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ABSTRACT

Today's technology for fabrication of antennas from silver and graphite conductors on a
substrate to support the antenna mounting on curved surfaces that support the wireless
communication range of IEEE standard frequency bands has been found that the production
process requires high-priced, specialized, imported and specialized inks and printers. It can be
considered as a limitation for researchers involved in the supply of expensive materials and
printers.

The researcher is interested in designing and fabricating a low-cost flexible graphite
co-planar antenna, based mainly on local knowledge to mitigate the apparent problems. This
research presents a mixture used to make a liquid material as a substitute for expensive printing
ink materials. The liquid material consisted of graphite powder, all-purpose glue and water in the
right ratio for screen printing on polyester based materials. The liquid material was used for the
frabrication of graphite sheets used to fabricate antennas. The graphite sheets produced in this
research have been tested for various standard properties. Then, the parameters of the obtained
graphite sheets were combined for the antenna design and fabrication of four antennas. The
details are as follows: three single-band graphite monopole antennas with a rectangular shape.
Each antenna supported the resonant frequencies at 2.45, 3.5, and 5.2 GHz, respectively, and
the fourth antenna supported the dual-band at the resonant frequencies of 2.45 and 5.8 GHz.
The antenna design and fabrication began with the calculation parameters and specific formulas

for a basic antenna structure. Next, the antenna structure was simulated with the CST program

(5)



and an experiential method to optimize and fabricate the antenna according to those
parameters. Then a frame for the antenna structure was created and the fabricated graphite ink
was screen printed onto the molded polyester base material until all four antennas were ready.

Antenna property tests revealed that the four antennas were able to respond to the
desired resonant frequencies of 2.45, 3.5, 5.2, and 5.8 GHz. The four antennas were radiated in
omni-directional x-z plane and bi-directional y-z plane. The gain in each frequency band was
1.91, 1.98, 1.87 and 1.97 dBi, respectively. The application was tested on wireless networking
systems both in flat and bent situations. It was found that it could be used in practice according

to wireless communication standards.

Keywords: monopole antenna, rectangular shape, graphite antenna, flexible antenna
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£,y APsilaBLanmsnduMsUsEAnSHa (effective relative permittivity)
£ AR laBLAaN®SA (relative dielectric constant)
r ANFUUTLANSNNTALBUNTIVBIANYDINA
) APNNEIRANUUERSU (M)
A AALgIRaUluaINIe (m)
o ANSNTUTATIYN
o ANANULATEIUNVBIMEUF LN
BW LUUAIN (HZ)
. AALSINES (velocity of light)
dBi WuA111899999510115V818989a1 88 N AL RS s UL U UATIAI N7
AAUAUNITATNUANINTFIUVO oscillator
f ANMNUANA1VBILTIUAND (H2)
f, AANDAWRIEIUAIIND (H2)
f, ANPNUDF1UBIETIUAND (H2)
f AALAs LT uLEresE UG (H2)
Gain ANBNIIN15V88 (dBI)
R, ANPNUATUNIUYDIEEDINENT a-b (Q)
R AsrazvsauINsEeElna (m)
S, AduUszANSN1Tavyiau (dB)
ans ALLNULIUANTEELABYDTIER (loss tangent)
v, AU IE (9)
VSWR AONT1EIUVBIAAUTIYBALTIAY (voltage standing wave ratio)
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Tnssadeaneomalululnawazaseinialilasansy fadsanuiunosdnasunandafinuy
TangIusesUseanlny (Extruded Polystyrene: XPS) [21] waguuindud [22] dwisuldau
gupLBRIus 1.81-7.87 GHz mseenuuulasiadasemalilulnauuuszuiusingaenis
wasvasihussantulusdlaasvuiangiusesUssinnnediefiau (PET) dwsunisldeu
Tughuenad 2.45 GHz wag 5.80 GHz LileUszendldarusnu RFID (23] uaglughuaud 5.80
GHz [24] nseenwuulasiadiaisernialaululnavazaiseinialulasansy fiadeann
WHUNI Y (Graphene) dnsagUuuiangiusesUssnnindialud (Polyimide) dmsunisldau
Tuguaa1ud 2.45 GHz uaz 5.80 GHz [25-26] n1seanwuulasiadaarsenialululna
fldniniunazninnslnddiaguiniuuiangiusesUssinnindioluduas PET
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TuuniagnaniinITnNuNINITIUNTTN NYBYVRIA18INIA UINTFIUNITADENS

1$ane ngufvesansirdaliin arsnsild navtiesng 9 wagnsiuiansy

2.1 NUNIUITIUNTIY

MnMsAnwITeiiunidnidevarevilfinausuuidaieiamilasaiig
awomelianusndaveguldseldimemaialuiuuia q iitevilineuaussdenisldauly
grunudliaenunss e

P. Kalra wagmaz e [21] lodnauenisesnuwuulassaiisaigenialulasansy
sUdwmasuiiudi farsainurunesdneuasiisiaaumun 0.05 fadiuns 1edadauuian
51useUsELANlHY (Extruded Polystyrene: XPS) Mifla1nunun 2 fadiunsuazilainad
ladidna3n 1.02 Ineduasaziuliussuiunsamesuns fasnsaneuausisogunmNd
WUUABIEUANETLT 2.07-2.77 GHz uaw 5.58-6.78 GHz Insasouaquetumsldausiag
IMT (2.3-2.4 GHz Wag 2.7-2.9 GHz), WLAN (2.4-2.48 GHz W@y 5.72-5.82 GHz) Bluetooth
(2.4-2.5 GHz) wag Mobile WIMAX (2.5-2.69 GHz uag 5.25-5.85 GHz)

S. Liuwagames [22] lddrausnisesnwuulasasisatsainielululnagy
Avdouitudn TnglduiunosdnesunsnsdnfinuuiangiusesuseinniiBud (Denim) AfdAg
fladidnmsn 154 Tnsiidnuarsasduukuszuiunsmdnosuasiinaldslunuiuiivesian
§IUTOWUN 42x13 MT1eTlading Tennsanevausoguauildnunefugnannnsy
Ingrmansuaznisunng lutisanud 2.37-2.98 GHz way 5.69-6.08 GHz lngasouAquey
AMSLU9U WLAN (2.4-2.48 GHz Uag 5.72-5.82 GHz)

M. A. Malek waganiz [23] latnauenisesniuulassaiaigeinialululnawuy
syuIUsIuFrEnIsiadaualsitiussiamIulusala (AeHT-8) Faflarmanuiilniila
1.25x10°S/m asuudangiusesuseiannoadiefiduinisiniian (Polyethylene
Terephthalate: PET) #ifldnassaladidnn3n 3.24 uasivuin 36x39x0.175 fadiuns d1wsu
nsldauassguauilugag 1.60-2.95 GHz way 5.4-6.4 GHz lnsaseuaqueunislday

2.45 GHz wag 5.80 GHz LileUszgndldansnu RFID Tags



M. S. A. Rani uagagiz [24] lndausniseaniuulassasisaigeinialululnaluy
senunidnvasdusuuaiunesiensndevarsiiiussinandulusda (AgHT-4) dae
ANMLT 0.05 Nadlung asuuiangiusesussian PET Add1asialadidnnin 3.228 uaydl
YUIA30x30x0.122 Faduns dmdunistdaulugruainuduauninelugiag 5.6-6.2 GHz
lngasouAauguNITEnuEIU 5.80 GHz

M. N. Yogeesh wazaauz [25] ldinaueniseanwuulnseadnsaisainie fiad1eain
WU N317U (Graphene) d113a3U Bsfidraauiirludin 3x10°S/m fevunn 30.97x39.11
fiaduns vuiangiusesussinnindiolud (Polyimide) IAmsialadidnnin 3.9 dmsunis
THenluguanud 2.45 GHz lnewlevnassinnisléaseiisall 29 fadwns Aannudislouuud

