W_substrate

Top
view

L_substrate

(n) (@)

U1 2.20 anwemilululnagiasnansanfuefivan CSRR
(Salhi et al. 2018)
(n) lnssasnevasangenie
(¥) Unit Cell
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WuNleRaTNAT S;; vesageINIAnIssleLuugagauYIIRNARDY
AUD 3.14-3.35 GHz, 5.67-6.3 GHz Uag 7.58-9.5 GHz uandluzuil 2.27 (A) 8055281
YoIaEINAlNANgned N 3.8 dB iaswnarsonimsusuiliduaisoniafiduauaiud

Aaazl@dinasiiiy CSRR tieluvinlnaseiniadlduaiganiandvatsnaunnudasdane

v a

1A1698U19929ANUDVDIA18DINIAN LMD UAUDINIIAMUDVBIA8 DN AT AN tanslu

=

JUT 2.27 () Uag3IuiNdnI NNV vRIaIgRINARNBNGIY

30r

20+

teff' “eff

> 1 1 )

wr

5 7
Frequency (GHz)

(n)

40

%

30

20

Neﬂ

_4 1 1 ] 1 ]
5 7 9 1"

Frequency (GHz)

-
w

(@)
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S11(dB)

- - - Antenna without active SRR
-20 —— Antenna with active SRR

Z 3 7 5 5 78 g 10
Frequency(GHz)

(A)

JUN 2.21 wansdnaeawuuvesagenalilulnasliainausiuivesian CSRR

(Salhi et al. 2018)
(n) Aan Ll LazAANTLT I ULLIANUSEANSHAaYaY CSRR

(1) AATURNUSEENTHE

(A) An"seeudegounau (S11) YesangeIna

Wi=32 mm
Gs=5mm
W= 24 mm
S ~—— -
z £ £
= o “ =
2 B a4 g
1 - "
3 o~ 3 i
- -
-
£
E
o]
I
- £
‘ Fw=15 (IB) Sw=4 mm =
Ws= 15 mm Wnad X — o
Mw= 8§ mm L
- (7]

o Mi"8mm
Fuo 1S mm
.M|-8mm

JUN 2.22 uansaneenialululnauwnulansdvieusiuiuediian (Hasan et al. 2017)
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Aoun3el@dnwr91uiTeves Hasan et al. 2017 Faduruisedioanuuy
avwernialululnaunulavednd susuivedfanidauaud@idu Double Negative
Medium (DNG) ifluaneenmmunadniivuin 42x32 mm? wansluguit 2.22 daihendugy
AudveIsTULLeaild (LTE), ugys (Bluetooth) WaLBUUNG (WIMAX)

Tneeuiseilfisudunseonuuvasonmalilasansuifidnvasfuuoy
Tanzdmaou uansluguil 2.23 (1) way 2.23 (@) wirilesnnatsernialulasanividy
aponaLauauduau llanunsasTeuuudlugieudidenisls Sewhmsannsndas
\Mae 1/2 mawummammmmmiugﬂﬁl 2.23(A) WuT1@18eINIAg AL bL NS
sleuuudlutiinnuiladsinaznsndiduteuandugui 2.23 (1) wifdansladifians
Wasuuwlas foun3whnisannsdfininisianznsdmiduresdande 1/4 veswuin
a1u91n1A LLaﬂﬂugUﬁ 2.23 (1) nuitgreenaiinisuundluyeminud 0.6 GHz, 2.5 GHz

WAL 3.2 GHz kaluy9AUD WIMAX aeainadaliiinisnevausdutieminudil

Q) (M)

@ Q)]

JUT 2.23 lassasnwesasamelulasansuiiidnvasduuaulavedndey
(Hasan et al. 2017)

=

(m

(N) PUNTNVRIEYDINA

() AUNEIVBIEEDINA

() anNs1INET 1/2

(1) aANT1IRAY 1/2 kavinsiangnsmduda

(3) annsamziudesaunis 1/4



T{e=03mm
&
-
S
E
e| | /
o =
[ ~ /
b
3| |5 //
/
K il
Wie= 7.2 mm
Woe=Smm | |
(n)
2.5
0.0
25
& S0
2
o 7.5
2
= -100
g
< 1251
7l —— Reflectance (S11)
-17.5 1 — Transmittance (S21)
-20.0 T T T T T T J
05 10 15 20 25 30 35 40
Frequency (GHz)
(V)
g0 — Permittivity (Re)
200 4 =~ ~Permittivity (Im)
—— Permeability (Re)
150 ~ -~ Permeability (Im)

~——— Refractive Index (Re)
= +-=- Refractive Index (Im)

Amplitude

0.5 1:0 1:5 2_'0 2.‘5 3:0 3‘.5 4:0
Frequnecy (GHz)

(A)

JUN 2.24 m3dnaelasaasne Unit Cell vesafiian (Hasan et al. 2017)
(n) Inseasnsediian
(v) HANN31809AN S-parameters YBIDNIER

[y

(@) LansAENINERUNIIINAY ANPNUTUFIULLEN LazANGTTNLA
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Aalpranuuvaiiaguanduguil 2.24 (n) uazilleiinisinasawuy Unit Cell

I v oA

wimuiueiianiifinaautfidu Double Negative Medium (DNG) Bsdssavinlfiangdl
wnwluaufinnud 3.51 GHz Feaenpdeafiurieaudfiinnis Stop Band uag Pass Band
fuansluguil 2.24 (1) dosndaheAagiausindvaseimailsvinnisesnuuy wuin
angoniafinisislowuudaiuyaeaud fo ANE 0.60-0.64 GHz, 2.67-3.40 GHz wag
3.61-3.67 GHz #oN13IMANTUNNTLUALT IR AU 0.63 GHz, 3.21 GHz wag 3.63 GHz

éﬁ’ﬂLLaﬂqiugUﬁ 2.24

96.4
82.6
68.8

S5.1
41.3
2725
13.8

(n) () (@)
;:;Uﬁ' 2.25 wanInIZLAdNRIvedeeInATiANLaa 9
(Hasan et al. 2017)
(n) A 0.63 GHz,
(1) A1ud 3.21 GHz
(A) AWA 3.63 GHz

9n3UT 2.25 9iulednfinanud 3.63 GHz fAunuIuureenTzaldaia

1NNUINAUATER AatulugaANNdNaNYRIANgRINAN AN ILERIANELUSEANS NS

9

agviau (S;;) IuAnINMIsineATanuazduiliingerun WIMAX sagui 2.26
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0.0 -

2.5 4

5.0 4

-7.54

-10.0 4

Return Loss (S11)

-12.5 1

- Simulated Results
Measured Results

-15.0

-17.5 v T T T v T T T T T v T T 1
0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

Frequency (GHz)

'
a v Ly av

JUN 2.26 wansIaRANgayLdudeunduves (Sy;) vedaeaIn1Aeiian (Hasan et al. 2017)
SlovhnmsianaaeunuensinnsveIevesaseInAfiALd 2.67-3.40 GHz
fi8ms1ve18 0.15-3.81 dBi wazfim R 3.61-3.67 GHz Tns1vene 3.47-3.75 dBi laefiuuy
sUMIuHnsulndidsatuuuugunisur wd s usvuse v antsluszuiuid o7
(Omnidirectional Pattern) witedannvosuideinuitaweiniafilassaiefidudoulu
nseeNuULLazNNTAEsTuIL ilinsusuanuien wesdlefinnsandaeuiusios
AnuEnUIiuaUmMNLALAULAL RTINSV
deuld@nwiaiseinaivinauimiueAdaniiioindnnisveny Salé
Anw191u3Teues Kishore et al. 2019 Tagynisesnuuvasoinalululnaguae3lAsi
n3fALNETBIULLN LIRS WA veA Tan Il ol udnInsvsaso A Lan Ty
SU7 227 F991n3U arwerniafivuin 40xdd mm? a1genniens uduiduaiseinina
Tululwagrslasifinsfaenzseanazsinisianznsiduansguil 2.28 () sivliiAng1u
AUE 5 fJ'mmmﬁLLG}':ﬁ'wsjﬁumm?{mmiqmﬁﬂé’auﬂé’u (S11) YB9A18DINIAGINT

-10 dB uanesiaguil 2.29 SuiAAZUAUANNDNAUNTIIYRILAUAINDLAY
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() ()
JUN 2.27 anwemalululnaguissiaeninsineeses

(Kishore et al. 2019)

VUKW INAT LA URATaR

(n) MuntYesageIe

(%)ﬁ?ﬁﬁéﬁ%@ﬂﬁ?ﬂ@?ﬂ?ﬂ

(n) ) ()

U7l 2.28 anwenmialululnagiaslAsidnsinmzsesnsaling 4
(Kishore et al. 2019)
(n) laifloATan (u) Wial SRR 2 23 (A) iy SRR 4 29

q

() i3l SRR 6 4 () i3l SRR 8 14
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m 0 === No SRR
o === 2 SRRs
g 5 4 = 4 SRR
5 === 6 SRRs
Q - 4 —
;g 10 8 SRRs
T s
o
O ]
o -20 |
L=
8 a5
G & -
&

-30

_35 T L L

0 5 10 15 20
Frequency in GHz

JUT 2.29 Annsgaydedeundurasaganmelululnaguisslasninisinigeses

(Kishore et al. 2019)

ilofiansananAdulssansnisagyiou (S,,) maamammmmmﬂuguﬁ 2.29
N3l n150A w5 el e s WU UL (Split Ring Resonators: SRR) A 1ud19a18d 1904
ansonAlaevinisadnadluuuszuunsg Wewdiy 2 29 LLamﬂugﬂﬁ 2.29 WuduainGu
WUIAN Sy, An37 -10 dB ghumadl 4 deundfivein 2 19 W 4 29 uaz 6 2muindandlid
AsLAsuLUasosdn Sy wanaasluania Seiinsdiuenn 6 29 Wy 8 29 nusnAans
Wasuwastulutasnwdd 3 lugufl 229 uanadududifonsou uazsonisinisda
SRR fuvdswasangenienansluguil 2.27 () nuiniliyndiuanuivesanseinieadia
S11 #1191 -10 dB wariinauALARNLNTUAe samﬁamammﬂﬁﬁé’mmma@aqmaejﬁ
7.18 dBi fin1ud 12 GHz LLazﬁLLU‘UEﬂmiLLN'WT:TNmﬁlmwmauﬁﬁmﬂuizmuLﬁlm
Fauandluguil 2.30 undedanmuesnuidudAoaronelululnaguisiideilassadied
Fudaulunseenuuuilfernsenisusumiudidesnnaisernalululnaissideinigde

I IDIUUANEDINA
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dBi
5.97

4.1
2,99
1.87
0.746
=213
=851
-14.9
=23
-27.6
-34

) ()

U 230 wuugUnmswindsnuvesanseInaetan (Kishore et al. 2019)
(n) A3l 5.8 GHz

() fiAuA 12 GHz

2.3.2 afivdn
31NNSANYIUTIALITTUNTTULALIUIToN A LIV IVBEI8RINIAN 5B Y
nagAUINUInianefTanuvihusivaisenalululnaielvangeiniaaiunsald
1% d= g = ) a ° [ a o v o & wes =€ =
Nulivaeanudgaduwuilduilasuanuisndwiunuddelulagdu dniudfnuidinm
awv o & ¥ Y aw o 1Y) N % 1Y) a o § v
NUITEN A8 UBATanNIN1TUTUUA 8uINTATIAT 19V TanAINETTUYA YINIH
lassasandauandaney wu inliliauaud@idudigeiouniu Wudidueiuadu
< v 11 « = & o ‘:1' dl' 9 voa 1 Y & £ o [ o ! [y
Juddeinuadu sutadudinsesnduiveliiiedulmaniuls dudu dmsuiausiudu
ageIMAieNRuILazUSUUTIUsEaNS A NYesagInIa Asiudsdnwauideiineades
funsesnuuvedfaniilnmuaudfang 4 enundunuinisduniside
1) Epsilon Negative Medium (ENG)
AaNneilauITeNinITeRnkUUlATIETINAINIAENINTUT MU AUNTT
Uszgndnun1sidauiiesinaiuisaeeniuuiazasagdunuls asudslafnuiauves
Pandit et al. 2019 AnwuAgafiulssaseniiuuy Crossed Loop Resonator (CLR) wansaglu
JUN 2.31 (n) Faflvwn 7x7 cm? 1iiln1531a8akuy Unit Cell wansaglusun 2.31 (v)
Aanmgeun1slnii (&) vedlassaina CLR UlAunann1sUszuInmaaInen S-parameters
av oy [ . o P a1 & 1 1 = 1 = =
AlANN133naeuy Unit Cell il & fAnduavegaosyaeninud lngyiennnuiusnee
AR 4.85-5.58 GHz way ¥19AUdTdeIReAND 9.34-15.48 GHz Famuduuegiuruia

Y

a s ° I a 'z -:4'
VANITNWULADT ¢, W L& P WWLLWU\‘W'&NW']T]QJLm@iﬂ\‘iLLﬁﬂ\ﬂugﬂ‘ﬂ 2.31 (n)
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WaziileMiNTINTUAITIRIVEY CLR NIF19AaudsinAud 5.15 GHz wuin
fanuvuiurenIELaaRIuTnkaulanenTiNa1ees CLR Awandluguin 2.32 (n) uax
#13U1AUAGABEENAND 14.58 GHz WUT1 HAAUNUIHUUYDINTERATIRIUTI I