LazuuuAIavidinsnseunquetumdlinuldey

S. J. Chen wazame2 [26] lauausniseanwuulasas1satsandlaluluanay
lulasan3y fia¥1s91nusiunstity (Graphene) dfaguiifianumun 25 lulaswns wagilen
AUl 2x10° S/m AevuIn 40x40 Haduns vuiangiusesuseinlny (PF-4)
fiannsialadidnndn 1.06 dwmsumsldaulugruaiiuiinauning 3.1-10.6 GHz was 5.8 GHz
Tnawlonnassiinisldeedisad 8 uaz 30 Jadluns Mua1du ArALBLSToRULSuAL LUUS
Invidsnsasoungueunmilinulieg

A. Lamminen wazauy= [27] lndnauaniseenuuulaseassaiseinidlalnaiay
Tululwauuuszuviam Aldniintuuazuiinalndduiasy fnvuiangiusesdszian
Tndiolusuas PET sasia3asiuniainfiiay DEK Horizon 03 uay EKRA E2 #28A210WU
10 lulaswns dnsunsldaulugiuanuiuaunirslugenanud 2-5 GHz was 1-20 GHz
WieUsegndlifugunsalussian RF Device

D. C. Lane wagmuz [28] launausnisesniuulasasieaigennidlululunawuy
SEUIUTINFUIINAY Vil%’wﬁm?uﬁm%gﬂ AUNAIUNIAAFIUTRIUTELAN PET U0 50x50
fiadiuns mewpdesiiunddian dwmsunisldsulugiuauivaunitdlugienanud 3.4-12
GHz

S. F. Jilani wazame2 [29] ladauaniseanuuulassasisangeinielululnawuy
syunviugUamdsuiui AldniinGu fuuuiangiusesussian PET saoia3eafiu
yiafiuaw Dimatix Inkjet (DMP-2831) dmsunisldauluguanuiwauninedslugieminud
26-60 GHz losessumsldaulugu 56 lueuan Tnalenaassinisifssediaisanie

AALdLslakLuduazuuuAInTdntnsauAauguANdldulAeY
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M. Ahmadloo wagauz [34] liausnisesnuuulassasisaisoinielalnaluy
dudmdsuiiaaldseonlutsiudnewazdurnvenedeudyyrasenindi fuuutag
grusosUsunvindmesfiidnunraindeindeguiid seiiesfusianuid Ultimaker open-
source 3D d1m¥unisldarulugruniuivauniredelugaminud 26-90 GHz Liieseesu
n5LE91uluaU RFID

T. Leng wazmtyv [35] lauguenisesnuuulassasteatgeinidlalnaiuy
Lé’uﬁm?{amﬁﬂmiﬁqaaﬂiﬂﬁqé’m%mLLazé’mmwaqqmﬂaué’ﬁgmmﬁawﬁﬂﬂiﬁ\m (Ink G-
102E) d13a3U Feildrauiinluiln 4.3x10°S/m fusivuiangiusesussiannseaiy
shamadansiiunaniu dmsunsldalugmemnuilugianinud 894-1052 MHz iesedu
nslgeulugiu RFID
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dmsunsaeasuuuliaeduaroniaseinialululna (Monopole Antenna)
udszgndldfuanuduiinniian Insasduaseiniawuudasn (Sleeve Antenna) Faifiu
argornialululwadifiaiiudouunnfigadesainnisiinudnvazlvanuivauniie
(Broadband Characteristics) wazillassassitlisudoussenn visasaangoniaiindfiaggn
38n71a1881N1ARULLEL (Whip Antenna) Ssazdniidilunisunsnseaneduain Tnefex
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yhanduRneruanysaity wandlddsui 2.2 aeenmalululng wwgnileudygranfivedis
Felneflazordoszuunamiegiuinatigessudununudaivde wuugunisusndsnu
vosarsornialululnaarlndidssivarsenialalna deazldvurnveszuruninng
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wuvetiud Suihlluusumsuindanuaziiameiuuuvielanizaivnuuuvesaigeinie
aTwawiidy wiludswfoRudmuingldannsaoonuuuszuiunsmdldmungud demald
srurunIndvesaweinialululnaluninisujoaddvunaiidnnimgufiduegieunn

Fehliiuusumsuindinuinnislaguiianieenlieg newrunaewesEuIuns1Ianag

o) eC®_

wazdreenuuuatseinialululnaliiszurunsaandauinian q szdamaliuuugy

o gy = v a Y] %
ﬂ']iLLNWﬁ\N']U@Jaﬂ‘b‘mgmlﬂaLﬂEJ\TﬂUﬁ']EJ@']ﬂWﬂI@IW@VL@

Current distribution z

+
+
+
+
+
+
\
\
\I‘
7T
/

2L

—————

.

l

\

\

I
~

|

|
/
A28 N
3N
\

JUN 2.1 lassaseiiugiuvesangeinielalng [36]

Ground

UM 2.2 lassasniiugiuvesaegeimelululng [36]
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2.3 NYELHIYIMNIALUUTTUIUIIN

szuumelulaBnisioanslugdiuusing  lESunmsianiegnenada Saaseiniety
\Dutladeiidrdnyedmildunshofudssansamlvdugunsaidoamsuszandng q 16 felu
Hagtudmnudndunazdonslunmsussgndliuuunansguaad aeniaiinisteusne
sty auuussuuisdsldsueuadlafisaniulunsesnuuvaiseinaianunsn
se¥uszuvAeanseing q fedifefunarsduldud eonwuudte dfunud dvdniun dnns
LI UUTRUTIANS wardsanaunsatinidausiuivgunsallavainvany [37-39]

2.3.1 lassaauazaaauiRvesaneidyyiu

Tassafrvesaneihdyaraidesldlasilvamisoutsesnidu 4 via fe

anethdygranuululasan3d (Micro Strip) @eundayey1aukuuses (Slot Line) aeidayayied

WUUSEUIUA (Coplanar Strips) wazanyindyaialuusyu1usiy (Coplanar Waveguide:

CPW) LLamﬂﬁﬁ’ﬁUﬁ 2.3

/e 4

n) aneihdyeululasansy %) @81 YYIULUUTDY
M) e IMLUUTEUIUA (9) anend Y UUTTUIUTIY

g'ﬂﬁ 2.3 lassasnsvesanaindayaaduguiuusig o [39]

I
0y

aeindy g aluuTzuIUTINdUinTAUNUTIULNLag Wen Lol w.A. 2512

[39] Feazuvsoondu 2 Uszinm Ae angshduanuuuusruivyseianildissununsiag

[ >]

98/Aua13 (Coplanar Waveguide) warangtndaya auuuseuIusinlseinniifiseuiunsnam

A7)

9871813 (Conductor-backed Coplanar Waveguide) lngfiansindayayrauvzilunaulans
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fiflaanugs 1 1seguInasuuuresiangIuses (Substrate) Bsilngs b Tapazuszney
TUghean3y (Strip) Afaanuni W, snudravesanidaziiuses (Slot) fifinnnunig g wae
szuUnINd wanaldfesuil 2.4 Tasaeidygauuussuuiuussianingdegduans
vosTang1uses uanslidasui 2.5 dnwalz vesnsuindsnuvesawauimaniuauulifiuy
aetdyrunuuszuusmazsduluy Quasi-TEM lasiidefneinlusesiuiugunsalang 9

Leidne laun nsudames daufuuszquaziafiuniu Jeazlisesdnisianzguuludeian

Y

P

1
a v v

FIU594 LevinsiWeusdaiuszuIunsNamioudvateidyainlulasansy Bnvedilasy

ruaulalunmsihluvszgndduasassululasindne

BOEKN

. 8
UM 2.4 Tassaeaethdyausyunusindssinnlaiingansuans [39]

|
|
Wf

gl
I I
UM 2.5 lassasianetdyannszunusindssianinsnaniuans [39]

[ |

2.3.2 dnwagM NS 11Ul ua g F Y UL UUTEUI UM
MIuHNSIuvesEuNusanwazaud i v sE i Syl uUTTUNU
fautursdidnuaridandatunasiu Insauulifiazedouiissniunulansfigniugae
Yoalln druauuusiviniundeouiidouseutinuuiulanslufinnisvesiuaumuvesian

FIUT89 kanlARIIUN 2.6
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duauynin

________ L@ uaLNLLIEN

JUN 2.6 dnvauznIsundsnuesaunkilmaniazauuliinluaieidygranuussuu

Uz lidnganuans [39]