AUUUKAZAIUE19YRY CLR Tnednisindoufivuunmuiduuagnuduuini@wanseylu

a

sUN 2.32 (¥) 998nau0suid8fae Tur1aanudksninouaNUi kAU warlATIas199a9

Y

aw A= v v = )~ a s o a ! aag v
Q']u’lf\]EJU@Jﬂ’J']ﬂJ‘UU“U@ULu@QQWﬂﬂJW'ﬁ'uJWl'e]i'ﬂﬂ']Hﬁjﬂﬂﬂmamaﬂjquﬂmﬂjﬂqu

P Floquet Port 2

)

Floquet
Port 1

'gﬂﬁ 2.31 Crossed Loop Resonator (CLR) (Hasan et al. 2017)
(n) lassasnsiaznisniines

(¥) N1531889LUU Unit Cell

1 Jsurfla_per_n]

|
2.0000e¢+002
| 1.8571e+002
1.7143e+002

1.5714%e+002
1.4286¢+002
L 1.2857e+002
1.1429¢+002
1.0000¢e+002
8.5714e+001
7.1429¢+001
5.7143¢+001
4.2857e+001
2.8571e+001
1.4286¢+001
0. 0000¢ +000

JUN 2.32 NIzualieiaves CLR (Hasan et al. 2017)

(n) ALA 5.15 GHz way
() AR 14.58 GHz
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2) Mu Negative Medium (MNG)

NN15ANB191U3T8ve9 Serria and Hussein 2020 tBusuidefidnasld
1AT9A5 195U DT 1 UIIULENFDILUU AD LATIAI 19T IDLULADI 1UMIULINLUUINAL
(Circular SRR: C-SRR) fagUfl 2.33 (n) Yu1A 2.2 mm uazWUUAMABY (Square SRR: S-SRR)
YUIA 2.6 mm F93UR 2.3 (1) wnUTouiiisuiy Taglfinunuszgndldduaiseinie
VUKL R T unuaudndng newsTawnesumuiisaeslassadnefinmand TS
A1 1 uau Falaseashe C-SRR Taesepnnudfiden u Wuavfe anud 4.975 GHz uae
17.6226 GHz wazuilafiarsangaenud fivinlvan « 1Juavveslaseadne S-SRR wuanidl
Aaudfindidestuiulasiadsenan

Aoun3aiinisfiansannseuadsiafianudifetufe mnud 4.975 GHz veq
NREORILERLOR LLamﬂugﬂﬁ 2.35 (n) LLazguﬁ 2.35 (1) WUIINTLUALTIHITANRUILUY
Uinaderinsseninawnuluiaaen uazilotllussgndlddumsenialagdniFes

17 =

NATUNAIVDIA1EDINTA YNLALDNTINTVYIEVDIENYDINFLALNINTUSIND W TR UAIILD

1
av a4 1

v fetusagyinliursaseudtuliannsoldould dedunmanmuitediedi
#a1nnss1aeaiuy Unit Cell nudilassadisvisansuuuiunuanuduay fgufl 2.33 (@)
uay 2.34 (1) uiiilesannuddeifinsdaSesveseAvaniitnsvuseriinaumudiuly
LALUMIUAUUDN YRS C-SRR ATl Nt uansnfinyszans awliiuargenials

JellevihnsAnuseiesandeafiesdnulasasisivinliAna 1 Wuauwint

<)
=3
S

|
g
:

00

- L}
v
\\_! -
\ll -
L
Permeability (mu)

(\\

2
&
=

1 1 1 L I 1 iy
4 4 6 8 10 12 14 16
Frequency(GHz)

(n) )

gﬂﬁ 2.33 LSI9L UMD UUIMIAI UL NLUUI9NaY (Circular SRR: C-SRR)
(Serria and Hussein, 2020) (n) TAS3a319 waz(y) AZusnuLkdivian

(Permeability: )
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100 T T T T T T T T —Relma)
sof | e lim {mu)

Permeability (mu)
2

. . . . s . . .
0 2 4 ] 8 10 ] 14 16 18 20
Frequency(GHz)

(n) (¥)

gﬂﬁ 2,30 15lolume S VWU UAMADL (Square SRR: S-SRR)
(Serria and Hussein, 2020)
(n) laseasne

(¥) ANTugULLAEN (Permeability: 4 )

Jsurt(A_per_n)
269610

2.

1,948 10"
18114 10"
1.662310"

3.6121-10"

(n) ()

g‘d‘ﬁ 2.35 LanInIzlalanl (The surface current)
(Serria-and Hussein, 2020)
(n) MAs9a519 C-SRR

() AlAsaadne S-SRR

3) Double Negative Medium (DNG)

INA1IAN®191UTT8V09 Hasan, Farugue and Islam, 2017 danwauzidu
TassadsfiduanlansuazrswnuisTsiunesoonuuueguussuuiieatu Taslassadedl
fide71 Meta-Atom Faflunn 8x8 mm? uansegluguil 2.36 Wevhmsdrasauuy Unit Cell
Tnevhnsnyuiiedantianun 4 yu #o 11 0, 90, 180 uay 270 a3 AUFFUNUIIA &

A1 u LAzA1 N U9 Meta-Atom HANAAAUTNEINAINANA 9.20 GHz Lazliainassihuy
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1089115919158 Meta-Atom 10U 1x2, 2x2, 3x3 way dx4 WUIAUD 9.20 GHz §iaq
61 £, u wagAT n Anauiuiu seunduilassaiiaunyssgndldivaigeiniekansly

PN i PN a a Vo PN Yo
E‘U‘V] 2.37 WU'J']a']@J'ﬁﬂLWNU?%ﬁWﬁﬂWWI‘VIﬂ‘Uﬁ']FJ'EJ']ﬂ']ﬂIﬂEJLW@J@@iqﬂ'ﬁ‘UEﬂEﬂWﬂ‘UﬁqEJ@']ﬂ']ﬂ

E
’ E
S
= 0.3 2
= =
h‘!” 8 Inm_
“ 8 mm ".b“‘“\ :
(¢

(n) ()

gﬂ 71 2.36 1n539a%19 Meta-Atom (Hasan, Faruque and Islam, 2017)
(n) N1si@sskuy Unit Cell

(¥) TWUATRUT B UL UAUTU TR BEY

Hip1laseasng Meta-Atom 1Ussendldivaneeinmavinlikauaudved
anganFUasuLUaankauALnIaduwauAudLAy Sududulaseasandaands

waesUstunisasuauinliiginsensusuaug

L]
n

=]

vy
b

LE
==

r‘

_D

JUN 2.37 911 Meta-Atom undszgndldiivangeinia

(Hasan, Faruque and Islam, 2017)



NNTANYIUTTIALITIUNTINLAazUITBTIN eI TaInUIUIdedu Ty

111190 NLUUAEDINATALLOUAMURNINGAD @181 AUIUUULALI9ASAUN AIHUaUIdY

=b.