2.3.3 mamauauivesasidyaaiuussuusmUssinvliiinginsuans

[

N153ATIEIMAIAMEN vz Ia Ay IaLUUTEUIUTINAElEIAT I

a

WUU Quasi Static #991@8A5N1589HIU (Conformal Mapping) lnewnalianuunlglunisuie

=

Ay liihuazaranumieninnseaeegusinaiiuuuvesagindyyin Fan1snse

T o

wuuEganansnmAgadnuaeang q vesaeidyyiauuuszuiuiald arauglidh
lngsiusaviienuevesmeidyyInzausadwIulianaasinvesinug i
ARaszuIUUInUALULBegluainiatuaTaszuuuinududsiiegluturosTangiuses
(Dielectric Layen) Tagazldnsdiasiiigaenszurunisdiiiuiiieniaineialadidnain
UsgdnSua (Effective Dielectric Constant) hazA18ulhaudAmanyae (Characteristic
Impedance) dsaraglumenvasdnsdiunisduiinfarsiuvuanysaituusn (Complete

Elliptic Integral of First Kind) Seaunssellil

£, = (2.1)

v, = % (2.2)

= (2.3)
’ .f Sm
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1

1
Cv, Cye,C*

Z,= (2.9)

C Ao Ampnugbnihlagsiusenheauevesaeidyayiu

c* Ao araugbiiiludnvazifeidu ¢ wiazunuailadildnasniinua
AILDINTA

g, @oanwnladianninUszdvdnavosianguses

A ! < = ' (3 o o

Ao Arruswlavasnduwiman i luaneundyaia

o

A, fe arugeaukiwan i luansihdoyeu

P

¢ fAsn Amnusvesauulndilueanie (3x10° wes/Aud)

Z, fo AduiiwaudauanyrYesEedndyyI

>

| I
| |
| |
I W
A
| |
| |

2a
o Tii =) | |
|
[
|
|
|
|

UM 2.7 Tassadeanethdyanuussuiusialseanlidinginaiuaia [38]

K%
A aa

Tumsmenanuginiesaehdyaiaiuagldnssuiunisdeiny daduniiasan

e ]

'
L1 L2 L =

WM IMANBNTLAUTAMEN YUY YBIE BRI FI9INFUN 2.7 Anduiluaudaudnyy

q g

v
(% =

L NGRRD A TR Rl G ED!

e

=

e 2a=W, asiu

a=—L (2.5)
1 v ¥ 2
o 2b=2g+W, Aty
20+W
28 : 4 (2.6)
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(2.14)

sinh[;u;lj

k2 = —ﬂb
sinh| —
5

Ao AAugvesiangIusesladidnasn

=

W, fe AiAnunnsvesagndyao

g AD ANANUNINTORIINTERINABINA YA UTEUIUNTIA

N5BUNNSaNTIUUANY SR INANNSaLARNENN1TT (2.9)
T
= do
K(k)=[>————
" J1-k’sin* @
e 0 fe fuUsiTadou
K (k)=K(k)

k =+1-k’

K (k)

LALINIIEIUYDY ——— AUNSOUEILAENISUSLUURAD

K(k) Va
K'(k) '
1{2 (”\/k_v)}
(1-yk)

[2<1+\/E>
(1-+k)

ATl 0<k <0.707

Koo _1,

Kk =«

} AT 0.707 <k <1

(2.7)

(2.8)

(2.10)

(2.11)

(2.12)

(2.13)

A ¢ Aefladeunnmes (Filling Factor) \uduszneunisaaldaemlaninaunisy

35



1{%} (210
2\ K (ky)K (k)
A laBIanmsnUseanSnanilaanaunish (2.15)

e =l+q(c, 1) (2.15)

a s [

ABNTILAUDAMAN B vRIa Bt Nd Yy MMUUTEUIUTINU ST liTing AR uE14
mlAanaun1sn (2.16)

307 K (k,

Je, Kk)

z, (2.16)

2.3.4 nMsmAaLTRveE g F ML UUTEUNUTINUTEANINTIAAIUENS
N15ILATIENMANAN YLD 18UI TR IR UUTTUIUTINUTTANENS 1A
AuaetUY azalamilsudvansindygruuuussuuTnyszianlddngaaiuais Taed

o o ]

lassaisaethdyauuTsuIUT U sBANEns IR Ua1N wandlanagui 2.8

5UN 2.8 lassasianethdyannszuiusindssaninginaiuans [38]

WAk, AIEUNTSH 2.7 3ntiumen k, Asaunisi (2.17)

b= tanh(za / 4h)

= (2.17)
tanh(zb/4h)

MAIRUSITITOU &, haz k, Asaun1si (2.11)
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K,(k') Ly K,(k3) TnefiasansaEunisn (2.12) way (2.13)
K (k) K (k;)

measiladidnasnusyansuamlganaunisi (2.18)
. K (k)K(k,)
£, = I.((kl)K (k) (2.18)
. K (k,)K (k)
K(k)K (ky)

PIDNTIEIU

mA18uRkAudAuauTRvesatgindyyiueuuszuIvsneiainsiud
puanlaaInaun1sa (2.19)

7 L I (2.19)

' e, Kk, K&)
K (k) K (k)

N1AUIMIABNTLAUT ANAN YU YDA U T 1URUUTEUIUTIY

o

Usznnliifingnasnuans ilalaenisldlusinsurislunisauuazesnuuuateidoygyia

1 a =

liA18uiunudnuanwusld 1w TUswnsy LineGauge Professional ¥e4 IE3D Zeland

TUswAs Transmission Line (TRL) waglusunsa AppCAD for Windows tJudu arenistleu

[
va A

AnanURNuUgIuAIe 9 veanisiditnesilglunisesniuuiiadruiamiAnuau s
Yosaendyyion

(% s

n1seeenkuUaIgeINIAsUAmAsNRLAN Tun1sniAue1InduduImS

naunseell
A=— (2.20)
f
g +1
Egp & 5 (2.21)
A = 4 (2.22)
£y
PR (2.23)
g +1
2
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A, f9 Aenendulueinie

A fB AIANYNIAAUFUNNG

3

1 U

g, Ao mawnladianninresianguses

Ao ArnladiannsnUsyansua

2.3.4 N1599ALUUTUINAILANNAIUYDIAYDINA

N159NLUUAITHLANSIIUTDIE18INIALALAITINADILUUYDINTITUHNE I

[
v

viaas uandldiaguil 2.9 Feilszazving L lnefinvureadunuaulniniegluauiuvesian
guseuaruduIzegluo At udsnasoniuliauysaivesinun Transverse Electric-
Magnetic (TEM) Gsnrndamaluszoring q fufiedianuunndnsiuoenty sisfleglueinie
wazflagluauiuvesiangiuses deldunululnaiugiudmiunsunsnszareaiuvodivun

Quasi-TEM aztuAasialadidnainusednsua (&) agdovinmaminidieiinaiugnees

3

AoEUINNIEAAN (Fringing) warn1sunInszateafuveduawulilin A1 &, Ngndasiuazdes

findeenitdinsdiladidnninvesiangiused (&) esainauiunsuiifeygseu 9

Y

WWuseusvesilatseIntaluazlifveuiunluauiueesiangiuses wAdiAunsnszany
Tueimia lneian ¢, uanslanil
w

8

UM 2.9 MIABILUUTRINSUHNGINUYREgaINA [39]
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ANANNINYBIAIAENALUUAABNEWEN [39] WUl

W = —1 (2.24)
E +
2 ) r
8 5
%58 [40]
B
W =1[M} ’ (2.25)
2| 2

[

1 LY a & a a a I~ dy
ANAIF bABLANASNUSEANSHaL WA

P/ L P LA (2.26)
2 2 L
w30 [24][40]
+1
£y = 8,2 (1+0.3h) (2.27)

[

WoaunuWsuINAIULUUTIa0INva U INFIER e UL Usadl

(%f +0.3)[‘:+0.264}
AL=0.412h W (2.28)
(eeﬁ —O.258)[h+0.8}
Imaﬁmmm’mizﬁw%wa L ‘U@Qﬁ’lﬁ’]ﬂ@’]ﬂ’]ﬂlﬂuﬁﬂﬁj
c
L=———-2AL (2.29)
2fr \, geﬂ
30
L= 4 —2AL (2.30)
2./&

[

! 9 I3 a o A v vo &
ATAINUNINNYDINTNIAVDIAYDINALUUALAQYUNUNT [41] LLﬁ@ﬂl@@\‘iu
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™, uanslans

W, =6h+W (2.31)

[

ANPNNYNIVDINTIINVBIANYDINARUVEMALURNUEN [41] wangbanadl

L =6h+L (2:32)

c o mnusivesaunuindhlueinie

AL 78 ANANN81INs5NsEanemaulukuEuaunulwin
a 1 a a I Y] a a

£y Ao AUsEAVEHAvRIMALIlABIANATA
= 1 Y] a a
Ao AAILABLEaNm3A

A a &
A AITUD LiI""U LbUUY

r

h o AB ANUVUIYRIIERFIUTOS

AD AINUYNIVBINTINANYBINA

gr

/,

L A8 ANueivesdge e

Lg

W @9 ANUANURNEI88INA
8

W A8 A211817989N51INE88INA

Y

AdngeIn1ALuUIUaIMABNNuEnaziaudslanwud (f) dmduluua
v o
il

L
2

2 2
(ﬂ) +[£] (2.33)
L) \w

&
m AD INUANLTEEEIUIAANNETT L

c
"ol

no A9 MUARNNSTYLIUINANUNING W

dmsulvuanugIu (m=1, n=0)

C
] - (2.34)
f(TM,O) 2o 1

re
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ATAIUATUNIULAZATAIIULINITUNINTEINUAAY (Radiation Resistance

and Conductance) kanlanail

2
R = 90[%] Weo W< A, (2.35)
Ao <
R =120 m We W24, (2.36)
way
1
G, =— (2.37)

2.4 AIAUENUAYINEIYDINA
24.1 Snsrarunsaiunduils (Voltage Standing Wave Ratio: VSWR) [42]
AsnduLssunauils Ae AdamduvesrguanseingaTeuTuMSe

nszuaneguuaetdyain wanslanaunisn (2.38)

|Vmax ™~ |I max

VSWR =
|Vmin

(2.38)

| min

1o s £ v

ANFUUSEANTNISALYIDUNAUYDILTIAU A1115091AINDNIIEIUNARILAE

HATINTERIN AR UBNILAUTAMEN YT YAy Landlansaunisi (2.39)

= & _/ ZL -7,
Vi Z,+Z,
(2.39)

I fe aduussdvinisasfoundueusdiu
V. #9 AusInudsiounau
V. 9 AILSIRUANNTENY
Z, fo Wanduiiuaudg
Z, #o dufupudaudnwaurvesmsihdygia lunsdidelifouundds

g}

aniiu A1 VSWR tuazidy 1 Jsaziduaiinfian
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2.4.2 M3geyideLilesannnisdoundu (Return Loss) [42]

v A a

nsgaydeifiesannnisfounduvesatveiniadunisuansAindsiigydy

U v

van Weduiuaudvasaigdiuaratsoinialivunddeiu n1sgydsiiiosninnisdaundy

v & o !

fauFuRusiual VSWR F9duni1shandnIshuagiaduiiaugsenineansainiafualgds

auauns lnenisagdeiioninnsdaunduiiazanunsaduinmlaanaunisi (2.40)

S, ==20log, |l (dB) (2.40)

\ a d

dmiun1suunddeduiiuaudnauysalsenineaigeniauazatgds lagd

1 [

I = 0 Arnsagydesiesannnisdounduiduetiud ssmuneanuinthideindaule o azviou

=®

nau Tunsdl lae?l T'= 1 Anisgaydeiliesninnisdounduazdu 0 dB Feasnunenuinidl

ANMAEENDUNAY

2.5 WUUFUNSUHNGSY
LLUUEUmiLLWﬁﬂizmﬁJﬁgu (Radiation Pattern) ﬁagﬂmwﬁLLaQOamﬁaﬁuaqms

wnsnsenemaudaduilaiduvesaialaeasiun (Space Coordinate) @1UUBINTUNINTLANY

o

mautiazrwinluusnuntendauluszeglng (Far Field) [36,43]
duANaNURTaINITLNINTEINBAAULLILANTAIAIAULTLYDINITUNINTE I AR

(Radiation Intensity) A213L7uY03@UN (Field Strength) 1@ (Phase) #3o Iwsalsiwdu

'
=

(Polarization) &erauanUfmanildlunisuansnisuanuasguresmdsnuuiladiduressiumiy

[

aad A a v A
ANUUANFUNANUILIUIAUAIN

JUN 2.10 wansszuulpeasAuniuansnuandivesn1sunsnszagaiy dmiuidy

Y

LEPMEINUNAI8INIALATUANLL WA SAT T ANANITOLTENITUUTUNITUNINTEINEVRIAGY

AN8997U (Power Pattern) 98981897100
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Elevation plane

\/
<

x Azimuth plane

3UN 2.10  szuulaeesAund miunTiesIeiaIseIna [36,43]

251 wuusUreanmsunsnszaeaduuuulelsinslalasaduuuatazuuuseusi
Frunsnszaneadulelelnsla (sotropic Radiator) agmunedsaiseinie
Tudunuinsfidauaud@nisuninszatsaduia 9 fuluuseufianie endleg1agy
wawviwasa (Point Source) Wuaneenawuunileiilianunsainisaisldasausiazgldluns
Wisuifsudvatgerniafiadisduaisludiunisuaniamandfvoanisuansfianis
VBIAYDINA
89 IMATTIAMS (Directional Antenna) \ueenmaidnuautAvesnis
danFeduadunimanluilddnnianisfidimualivinduy anseinauuuseuda
(Omnidirectional Antenna) uansldfssufl 2.11 anfiuisuuuuresnsuninsyarsadunuuil
lifiiansluszunuen@ys (Azimuth plan: yuiss) widuwuuifensdussuuieiandy
(Elevation plan: 31n270) WUUUNIsULNINTFaI8v0saduLLUsaNdlnisaduiifunsdfimy
Y993ULUTDINTUNINTTIBARUUUUTOUS
2,52 JULUUMIUNINTEABAAUNAN
AnENTRYEIA180IN1ANIFIUYDINITUNTNTEIBAAUNAN (Principal
Pattern) vesawwlui E Lazauiuudindn H dwsuaigenniadidesalnanlswdu (Linearly

Polarization) wuugunisunsnszatevednduluszuy E avilussuruifinamesauiuli
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LAETIAN19Y0INITUNINTEAEATUNUSINAR duluuFUNsunsnIzatevendulussuiu H
) Aa 1 < a A A d' Y 1 ]
‘USL‘lJ‘lJiS‘LJ'WU‘V]iJﬁU’]?LILLiJL‘MaﬂLL@SV]ﬂVI’N‘U@QF"lﬁUV]LLNVI?j@ G]’J’EJEJ’]QLLUUE‘Uﬂ’ﬁLL‘WiﬂiS‘U’]EJ‘U@Q

AAUNEN waRIlARIIUN 2.12

JUM 2.11 WUUFUT0INITUNINTEILATUTIDIEERINATOURT [36,43]

H-field

SO 3 s

N
E-field /J

H-f)lane

E-field

H-fi
feld E-plane

X

1
=

sUN 2.12 n1sunsnszaneadunanssuivauiuliiy (E-plane) wagssuivauIuwiivan

(H-plane) vasaaa1niAauInums [36,43]
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Major lope
FNBW

HPBW

Side lope

>y
Minor %‘_
lopes Back lope

3UN 2.13 vliavedauiarAlnuninevesdInquNISLNINTEILURIANEDINA [36,43]

Radiation Indensity
A

Major lope

Minor lopes / HPBW . Side lope
la -

/ \ Back lope
[ FNBW \
N | ¥ - - -

X NG (e
i \| 7N\ /
/ \ { | \
Y \/ \ lf / \\u/ N
T T 0 E Fia 8
3 2

sUN 2.14 wuugumsunsnszreaauluwuudiles [36,43]