Hdlgoenuuvansenidlalulnavuusiusasiiuiitlasasadudvdoulng laifnsiaey
sewdouaulans Wiedrwdonisusuanudiosndulassadedilidudou sauludsed
LauAuaisaneronstdnuluguauififesnisesnuuy ﬁa“'ﬂmﬂﬁu'u%ﬁwaﬁi’aqm
yausaufvatsenalululnaiiioliasenaaunsaldauldvaisninud wazifiesain
Tnssadrsansenmialulnauazeifangnesnuuuneniuiwirldiedenisusuaiud dae
Inglassasveddanazgnoonuuuidu slaiunes uuuinden (Spiral Resonator: SR)
INNNTANYIIUITEVD Rajni and Marwaha, 2016 lLag $1U3389949 Da Silva Aradjo and
De Oliveira, 2015 Inge1uideiifuntsinlassaiiei fansTloumesuuuindea (Spiral
Resonator: SR) hazlAsaas 19L519LuLaos 19uriunen (Split Ring Resonators: SRR)
wssuisusy Jeuideiauelildislaumosuuuinasiiesnivuinaueinig
109 MTM 1dnnalassad1aslautmesraumunenid oM 915191 A A LA 89y
fafuislewumesuuuinden (Spiral Resonator: SR) §9gnidoniiesainfaunadnyinls

A1881NATNYINNITOINUUULAZAS1TUIURITVUALENS 8

a 4
2.4 WLNBIVBIE18RINA
2.4.1  uUUFUNISUHNASY
WUUFUNSUNNEI91U (Radiation Pattern) Aan1sueanauaudfvedagaInie
lunrsurndenulusduvuvainsmiinuselusuresilandunsadneans Fan1sinnageu
LuugUnswindsuarfanseyusnaawlng lnsasuunlulanad
1) wuusumsunndsuuwuulelenseln (sotropic Pattern) {WukuuzunIs
1 L dl = ! v a ! o =)
L nds Ui nsuinasueenlunniayaneiiduaiowdusunsainaulasuanly
U7 2.38 (n) Faluwuuguiidugauad luanaunsaasuess lnedngninluldlunisivun
WIFADIAIDU ) VOIEIBDINA
2) wuusUNsUHnAsuLuuseuiani1aluszuIul g3 (Omni-directional
Pattern) AuuuUNinsurnasusaudilusruvlassuiunids diussuivdunaainiy
= ! [ aa = = ! < wa
einsusndnuLuUiifiamianslugun 2.38 (v) dednlvgjasiduauadfvesaiseiniea
yipiduaInae Wy awemdalalna ageinialululna
3) LL‘U‘UEUmiLL&JWé’N’luLLUUﬁﬁﬁw’N (Directional pattern) ANITLANEIIU

[

A o o v a a = i a a I a = P
Vﬁ@i‘UWﬁ\NWULsU']ZJ']V]ﬂV]'Niﬂﬂﬁ‘V]'NWUQ@EJ'N‘Ui%ﬁVlﬁﬂWW@J']ﬂﬂ'l']‘V]ﬂVl'NE]u@\‘ﬁﬂﬂ 2.38 (@)

Y
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Tneginagdanldiieiiuuszansnmluusnundesnissvdsdygialan wu ageinienuy

#1n-gnz (yagi antenna) aneonAlulasansy (Microstrip Antenna) Wudu

B3N

22
o

>

N

[7

oS,
I, L
]

1]

=
I

L7
1
11177

>

>

I

>,
',

[

2z
L7

L7

s

ey

e
i

/

7

Directional Pattern

Isotropic Pattern

(R)

G))

(n)
2.38 WUUFUNISUHNGSY Radiation Pattermn (Balanis, 2016)

U7
(n) wuulelensaln (Isotropic Pattern)
() Lmusauﬁﬂmﬂuszmmﬁm (Omni-directional Pattern)

(A) kuULAANIe (Directional Pattern)

UINEUILToUAIINALUSERNTY 3 S8z Ao
Uinuaunszezlnasuenyn (Reactive Near field Region) fig USLIuawWIw

neglnaangemaniniign lnelszeerinainalgeinid R <0.62,D°/1 lag D Agvuin

YOI INA dIU A ADAIINLIAAUY
UFIMauuszezlng (Radiation Near Field Region) ABusiiaauiuiiegdin
Pnaunszezlndsuenin lnedisseerisainaigeinia 0.62(D°/A <R <2D?%/1 lay

auuszerlndazuUsiunuszesnainaieeinia winaieeiniadawindnd awfiauiu
AuEAALUS DaELE In e ldiAnT
UShaawussezlng (far field region) Aausnaauiudildlunisianaaeu
LUUFUNITUHNSIUYR 80N AN 81AN T eTUeda1891N1e USnauussuelng
aginanuiuauiuszeglndlasssevresuinuauiulnalissegvineainatgene

Y
R>2D?/4
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Far field

Radiating near field:

g‘dﬁ 2.39 MISLUIUSIIYesEUINaInawa1n1@ (Jamshed, Heliot and Brown, 2020)

2.4.2  MsgeidIeaNNITERUNAY
a oA o v = oA Y
nsgaydeiiesainnisdeunduilunisuanstedinisaideilodoundaau
TidvangaIn1ALaz a1 304aneds FIUUTUAISTYva9a180IN AN @111 0Lt owuug L
laefiA1iiunIafIng -10 dB warTINVIILARIDIAMEN YU UBIdnIIdINATULN (Standing

Wave Radio: SWR) Ingein SWR uagmgayideiilesainnisdeunduduussdnsnsagioundy

(Voltage reflection coefficient)

A A ) a S Y] ) )
Weo T A duUseansusanuasyiaunay
V, A9 usssudzvioundu
V, fg Wh3AusnnIzny
NAUNITN (2.2) D1duUsEANTUSITUazaunduT AT uUINLAAIITLT IR
¥ v a [ 1V d{' [~ 1 [ v v a
AvoUNaULENTINY (IN Phase) hAn1bA3 D9InUNg U UAUKEAII LSIAUALN DUNa UL L d

o)
#5971 (Out of Phase) N1syANUasidusvaInduLsIuaziaundun lamatl

% LIINUALTBUNAU = T'x100 (2.3)



a2

[y

Mdanumlannussiiuenidaensmesuiuaudnnnuue 2,

P=— (2.9)

(%
v [ a

Azl uduUsEaANSMasuazviaunau (Power Reflection Coefficient) fifn

WINAUNAIAD9U9ANELUT L ANTWSIAUALVIOUNDU

{UUsEANSISIPUALNoUNAU

(%

? MANIUALNDUNGU

b

o)
-0
3 b

®

[

R AR IUANNTENY

V)