2.5.3 Taunisundnszaneai

Tauwesnisunsnszanenau (Radiation Lobe) intuluusnalaenisiades
qﬂﬁlﬁmmL%’uﬁuaammwimzmaﬂ?{uﬁ’] mﬂgﬂﬁ' 2.13 LLE‘WNLLU‘UEUmﬁLLWﬁﬂ'izmﬁlﬂa‘IULLUU
Twan9 (Polar Pattern) wuvanufifdauiadulavwuusa ¢ il

Taundn (Major Lobe #3o Main Lobe) 1ulauaesnisunsnszarandudsd
fignna Afnsuninszanenduusaian uandlddagudl 2.13 Tlaundnegludianis dmsv
a801nA UreAStenanuIaundniiinnniinislau Wy awernawuukenda (Split Beam
Antenna)

a o

Javdey (Minor Lobe) agildnwailulavdu q uenwiieannlaunan
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a o

Tavihadeanioladlau (Side Lobe) iulauidn 9 fiegdafulauvdnuas
fimmasegsuuuninanaudnieriulaundn

Taunda (Back Lobe) Wulauidn 9 fieglurdnanausuiiognseiufiulaum
$n Tnefllauidn 9 daviinisunsnszareeavluiinmeiiliddesnts axdududvarsennaiia
xfosliisl Tauidn 9 wanil seduvedauidn o sxisnsdiuvesanunuuiundenululavd
MdsRnsenumuivremdnululaundndaSenindasdiuredledlau (Side Lobe Ratio)
vdesziuvasledlau (Side Lobe Level: SLL) Tnavhluudaseduvaslodlaulimmsiiu -20 dB

25.4 Aanuniisvesdinauianasesimis (Half Power Beam Width: HPBW)
Aauninsvesdndufianasadmiaduyuiiiaszvitagainuduves

mswnsnszaeadululaundn dAnduesmilsvesrngiandoqn uanslanagui 2.14

2.6 AMUNUILUUVDINIANIUNINTNTEANY
Wesnnauuwimanlwihildlunisdsioyarudiinasvziianuduiusiundsanu
Larn 189Ul A I Ae YA UAUNUSAINE1I LA LANDERILIALABSTIVULIULIANUY

(Instantaneous Poynting Vector) Jsaanuduiusiunaniazuandléfa [36,43]
w=cxH (2.41)

© A9 NBERINAWMBTTIVMELIAY (W /m?)

& A AnuuvesauItwintveIaEY (V /m)

H f9 anuduvssgunukidivandivasiaitiu (A/m)
ATNBYAIIALADTILHAAITIAIIUMUIULUUYDINIGNY AIHUAIAIUINUATNINIH Y
AUAAZANNITOAILIUNIAN LA AINNITBUTNNTAEIUYBINBLRLIAMBSNAIRINTURIIaMLA Taedl

aunseah
T = ﬁw% = ﬁ‘a)ﬁda (2.42)

1Y

T A8 MAIIUNINUA U Yaugtiauu (W)

a6



TunsdlvesaunuinlsduiuiatdnasmiAea A unu LY U0 IR 1§99 ule
Tnenisdufindarmesianamesiivnziatiu naen 1 AU WEMNITINSEI8ATUNATT
dmfuauruiinusiutunat denszaradusluia Tusy & dlodmueauy E way H
Wuaualniiuazauuudinandsdou war3uhuimanudunusiue ¢ uar H Favmy

naila 9 lean

e(x,y,z31) = RelE(x, Y, z)e”"’J (2.43)
H(x,y,z:0) = Re[H (x, y, 20 (2.49)

1nauMsi (2.43) uae (2.44) waglagende Re[fef‘”t]:llz[fef“’ +E*e’f”’] AUN1S
7 (2.01) azdoulalnaidu

©=ex H =1/2Re|Ex H *|+1/2ReEx He* | (2.45)

WoUWSNURIENNSN (2.45) Liduilsddurasiawasineuassiinsiasundasniu

nanduasiinveImuANfIMUA L atuAedsvaINasRAnTLand ALy
W, y,2)=(x, 3, 231)], = 1/2Re[Ex H *] (Wim*)  (2.46)

fusenau 1/2 luaunisi (2.45) way (2.46) LAATULNTITAUIY E uaz H Ju

Angean Wilddn rms annaunnsi (2.46) Masnuaiefiunsnszansanaigeniaasdeuliiy

Prad 3 Pav o ﬁ,ﬁ/—md a
= ﬁWav.E
- 1/2{:} Re(E x H*).ds (2.47)

v 1 d'
2.7 ANULVUYDINTUNINTSINYA[U
ALTUYBINITUNINTEAEAAULURUT AN A IMUAARAIGIIUNRNSNTEANY
90N91NAEDINIARBVINELNAY ALLTNTDINTISUNINITeRAU U Tiwesid1Aylunis

wananuandRvesageInIaNieItesiuauItseeglng AULTNYRINITUNINTENUATY
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ANU150AIUIUNT LA IINHAANVBIAIIUAUIHUUYDINITUNINTEIIUATUAUNAIINAIR DS

YBITLLLNNE AUNTOLANILARIENNITH [36,43]

U=r'w,, (2.48a)

U A8 mNUduveInIsinsnszatenay (W /muleyusv)

W, A9 A URUILUUYDINISUNSNIZAuRaY (W /m?)

ra

ANNULUUYBINITUNINTEAUAAY LB g URARIANFURUSAUaU NN A VD
anganaluauuszeslnasslaidu

U.4) =rEr6, (15)‘2

| ]
o Ey(r.0.¢[ +|E,(r.0.9)

~ %MEG(}’, 0.4 +|E,(r.0, ¢)\2] (2.48b)

Ao AnuuvesauU i vesagenAlusseslng

N !

»» E, Ao daudszneuvesaunulwinvesaeeimealusseylng

Ao DUVIUAABUALALG (Intrinsic Impedance) UafINa1Y

S

2 UULAILUUFUNITHNINTZIEVDIARUA G UITLAAITN UL A ULTUV DY
ANSWNINTLAIYAAUNAIIUNINUAT FId10150M1ALAAINAITDUNTLASNAINULYUUD

NIUNINTZTINBATUIINAUNTST (2.482) naoayusu 47 Hanuavzlaidu
2w o7 .
P=ff UdQ=[" [ Usinodddg (2.49)
Tunsdlveswesviwesa U wlivusdivayy 0 uay ¢ Aty

P~} UdQ=U,f{d
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= 47U, (2.50)

WIBYAIANULILUBINITWINS NTLIYARUVYDINDEILADS

U = Lra (2.51)
A

2.8 ANENTINLNZAINIANTY (Directivity)
Sasmsvenglufiamsfiamsianzasiosndiuvesnnuduveinsunsnszaieni

Tufirmetiusernuduvesnisunsnszaneaaureaseinie del4lunnssnidwesasenie

Tunsldnngsnsded avldlelelnstanesvivesa (Isotropic Point Source) [36,43]
AanmLagsiansioavaslaisafiving luiianisidanniigandeanin

a av o’ a A v ] v ] d'
L"UW&"NVWVI’NGU’E]Q?{’]EJ@Wﬂ’]ﬂ‘VlliJL“LJ‘L!I’E)I"?JI‘V]?UF"lﬂ@@@]i?ﬁ’lu%@ﬂﬂ’ﬂmL%N?J@Qﬂ’]iLLWiﬂSSQ’]EJﬂau

¥
v a

wnfigasieanuiduvesnisunsnssateaauvedtolalnsUanesvivesa wanuduaunislansl

LU (2.52)

rad

p U _ 40Uy (2.53)

Ao Alasennny (lufiviqe)

S O

2 ANENINNZAIAANI9 (laiTvuae)

o
mo))Y

o))y

v ' A | )
8 AMULYUYBINTITLNINILINYAAU (W/WU’JEJIJNG]'U)

8 ANGIEATDIANUTLVBINTUNINTEANATY (W/MU I usiu)

max

o Ao AnudivaInIsunInsEerauedlelalnsUanaeyisesa (W/muleyusi)