Weuuosiduslalag
% LIINUALTIBUNGU = [ x100 (2.6)

YBNINNTEUUT AN ISP UALYDUNAUTIAINITOMN LARINTNTIAIUYDINARNG

LazHaTINTENIanfUBN LAUDANaN v vesan gt dy o

a2 2.7)

lne?l z, way z, WWuduiuaudvesavdazduiinaudvesivan 1floain
a a ¢ o | v s a a & <A Y o
duiluaudAuanyuzyesagdwyiniu 50 leviu duiiuaudivaniAoa1ga1n1AnLsIvINIg

29NWUY B1a1u1500nwUUlTYINAY 50 TeviudazliiAnn15aziaundy LAn199nLkuy

A a

Twindu 50 Toviu AsziAnnisazvioundvaininanludunasniidn Feazvinliinnauila

[y

(SWR) luaneds lagn1siaan SWR 1 usnsidiusenineveiuouniynaianvesnd uiaiy

' '
a o a 2/ !

weNNAAIgAvenauls Inermunsgungeusulavesdnsdaiuils Ae dateunivse

Y

WU 2.0 @unsafulailaannaunis (2.8)

SWR = Vnec _ 1T
Vi 1-|T

min
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dnluilunisuansaunisnisgadeiiesninnisdounduresaiveinia lned

ANMUAUNUSIMTpUNUANYBINTIEINAFURY neau1samuInilaaInaunish (2.9)
Return Loss =10log|S,|" = ~20log (|[]) (2.9)

[esanmsuuntdufiuaudvosaueinaiis Avessguyidodeundusos
Younin -10 dB Wemundeundundimdulssans msasvieudeatosnin 0.3162 dwali
Aensaunauile vesnd 2 ‘%QL‘fhﬂ‘d@ﬁﬂﬁﬂG]igﬁuﬁﬁ’muﬂ’?@?ﬂLLG]ILLiﬂ (Sneunany, 2561)
2.43 DATIVYIYVDIA1YDINA
M519818989a188101A (Antenna Gain) v BRS1AINYBIAIAINULTNAT
windssy U Tufiemsiidnmunlifuaanudunisuingsnufiaseinidldsu sraeeine

wHNAIUBBNtuaNwMLYadlalelnsUn AraUNSTUUFNNISLARD

G(&,@:M(@J (2.10)

in

Tun15TANAE USNSIVEEVRIA18DINIAILIYAUNITATAINIUYDINS &
(Friis Transmission) 1114 lun153tAs1=v Lazfos1feasa1nN1Aaeddl e ldidualgoinia
nATuLaznIAds lagangenniaisassasinanudussey Rimawﬁaqasjﬁramamulﬂa

Tngaunsvasnsanunulgvinnu

2
5=[ij GG, (2.11)
P l42zR
Togdl P f#e masildsulawatsennieniasu
P fio Mdafildsulngansornianags
2 fie AuENIAALTEIAILETeIEERNA
R A9 2EUNVDIEIBDINIANIATULAZNAGN
G,  A® 9nI1V1LURIENIDINIANAE
G, A9 9NINVYIYVDIANYDINIANIAEN

r

2 = U IQ !
ey (4/47R)" luaumsvuneda diuszneunisgaydeiitinainnisds

[

o a 1 =3 1 ! N4 A a ! = 1
MaspduwiwantiisueInAinawmseiisendt nsgydslueiniaing (Free-Space Loss)

doisthauns 2.11 daguiivemndn G, wse G, 7ilwule dB vl



aq

I:)rdB - I:)tdB = 20 Iog (Lj + thB + GrdB (212)
4zR

mnangaInIanIasuLarnadlidnvarmilauiuausadnguaaunis
71 2.12 1w

1 A
G, = E[20 log (mj— P+ R"BJ (2.13)

25 @3

N13eeNLUUAIEINATINAUBATAATIgNTENIY d1geInAed e TngaanukuUlA
aunsaldarulugi9ainud 1800 MHz wag 2600 MHz Tagisuwsnla@nwnelnuaigannia
a o a v yee PRy A v Ao a
A9995UMaN8AUD WWANYIAIEBINIANLLAUANUINING kAZEEINANINAELAUAINLD
poudsladnyUssinuarAuaudRveafdan ethluussendldivatseinia waglafnu
A1891NANHNLATIAT199187BNITRNLULEAEUTUANUD MU UaTnadnn1svesaIgeInIAd
r-:l' 4 r-:t; v Y Q{' 1 = dy v 1 a o I3 a
Netes Faiateiinaiddduunilaun atgernielululna afdan uwasislaunesuuunien

Fudmguiiugiuatsainia et lUusuldluineinusiluunaaly
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N138BNLLUU

o

3.1 UNUI

31NNSANYIUTVANITIUNTTULABIUWITENABITo A Va8 INIAN T89S UNATY
ANUATINEINTYIBATANI0RNLUUTINAUAIE9INA 1AgE1881NANIIZ DB ULUUNUILADS
Usenaunie atgeniAaiianfaiuisausuadnud vwuiakasUssdnsnineesaigainie
= & S = ao = &
Fadlonluuniinaifaniseenuuualgeinidedian Jeuwuaiu agornialululnavy
LHLRsiuikareilannillassaiasiaumasuuuinden lngluniseeniuuaigeinieagii
msdraesiielusunsy CST Microwave Studio Lasainidulusunsufianunsnsenuuudnaed

a ¢ a 13 - 1% =i Y a
LAZIATIEINIS TR VRIENEDINTA NDAINNTAAI19E1EDINATITOISUEIUANUD 1.8 GHZ
wag 2.6 GHz siolule
1 a 4

3.2 N1599NUUUAI8IN A LU INAULUALIITANN

arwonalululna WWuargeiniai ddusuuanainatseinidlalna dadumnin
arwenalululnadiunainaseinialalnansspduaiseinialululnanaziinnueiady
wihitu 4/4 wise MiFenidun1w18sngwin Quarter-Wavelength Monpole Taguniiagnanii
N1599NWUUAIEDIN1ALUINA VLKA UINATAHUN F99200nuuuuniangIusosuuy FR4
wazldlassadrsatvdswuululasansvlunisdeusogunsaididnuselindivalgeinie
TUN1990NLUUAIDINIAUULKUINASTNN 9208NRUVURTANFIUTRMUY FR-4 InsRnaudR

L2 L dl
VIR TBDIFIUAIAITNN 3.1

M1319% 3.1 AaudRiangIUsee FR-4

me

7 &, h(mm) t(mm) tan &
R-4 4.3 1.6 0.035 0.025

n




a6

Taefl &, fo Ansdiladidnnin (Dielectric Constant)
h A AIAUUIYRITER
t Aa  AIAUUIYR TR

tans Ae  ANENNan1Tandy (loss tangent)

Aownaziinsesntuuagemalululnadsgnesnuuufilianuenimiidu 4, /4

< a

InefiA1asiiladiannin (Dielectric Constant:&,) Arnsdaladianninuss@ndna (Effective
Dielectric Constant: &4 ) WA=AMNE1IAAU (4,) V83AIUDNADINTITODNUUY FIANAKD
AnunIesatgentd (W) wazaiugnivesaiseinia (L) lagaiunsanininuniisuay

ANUYNIVDIANYDINA LI AINANNTT (3.1)

1Y

AAUD 1.8 GHz aunsawnuamulasadl

L=W =ﬂ:25.6mm

4 f4.3+1
2

Wosanatsonialululnaszldszurunsfvesatsdlulasansuidudunady
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A,
Ay ® ———= (3.3 A)
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3.4 N159RNUUUBAIEN

Aeaudslavinniseaniuuaidan 3nnsdnwlaseainauasnuandiveseiian

a 1=

Tuund 2 ﬁqlé’lﬁaﬂaﬁ’i’a@wﬁﬂmauﬁ’aﬁﬁm%mwmjmé‘ﬂ (1) fde1Tuau lnedlaseasis
Jusleiumeswuuindes (Spiral Resonator: SR) viiesannidulassadnediflvumdniile
Wisuifisuiuruavedlassairaslownedsumunuuguilaidermevsliiin
(Da Silva Aratjo and De Oliveira, 2015) Inglassasaslaiunasuuunasidiofiansanis
amyjaiugﬂﬁl 2.12 wuinAvesdandeat (L) wazA1duAulsey (Cg) danarionIud

Slawuuggsanunsalsuduannisi 3.4
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—
P

Cq  fo ArduAuUsEq
v o A ° a ¢ v P a1 W
AU UL BLIIANNUAAINUD LS LGB UUT T A DIN1TODNLUUT AINUDLNAY 2.6 GHz
1A8DBNWUUUULHLITNI FR-4 IAMTUanIs 1w asUo s ot U S UUNAYD tASNAUA LA
l, =5.25 fiadwns W, =0.5 fadwas s=0.5 Jadunsuaz g =0.5 Jaduns laeannis
o 1 a 6 o 1 d’ 6 Ql' Ql' 1 U
AMAUAATNITIL L DT AIUITAUINIUIATIAIIUD LT LYRUUT LUENNST (3.4) TagNA1uDIR

witlenu (L) LLazmé\’aLﬁUUsz@ (Cer) azanunsamilaainaunis (3.5.n-v) wag (3.6.0-1)
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Ho ysr| 1 avg
Lo, == | =+1 5.
SR o ag| o +1n 2Wt (3.5.n)
N 4IN—|2N(1+N)-3 W
I =%Z|n = 2N +N )=3)(s+W) (3.5.9)

el g, Ao Aeshusdwdnddwiiiu 47 x107 T.m/A
W,  fs Amuniaveswaulans
N fio S1uauseuTiAnnnsuaveswaulane
s A Pasdneseninaulangisuantazlgly

| AD IUIAAMUNITRLsIsURaswUUINGs) (1)
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TngagiSumuanmen 1R 9naunisi (3.5.9)

avg

1% _ 4(5.25x10°)2 [ 2(2)(1+2)~3](0.5+0.5)x10"
avg 2
ISR =16.5x10°m

avg

dielgan IR udhununuaduaunsi (3.5.0)
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-7 -3
L, - 4710 (16.5x107) 1+ In 16.5><1073
2 2 2(0.5%x107)

L, =34.2467x10° H
L, =34.2467nH
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L 4 N-1
CSR_C"4(\/\/t+s) (N? +1)n1{ ( ]WJFS)} 6
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Co = &6 % 3.6)U

e =(1+6,)12 (3.6.9)

ool &, Ao masialiidihdausindu 8.854x1072C?/ N.m?
Eq  AB AAIlABIANASNUSEAVDNE
K(k) fg mﬂ%ﬁuétﬁnﬁﬁauymﬂmwﬁmLLiﬂ (The Complete Elliptical
Integral of The First Kind )

981 k ME9NaANN1SN (3.6.9)

(3.6.9)
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IABIBUAMINNIAT &, 3INFUNTTN (3.6.0) HANNTU £, = 2.65 dazilionia k

91NAUNITN (3.6.9) A1 k TAwvindy 0.333 unuasluaunisi (3.6.9) e C,
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PNANNITUAUNUINT 0A1UIUNIA1BIAUNRT 81U ( Ly ) Uo0slalulnes huy

indeada iy 34.2467nH waza 16t uUszq (Cr) TR 1Ay 0.144 pF
A o Y PN ° ] | a;' cay v

wazillininevasiantieni (Lg wazardiiuuse (Cg) wuinanudisteiuudgilaainnig

ANUAAINISITLA DT HANUDWINAU

f =2.26GHz

Fy

(n) )

JUN 3.12 (n) lassasemnfivwesvesleiumesiiuuindeinay (v) N159%A1 Boundary

Conditions U89A1591889bUU 1 unitcell

ANANNITVAUILLTULF 1A 10817999l ATIa5 1905191 ULN DS ¥99719T8NINUAY
Tave YUIATDILOUIANESINDITIUIUTOUVD LT LULULADST LUULNA UL HAM BAINUD
LS L UUD LN VLA A ANITLS YL ULADS bUYI9AINUD T A BIN15A9T UT ale U lasaas g

AU UUNOFUNANITNO ANTINLAZNI T3 UUTVD LB UN DS UULNGE?

3.5 ﬂ"l'i%o']aaﬁLLUULiIGIIL‘IJWI'e)%LLU‘ULﬂEEJ'JUULLB\i‘IJ'NﬁﬁVQ\ISJﬁ

dlothamsfdmesiidunanynissesauy Tnelassadiaslonnasuuunien
LLamqiugﬂﬁ 3.12 fnamssaesrndulszansnsasviou (S,,) uazduuszansmsasu (S,,)
Tugui 3.13



60

S-Parameters [Magnitude in dB]

‘-)/\,\,"'" e s ——
v
-5 L] +

! \_____
-10 / ; N

-15

[}
1
1
e — 51,1 (11=5.25) }-
1
ol ---- 52,1 (I11=5.25)
)
1

-20

-25

-30

1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency / GHz

i £ o

JUN 3.13 wan1sdnaesiduUseansnisagyiou (S;,) avAduuseandnisasig (Sy)