T
)Y

[

a ° ca' ] o
AD NAINUNLNINTZANYNINUA (W)

o
S

PNAUNTTH (2.52) wag (2.53) 1371987510 LS AR ULAZAIEA NI AN

vodlolglnslanesvigesaiinndunis nllmsgn U, U, waz U, snsdiainiu
AENINLA1Z9TAN19TedlelalnsUanosvilwasadlatyinduntdansizindu
UNINTEAEAIULNIUTIUTANISMIBAITIIN 9 AU wedmsuangeniAlunuudy 9 u

1 a1 a J = Y v d‘
YaUUAIANTWLINCJWNANWNUINAITNAUIAND LLﬂ@\‘ilﬂﬂﬂE‘U‘Vl 2.15
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1
=

JUN 2.15 wuugUmsunsnIgeaauveIniinsunsnszateaduluauiia [36,43]

YoagudnegrmiladervoslasafivinuaziiafininnimsewiAuguéduazazilen
UeynimIewhuAan1mwsiiamg (0< D, < D)

TaoinluudrgnsvedlasaiivinuuazAanimaizasiiensenaiduilaiduvesy 6
uay ¢ e FudrnuanaameileiTuum 6 winiy)

roluaosanFlinuduroinisunsnsyasniusgludnuusdieluiie
1 2 2
U = B,F(0,4) zanﬁEe(G,ﬂ +\E¢(9,¢)\ ] (2.54)

e B, \Judrpsfiuay E, uay E, \udiulsznovvesauiuliiiszeslng

AngeanvasaNnIsh (2.54) mlsde 6

Uy = ByF(6.)|max = B/, (6,4) (2.55)

[

MM UNLNT NIV IUAAT LA

P,.=[[ U(6.9)d0

= B, [ [ F(0,4)sin 6d0dg (2.56)
00
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[

manuaglagnsinluvadlasaiiminuiazaanimanzasirmadudilfe

F(6.9)

D,(0,4) =47 — (2.57)
j j F(0,4)sin0d6d¢
00
D,(0.4)=dn TP (2.58)
j j F(0,4)sin 6d6d¢
00
vsaudeuaunsd (2.58) Tuadléidu
4
DO S 2rmw z
[[F@©.9) sinededqﬁ}/ne,qﬁ)m
00
g (2.59)
QA
glo Q; Wunusuvesdy (Beam) Famldann
1 27w
Q =——||F(0,0)sinbdbd
L F0,9) ” ’ ’
2z7w
= j j Fn(6,¢)sin 6d60d$ (2.60)
00
F(0.9)
Fn(0,¢)=——22 (2.61)
g F(0.0)] e

F(0,9)|,.. ¥1u1m15tuaun1sf (2.61) tieusosualad (Normalize) mauidy

YDINIUNINITELREY F(6,¢) Tndiagegalunis

yuduvasdy Q; ARyNAUTIMAIUTIMNATeIa189IN ALY BN UAUTY

YINIUNINIEAwAdUlAATlunyunely Q;

v
a ¥ =)

= o = = = 3 P o o
ﬂ']fJ@']ﬂ']ﬂ"?NiJIﬁULLﬂ‘U 9 LWENI@UWIEJ'JLL@%NIa‘ULaﬂ 9 V]ﬁ']ll']sﬂmﬂm\ﬂﬂ HUAUVBDIUU

3

'
a0

zilA1Uszaunannues HPBW lussurvassszuiuiineaindaduuaz iy dwanslanagu

Y
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2.16 (n) dmTULUUIUNITUNTNTZANVIARUVBIAEDINATI NI UL IaNNIA T UlAYTBY

HPBW luszuule 9 azwidusauanslifsgud 2.16 ()

X

(n) sUwuuldasanms (v) gUUVANNIAT

JUN 2.16 yuiinswesmadudmnsusULuunswnInszatenllausnsuazauing [36,43]

Tngondansuseanaiaunisi (2.59) axleulvaidunssaluil

D N (2.62)
QA 91r02r
yusiuresly Q  Yssanalaan
QA' i 91r02r (263)

6, o HPBW Tuszuauls 9 (aihew)
0,, A9 HPBW lussununfsainiussuiumsn (1ihsu)
naun1si (2.52) dieztudanidussmazdnuvadimngaunszuua duinviiu

Toensalondu

_47(180/7)° _ 41253
9](19241 014102(1

D, (2.64a)
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6, Ao HPBW Tuszuule ¢ (a3en)

0,, @9 HPBW Tussuudesianniuszuiunsn (99a0)

[

Ausunanunsensisd (Planar Array) azUseanaaunisi (2.64a) ladussilae

D, ~ 324(30 _ 32400 (2.64b)
QA eldHZd

aumsi (2.62) waz (2.64a) agldldmamidenuusunsunsnszatsvesnauiiiies

Toundnlauifsauarlaugesazdosfivuiadnain 4 whiu dmiuiuusunisunsnszas

yospauTilauvanmiloufumanmanzasfians annsamainaunisil (2.62) w3 (2.64a)

widuanasinuesdnads drunuugunisunsnszarenauilaugesiifsefugs msmAann

Wizasiirnslaeldaunisi (2.62) vve (2.64a) BesinlaugoeeazilAmganunINgs

2.9 9n351v818 (Gain)
dafluansnuandtAvesageiniadnogrvilsdednsvereiuanuduiugaine
anwianzasiiamslagsuvesagoinadugng lusazidianimaizasinma Iolanads
Qmauﬁ'ﬁiumi%ﬁﬁmwmmaanﬂﬂﬂfu [36,43]
§n319818 (Power Gain) Y89A1891NIARUVLTZAIAN T uilA iy 47
audnduTeseudveImMIunEnszaeaduluimnsiudetdsnuimniiaseoiniaiy

MNVINBVBIATDIAT Falailaangasianiald TnemlunaisiazAnniiesinuluianiand

] o = P = v &
NIUNINTTANYATULIINER LLﬁ(ﬂﬂl@@ﬂE‘U‘ﬂ 2.17 f9UY

U =cos6

X

JUN 2.17 anudunsuninseaneaauluassuuvemsnay [36,43]
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ANINVYNY =47 (AU UVDINITHNINTLINYAAU/A1EIUNINUANT o ulA
@1891n6)

=4z u0.9) (laifimiqe) (2.65)

in

=

Tnenaluudinasnafednsiveneduivs dadudnsidinveanninsinuiiaigas
PANIABNNLIBSINUYBEEBINAT IS s U s uluiannaty Wanasnundeudnaigeinia
& % a Y PRENE YR ~ &

P9a99EAaliALYIniY aganantdSouisuanatduaigenidlalng a1ea1n1auInNwes

W30a1801N1ADY 9 Ferwanulddieniaiaeguad uiedralsinulaedielngaiseinie

Y

nldssuiisvazlulelalnsUaneevivesanlifinnsaydedau
G, =4mu(0,9)/P, (elelnilanesviweianliimsguydes) (Lilvihe) (2.66)

a a Y1 o w a ] & v o sw
Q']ﬂ?lh/l 2.18 (n) Li']a']ll'ﬁflLG(JEJUIW'JWﬂ']aﬂﬂ']u%LLWiﬂigﬂ"lfJVl\‘iﬁll@ Pmd FUNUTNAU

masunteulvaisainie (P,) aae
—eP (2.67)

Lll@ e Huuseans NAINTINVBIAYBINA ( 11!1!1/11!’38 16?133Jﬂ'1'§1/1 (2.67) 9% v 1w

aunns7 (2.66) Sauduiusiusd
U(0,9)
G,(0,4) = e{mz— (2.68)
rad
Fedurusiulasaivinuluaunisi (2.57) Ao
G,(0.9) = ¢,D,y(0,9) (2.69)
Mmuaameﬂumaqamﬁuaqmmvé’u PUSHUANENINLANZAIAFN19LAE
Gy =G,(0.0)| e =€D,(0,0) s
=eD, (2.70)

[y :j 1 a 3
AIUUANUTEHIUYD AN U UALTU
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30000
91d02d

G, ~ (2.70a)

lunmeifiliendantunudnznuneds mesinuiliageganansluaunisi

(2.70)
G,(dB) =10log,[e,D, ] (2.71)

ANTNIIVE8URIANEINALTUAIR I NUAAIUSEANS AnvesatsanAduluany
aun1si (2.72) [44]
G =nD (2.72)
G A9 9N1VYN8VRIFIDINA
D A8 daNINNN51ENANI

n A UszanSnmuesalseIn e

TUN1SMINTIVENEVRIEITDINIATU FLENITAAILIMM LA INAUNTTA (2.73) 730

¥
v

(2.74) [44] AU
BA=SDHLA DL

line

+G, +G, (2.73)

G =P P # Ly L

line

-G, (2.79)

P A9 AMAIIUNNnIUEs (dBm)

P fio MANIUNNAIATY

L, @M ”muﬁgzgLﬁaiuaw?iﬂﬁy’qé’mdqLLazmﬂ%'U
L, Ao ”amuﬁqigﬁﬂumﬂﬂmvhﬁ’u ZOIOg(%j

d AP STULVITEMINGANEINIANIASULATNAEAS

9 BMNINVYNLVBIFIYDINIANINIAEAS

Q
o)

[y

G A9 8RT19L1LVRIEIINIANINAIATY
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(%
1Y

—/
—

Input Output

terminals terminals

(gain reference) (directivity reference)

(M) Uanea19d9auangaIne

3‘

a A

() geysdesiiosannnisagyioundunisiiuazladidingsn

a

5UN 2.18 791983uavnsgayidevesaneaInie [36,43]

2.10 USZaNSAINVa9daI8aInNeA

UsdnSn1mnmunuedaneeInia e, fosAnilafiaainisgatdesing q Avanazanuly

lassainsvesaneeINAang 9 menisamds wandlanagui 2.18 (1) 91a8a1mnN1a1n [36,43]

1. Msazvaunsusasannanulddntu (Mismatch) sewinganeds (Transmission

Line) NUAN8e1NA

2. mygaysdsludniiuauiuy

e, =eeze, (2.75)

[
Y

seansnwianus (lifivdae)

o))

3]

o))

a a v U 2 1 1
8 Uszdvsnmuesmsagvieundu = (1-[I]) (ifivie)

seansanvesdiiin (lufivioe)

o))

U
U
2y
U

sansawvesauu (lafiniie)

o))

3

¥

Useansnsazviauvasfnan tninidlvesaeainia

o))}
Ee

3]



|F| _ (2, =Z,)

Z,+Z2,)
Z, @9 dunmBNiLAugUeIaIyaIne
Z, fo duiuaudauaudf (Characteristic Impedance) ¥asangds

Ui e, waz e, AMwrumlaaiuindiuunnnilaainnisnaassuanenszuuinen e,

910 e, loon Mtuiionnuazaninaz@euaunisn (2.75) Tuidu

e, =ee, =e, (-] (2.76)

Ca

e e, =e.e, = UssANSAIMNISUNINTEINUATUYBIEEDINTA

2.11 Useansa wuoely

W3fiweiNIsLanidivinaeINAlaun InYeINsdTesuRAuALe e Tawn

=

UsgAnamvesdu (Beam Efficiency: BE) dmiuaigeiniadaiilaunanegluiianisunu

Yo aAA

Z(0=0) LLamlé’ﬁquﬁ 2.13 Useandnmvesluasmuunlaniiie [36,43]

[

BE=  rdwids i3efu) melunsedeim 6, (sifwmhe)  (2.77)

1Y

AAUNES (M585U) IUUAAIBAILBINFALU

= < a1 = = A o s & o w
LU® 91 LU‘U&QI@JV]QJW']LUU@?QWUQ‘U@QH@JﬂTﬂEJVILT]@@QﬂWi‘US‘VHLﬂ@iL%uGU@ﬂﬂ']aﬂﬂ']u

v
v

PEONUAMITY AIUIEADNTBUANNITN (2.77) lanadl

2701

[ [uco.¢)sinaadg
BE =220 (2.78)

2rrw

[U(0.9)sin 6aodg

[V
v a LYY

o I a o 1 I & & 1
BQWWWLLVI‘UQ‘VIﬂTﬁQNﬂWL‘UUQUEJL‘UUQLLiﬂ AN UU

q

D) O—

ol 6, WDuyuiiad (Nul)
Usgansnmvesduazidudsunaiwanidsdnsidruvesiidsnululavndndenidsauni

Y1991 R
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2.12 Bunndunuaud

Junmduiiuaud (Input Impedance) vosargainaela o azidudufinaudues

& [ [ ! LY ! A < L=
argona 1y 9 onvasludnsdinesdnaliidensyualnihidivesaiseiniaiuse
Wudnsrdruresauinliiseauiuudinaniigale 4 lugui 2.19 (1) 9a a-b 1ludaves

a189101A 9ns1druvesdnaluiidenszualnd1Andad teluldralnan (Load) azidu

DUNLAUTVDIA1DINA TITA

Antenna
a-
l o
Generator Radiated
(Zg) wave
_—

| :

(n) nMsdsdaaluaigeinie

‘——JO—RL

Vg
7w\

Reg
| Rr
Xg
-® XA
(¥) 29TEUYA
‘e
I’gT Gg Bg Gr GL BA
®
b

(M) ITUBSAU

UM 2.19 msdsdyaraluaneoinianaziasauys [36,43]
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Z,=R,+ X, (2.79)

Z, @9 BuNuaudivd a-b vesareenia (loviu)
R, f® ANUAUNIUNTI a-b vesatweina (low)

X, A9 SueALaugnTl a-b vasaseinie (lowiw)

(3
v

TngvalAmaudunmiluaunisn (2.79) asgnuusesniluaesdiudsilfe
R,=R +R, (2.80)

R A9 MNUAIUNIUNITLNINILAEARUVBIANEDINA

r

R, 8 mNAUMUNIFFevedageINeA

[

1% a ol J N = o a o Aaa A s [ &
ﬂWﬂNHWQWﬂWUQWﬂWﬂQﬂWBBQﬂULﬂi’eNﬂ']L‘Llﬂ iy}iyJ’]ilJ‘VIQJ@?JWLL@U"?JQ'WEJIULUUW\‘]‘U
Z,=R,+ X, (2.81)

R, Ao anwsnumuvenasasiuindyayin (ovi)

X, feSusaunuduennsasinilnduyqyin (eviu)

wazarganevitninfluangeinieds asuanssasauyalangui 2.19 (v) Tuns
MUSUUMANUANYINEANNATUNIUAITLNINTEAEATUNBLNINTEANY RN AUMF Y
Pgeyde lumnudumunisagde R, Anareiluanudou (I°R,/2) 1u 15198MINTELA

Mlwanglugy (Loop) lendimdsil

I :ﬁz—v‘g
£ Z Z,+Z,
V
= s (M) (2.82a)
(R+R, +R)+j(X,+X,)

a1 W

LAYIUINVDINTLUELLAIAIHLAD
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‘Vg‘ (2.82b)

1

Iil- 2 2
(R +R, +R ) +(X,+X )}
dle V, \WudndlnfhAngegaueniosiiladygrumdsnuiigndundsaiseinie
LWBNITLNINTZAEAALZIAIAITUAD
1 2
=
V.l R
= : Sl W) (2.83)
2 |[(R+AR +R) +(X,+X,)
waraanugaydsnateiduauiounsinia
1 2
P, =5\1g\ R,
V[
R
—L% L (W) (2.84)

2 |(R+R +R) +(X,+X,)

Ardenudiuimiessiludiunayidoiluainieuluaiudiuniuidi R,

vouATOINLAd Il Fadlan

‘Vg ‘2 Rg
W) (28

Pg_ 2 2
2 |(R+R +R) +(X,+X,)

5)

Nuigniindaeeiniasrdiaiuniigaiilaiinnisreuginauund (Conjugate

AN489
Match) ufeaziiniile
R =R +R, (2.86)
WAy
X,=-X, (2.87)
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Tunsaifiaunisi (2.83-2.85) aznanewdusaneluil

2 2
P,=‘ng R, 2}“@‘{ R, 2} (2.88)
2 |4R.+R)) 8 | (R +R))

2
PL=‘V§‘ LR fLR )2} (2.89)
r L
AN

by = ; LR,J%LV}

AN ]
=12 =E (2.90)

8 | (R +R)’] B8R, '