YDA DT LUULNAY

INFUN 3.13 nunardudseaninisagvieu (S,,) SAandrlndauduazArdulszans
N5E9KU (S,y) TAYINAU -27.48 dB @edsnavinlnluiinnisdennulugeainud 2.63 GHz
rdaunalamIuD LSl uuG 71 LA N1TAIUIULAZAINNITTIABILUULAUAALAG DU AU
& v | aay v ° ~ v | aay ! ~ vy
WBney wanuinlaann1sdnaesswuuiinulndifgsuinninluaud Nfesnis eudsla
a 1 1 = 1 @ 14 6
fsanaanIngaun1alilia () wazadugruudvan (1) veslassaiiuslaiuines
WUULNABAlARINENNIST 3.7.0 Way dun1sh 3.7.9 Fearaningeunisinin (¢) way

I =2

ArBuguniiman (u) wanslugun 3.14 nuinananimeeunaliiy () fanduuinuay

'
a0 a1 a o

ABuguuainvin () danduausouinud 257-2.81 GHz TnedarRnausaneginui
2.63 GHz TsaandnefuAn S-parameters vadlasvadnsdsiuaifanTedamant® MNG
(Mu Negative Medium) wagilofiansaunnszuaideinvousiaumosnuindannuvuiuiuves
nszuadeiaiusnuuaulang senuagaslunansluguil 3.16 lnefldnvaginuanduly
ponduuenveaslnumeiluduneudeluaginisfinwnfsadunansgnueasnisuy

NSNS VRIATIAS19NTNaRDANUND

s = 2 % 1_(821+Sll) (37ﬂ)
' jkd 1+(SZl+Sﬂ)
1—(S.. —
ur:(-z ]X Ba=%) (3.7.9)
jkd 1+(S, —Sy)



Tables\1D Results\Extract Material Properties [Real Part]

70

60

50

40

—— Epsilon_r (11=5.25)

30

} \ Mu_r (I1=5.25)

20

10

-10

\

-20

-

-30

1.5 2 2.5 3 3.5 4 4.5 5

JUT 3.14 Anaswesianmesuneliii () uazAduguuidman (i) e

1AS9E5 195 UL ULADT LUULNEEN

61

Tables\1D Results\Extract Material Properties [Imaginary Part]
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Abstract— In the few years, the development of  bandwidth expansion to make the antenna covered
communication technology is rapidly. The metamaterial mid bands of LTE as described carlicr.
is interesting for radio frequency fielded researchers.
Normally the metamaterial antenna behavior is |<— W, —»‘
narrowband.  Therefore, the spiral resonator [ ¥
metamaterial antenna used for bandwidth expansion is T — W

iEECONS1072.2021.9440064

)/

9,

presented in this work. The proposed antenna is

1 by using a polar patch ant with 2x4
different sizes of the spiral resonator (SR). Because the I
combination of four nearly interval resonant
frequencies from 2x4 different sizes of SR make the .
resonant  frequency around 1.7-2.63 GHz, the f £y le—
bandwidth is wider from 400 MHz to 930 MHz. | h L J L
Keywords— bandwidth expansion, spiral e IEI

metamaterial

L =] T

w

1. INTRODUCTION L, 7
Widceband or large interval operating frequency is i _JL
onc of important lactor that desires for antenna design. = A
For example, mid bands LTE system in Thailand has —>pie— g
operating frequencies on range of 1710-1880 MHz
(1800 MITz), 1906-2170 MIlz (2100 MIlz), 2310- (a) (2)

2370 MHz (2300 MHz) and 2500-2690 MHz (2600
MHz). For this reason. this work begins to study
popular printed patch antenna for wireless

Tig. 1. The monopolar patch antenna, (a) without SR and (b) with
difference size SRs (proposed antenna.

communication such as a microstrip patch antenna [ 1] Il <@DESIGN AND ANALYSIS
and monopolar patch antenna [2]. However, a ’ )
microstrip patch antenna is narrowband while a The monopolar patch antcnna has been

monopolar patch antenna shows wide impedance  designed using the rectangular paich in monopole
bandwidth and some unrequired frequencies are cqnflguratlon Aal_u! fed by microstrip l{ne as shown in
disturbed to others. Many researchers have been  Fig. 1a. The initial length (L) and width (W) of the
interested in the transform shape and geometry of  Paich have been determined from [1]. In first step, we
monopolar patch [3-4]. The slotted printed monopole ~ design the monopolar patch antenna at 1.8 GHz for
antenna [5] has triband though it hard to controls the initial mid bands of L'TE in Thailand. This antenna
frequencies. Accordingly. the metamaterial antenna is 18 formed on FR-4 substrate with £, =4.3 and the
selected to improve some efficiency of the antenna.  thickness of metal is 1.6 mm. The important
Many researchers study metamaterial such as the  dimension of a monopolar patch antenna is shown in
multi-split ring resonator metamaterial to control the Tablc 1.

second frequency [6] and combining the two ring . . .

resonator with an arrangement of splits and metal The simulation result of the monopolar patch
strips with an inner ring resonator that looks like a z- ~ antenna presents the 10dB antenna return loss case
shaped structure [7]. However, the S, response is still d1scus§ed here on 1.71-2.1 (1! 17 as illustrated in Fig.
narrowband at the second frequency. Therefore, the 2, which can, sce that the frequency range is not
bandwidth cxpansion of the first frequency is sclected  Fecovered mid bands LTE for antenna enhancement.
such as SRR-Loaded Metamatcrial [8] and SRR shape | herefore, the metamaterial is taken to control
slot in the ground plane [9]. Both of first frequency bandwidth cxpanslon._Thg Spiral Rcsonalqr (SR_) is
cxpansion is wider but not covered the mid bands selected that presents in Fig. 1(b) and the dimensions

LTE. In this work, we study SR metamaterial to of SR calculate from [10]. which having
i N=2,5s=05mm, w=05mm. and /=55 mm.

onal Electrical Engineering Congress (iIEECON) | 978-1-7281-9584-1/20/$31.00 €2021 IEEE | DOL:
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The structure of SR having rectangular curl shape
consists of metallic strip and gap between a strip that
control the inductance Lgg and the capacitance Cgg,
respectively. Then the resonant frequency is
calculated from below equation.

1

S
2l bsiCon

4 1 /5
s ag
Ly = ilm’; [5 +In ﬁ] )

M

Denote 4, is the permeability of free space, /7 is
the average length of the spiral tun which can be
calculated as
ANI=[2N (14 N)=3](s+w)

= 3

IR =

Where &.,s and w are define as number of the
ring, the strip width and the gap width, respectively.

N © 3 |
T +l§|:/—(n+5](u +.v)](4)

“xold

k is calculated as k=s/(s+2w) and K (k)is the
complete elliptic integral of the first kind.

TABLE I DIMENSION OF MONOPOLAR PATCIT ANTENNA.

Parameter L, W, L W I
Dimension | 5, 25 | 2635 | 1959 | 17
(mm.)
Parameter h e, Ly W
Dimension 38 6 25 3
(mm.)

-
|

%

-25

10 15 20 25 30 35 40 45 50
Frequency / GHz

Fig. 2. the retum loss (Si1) of characleristic antenna.

The SR configuration consists of capacitance and
inductance, from calculation of the proposed structure,
the Cgris 1.08 pF and Lgg is 3.77 nH. Hence, the SR
resonant frequency is 249 GHz and then the
dimension of SR paramcter is used to simulate a unit
cell on a CST microwave studio program and

adjusted. The S-parameter response is shown in Fig.
3(a) where the transmission coefticient (S,)) < -10 dB
is presented the stopband characteristic [6]. As a result
of this structure has a stopband frequency on a range
0f2.43-2.49 GHz.

7 —
N\
I -
- e e
| s
|
g0 L et
§-s / | ]
8 /
5
-20 W
s
- S11 ki
s2 J
To 15 20 25 30 35 40 45 50
Frequency / GHz
(a)
—— permittivity
~— permeability
60 —— refractive index

Amplitude (Real Part)

°

10 15 20 5 30 35
Frequency | GHiz

(b)

Fig. 3. (a) The SR metamaterial and il’s S-parameter response.
(b) the permittivity, permeability and refractive index of SR.

From Fig. 3(b) the reflection coefficient (S;;) and
transmission (S;;) are evaluated to obtain permittivity
and permeability, Both values can extract from the
Nicholson-Ross-Weir ~ method  [6].  Extracted
permeability of this SR is negative around frequency
of 2.41-2.63 Gllz and another one the permittivity is
positive all of the interval frequency consideration.
The refractive index is negative from 2.46-2.54 GHz
which is the characteristic of the metamaterial.
Therefore, the negative permeability is characteristic
of called Mu Negative Medium (MNG) and the
permeability value corresponds to the stopband range.
After simulating the metamaterial of unit cells, the
next step takes the unit cell to put on the monopolar
patch antenna by assembling. this is called the
metamaterial antenna that will be discussed in the next
section,

III.  RESULT AND DISCUSSION

A. Simulation Result of Same Size Metamaterial

In Fig. 2, the monopolar patch antenna response
single frequency. The arrangement of SR on
monopolar patch antenna with the same sizc ol 2, 4, 6
and 8 arrayed cells metamaterial which related the
return loss show in Fig. 4, SRs metamaterial are
arranged along the transmission line. After the arrayed
SR metamaterial is adding, the second frequency is
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matched and the S, of the first frequency is increased
but it’s still acceptable or the return loss (S,,) less than
-10 dB which it causc this antenna is the dual band
antenna.

511/d8

— armay 2x1
—25{ — amay2x2
— amay 23
—— armay 2x4.

1.0 15 20 25 ) s 40 45 50
Frequency / GHz
Fig. 4. The retumn loss (S;) of same size SR metamaterial antenna
with different number of cells.

In the case of 2 cells, the term impedance matching is
rather straightforward at the second frequency but the
frequency response in a narrow bandwidth. Later the
SRs are added into 4, 6 and 8 unit cell found that the
bandwidth of the second frequency is slightly wider.
However, the bandwidth of second frequency was still
not enough required for mid band LTE system.
Therefore, different sizes of SRs is studied for
operating concertedly,

B. Simulation Result of the Different Size
Metamaterials

After studying the operation and adjusting the
various sizes of SRs found that bandwidth of the
metamaterial antenna is insufficient, the average
bandwidth is about 100 MHz for the second
frequency range from 2.5-2.6 Glz. However, some
sizes of SRs on metamaterial antenna  have
overlapping resonant frequencies as shown in Fig. 5
which is the required frequency range. Consequently.
the monopolar patch antenna is simulated with
different size metamaterials.

10 15 20 25 30 35 40 45 5.0
Frequency / GHz
Fig. 5. The return loss (Sy1) of different length 2#4 arrayed cell
SRs metamaterial.

When the different size metamaterials are
arranged, the second bandwidth is wider from 100
MHz to 330 MHz having a range from 2.3 to 2.63
GHz which sufficient and suitable for modern wireless
communication systems. The return loss (Sy) is

shown in Fig. 6, we can see that the number of arrayed
SR metamaterials control the second frequency and
they can merge both frequencics to change bandwidth
wider from 400 MHz to 930 MHz.

-30{ — armay 2x1
armay 2x2 3
ag BE
-35 { — amay2x3 £ BE Pg 88
— amay2x4

10 15 20 25 30 35 40 45 50
Frequency / GHz

Fig. 6. The return loss (Sy)) of different sizes SR mctamaterial
antenna with different number of cells.

In addition, the S,; results of the intercellular
metamaterial spacing (d) of each metamaterial are
constant found that there was slightly change as seen
in Fig. 6(a). The 0.125 mm. is selected for the
proposcd antenna because its smallest makes  the
maximum area for laying the metamaterial cells. And
this one is a gap (g) between feeding line and
metamaterials of each metamaterials which are
constant found that the widest bandwidth at 0.5 mm
of gap size it shown in Fig. 6(b).

10 15 20 5 3.0 35 40 4as 5.0
frequency / Gitz
(a)

10 15 20 25 30 35 40 45 50
Frequency / GHz

(b)
Fig. 7. (a) The return loss (Sy;) of different space (d) and (b)
different gap (g)

239

Authorized licensed use limited to: California State University Fresno. Downloaded on July 01,2021 at 09:23:31 UTC from IEEE Xplore. Restrictions apply.




99

2021 International Electrical Engineering Congress (iIEECON2021)

March 10-12, 2021, Pattaya. THAILAND

C. Radiation Pattern

When we consider the radiation pattern of the
proposed antenna at the frequency of 1800, 2100,
2300 and 2600 MHz in E-planc and H-plane, they arc
almost omnidirectional radiation patterns as shown in
Fig. 8.

Frequency 1800 MHz Frequency 2100 MHz

o N — e

(a) (b)
Frequency 2300 MHz Frequency 2600 MHz

— Erme
Wrlaes

©) ()

Fig. 8. The radiation pattern ol the proposed metamalerial anlenna
at 1.TE frequeney (a) 1800 MHz. (b) 2100 MHz, (c) 2300 MHz and
(d) 2600 MI Tz

IV.  CONCLUSION

In the proposed antenna which combines the
monopolar patch antenna and spiral resonator
metamaterial, the SRs are arranged by 2, 4, 6 and 8
cells along the transmission line. In case of SRs same
size is control the second frequency but it’s
narrowband with average bandwidth of 100 Mz
Thercfore, the diflerent sizes of 2x4 SRs is selected, it
is improved the response by combination of four
resonant frequencics range and the first range from
monopolar patch antenna. Finally, the bandwidth is
wider from 400 MHz to 920 MHz.
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