1NEANNST (2.88-2.90) WU

8 (Rr +RL)2

2
v
A w211 (2.91)
8 [ (R +R))

‘Vg ‘2 { Rg i|
B = Ay =

(%
Y [ W

uihdnuiaseaidadyaaazaesineiiodursugnauumd aeiiaead

Dee

1 1 v,
P=—V]I*=—V|—f
2 4% T2 ¢ 2R +R,)

2
\%
= u{;} W) (2.92)
4 (Rr 4 RL)

(%
1 v

ludrwrumdsnuinsesiudadygiuienmuansmilazgydoduaiiuiou
aegluanudumuniglu (R,) veuaiesiiiladygruuavdnasanisgniundsaigeinie
= a dg” = I s | :.; ] o w A % 1 =

Faaziinuiilioilunouginauundvinty ludiuvesditdenuiundeatgeiniadiunis
unsnIz18e0nlU Tnuniunalnitina1nANAIUNIUNITUNINTEANUAAY DNAIUNTS

= o, o = o ] a a & Y P
‘qumLaﬂlﬂLﬂUV’]QWNi@u FIUNANBUTLANTAINNINUAYDIAYDINA ﬂ']a']fJ@']ﬂ']ﬂlllll
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nsgeyde (e, =1) Asamdswaamasuieiosiiiadyyindigazunsnszatgeenidedu

<

Aaupnakund lupeullanyAdndunisuusdnauysalseniteagoinianazatgds (e, =1)
Y = oA 1 ¢ ¢ v o 9 v a a -
iniinsgayideiliesannldaunsensauunduiissilviusednianvesaigoniaanas Tugud
2.19 (n) uanI9sauyauesfuratatvaInaiusuiwdadygyrafioaiseinimiuaivds
dmsunmisldarverniamluaseiniasu dauanslugun 2.20 (n) dfindunnnsgnuidiungs
argonassinileniliidndnailady v, Saiteulddu V, lulvuaveanisds lauananeas

anyaveanItulilugun 2.20 (v) dlurasauyavesuesiulanansfsgui 2.20 (A)

Antenna
a-

l . -
Load Incident
(zm wave

P S

(@) 297EUYA

Gl s E R S E3 = CA T

=3

ce

(M) 2995UBSHU

3UN 2.20 MmsSudyaaluaneanianaziasauya [36,43]
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Un@dunmduiiuaudvasarveoinisaziluileiduvesnnuddasdrduaisdaans
AUDYIMTL 9 Wity FeBunmduiiunudvosatsainiAluIza fowlamaiaig q 8n
Ao JUnse Iemsleudygrnuardwindensoutis iesannisarwialaein vinlinudn

drulvgazmadunnduiiuauglaainnisveass [36,43]

2.13 uwuuaInn
wuusinivesagenimaziiutisvesnuiiarseinalinuandiluninigiu
fifvuald [Wuriavesamdfiansenafiauautisng q eud Sunadufiuaud wwusunns
LN3NT2A1803AAY ALNT9YRsd ARy Inanlsiedy sedvvesledlay Sns1vene
UszAnSnmueansundnszatenau “av egludinrelirsanauanianiafiauinsinais
floenuuuauilvanandfmd iidsluaninsgiu dmdvarseiniauuudniiedindedu
Sasdmvesnnuildauld sugsienmdildaulddusmondiogatu wuudin 10:1
wansineNaTldnulddugsiidannndauaildauldiudiied 10 wh dwmvareeina
LAy wuudavieziduefidudussmnuunndiavesnnud (Anuddugeauseniud

ANUAN) ANTAYANUDNANUDILUUNINNTY [36,43]

2.14 n1s31aa9nuuaunu v
n1331aesuuuanInbiiivesatganiaiieiin1TmIdn v JURUUAANI9YDY
auulwidn vuaneeinakuululasansudinsuszeznisunsnszansaurnluidnlaenqly
anansanuslandu 3 szeglonn szezusnaassozawunimanluiiiunnin (Reactive Field)
< a d' 1 1 Y n:l' dl’ dy v (=]
Juviudfiegseu q aiweimaainnsanialinannisi (2.93) Fassezusniiazdalaiingg

unsnszarevesnauly 3 dulssnevvesiiansinay (R,0,4) [45]

Radiating far-field

Reactive field

JUT 2.21 dnvaguinaeunauuliinvesaigeinia [45]

63



O<R< A (2.93)
2

We A4 AoAueInau seugil 2 AsuSiauknasuaunlng (Radiating Near-

Field) @amarlaannaunisi (2.94)

2
i<R<2D

2

(2.99)

e D FRvuaduH1AUINaNYBudunITINaY 2 IAT099UINE188INARTUANTNN
Ngauagszzanvngfousiauwinduauiulng (Radiating Far-Field) @aAnlavinaunisi
(2.95)

2
R<2D

(2.95)

svozinameesawnlniihfiions 2 daudsznevvesiidansenan (6,4) Tunis
Ainsziveutunvesaunliliihlduansdisguil 221 vinaaumwsimanliihiunaimde
0 < R < R1 awulvihusiausngdsuawslngde R1 < R < R2 waganvneauulviiusim
wrndsuauinlnade R2 < R nismiszozuinaauliiiieiduusslovilunim

WUUFUNSUNNENUY09a18 1N ATIDRNLUY

2.15 wwmsgrunsaeasi¥aneaudanimun IEEE

Institute of Electrical and Electronic Engineers (IEEE) w3oan1UuiAanssu b
wazdmnssudidnnsefinduiuinnd dedstulud w.a.2506 AszmAavizowdndadunis
suffuvesimnsiulifiwagimasiudidnnsedng Aldinsvhausuflunmsidouss
Wamalulagaulnsauuay ssuuliihdduasssuuuas

an1tudemnssuliiuagienssudidnvselindunnvifiaziniu guanunineesivy
LAz THAUIAIINIRaEN1TaTeassAUITelnd 9 saulufanisweunsainus lnolanie
masulnliiigs aeufimed Insauunay szuudidnnsednduazszuuinay Jeinguinide
ogyhlan uazazulsngusunuatinadsinauosudaznguau lasaziivaneiay IEEE

) o (3
‘VIQﬂﬂ’ﬁ/ﬁJ@I@Baﬁﬂﬂiﬂ’J‘Uﬂuﬂﬂmiﬁ’m [46]
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2.15.1 uw9g1u IEEE 802.11

IEEE 802.11 Jusasgrunisiiauluszuuiadedislfaneiitivuaiu
Tnganiuimnssuliinuagimnssudidnnsedndunnmailddunnssunansildiiients
deustogunsniintorglimeninietu Tnsunindesretussuuedetnsldaeiu agsadld
gUnsalsurudestuldun [47]

wortganead azidudinatslunisfndedeanssening fsu-dedyin
Fagvosflifuisdimefiudanarsiiduasi dyaavssinmesunsiinindeusety
JEUUATEUNY Luaeuau aglnsdny ADSL viaidulownitiuas

Fr¥unazidsdygaliane Tndhisu-didyaiuseningdisuiuiids
wiazfdeae funazSudaseniaignUieiuleAwanaes

nEniimaluladindeteliaedldinnsldnuesrsnieens vlkiaa
1AsgIuANe 9 aunidae Teenindenldaunsaifildtuiadetislarswmeantiu asdiads
weluladloglundnsnsitu 4 funsideusiodniuldssminameluladiunniaiude

WiFi viowmaluladiaiovrguuul¥anemuaunnsgiu IEEE 802.11 Fuillday
Tugae® ne. 2500 gnmuatuslasansiimnssiliiuagdmnssudidnnsetinduiuni
fA211157 1 Mbps Tudasusn 9 Jusrfivszansamlunisiauldiuandn wazdaladd
mssuseensTiuinisuszinn QoS (Quality of Service) wazdalinnuvasndas naaa1tus
Fuhmsusuussngunistiuimanumassléed 802.11a, 802.11b waw 802.11g

2.15.2 UsydRumsgu IEEE 802.11

115574 IEEE 802.11a gniiunldlud w.a. 2542 THinaluladiieni
OFDM (Orthogonal Frequency Division Multiplexing) Lﬁaﬂ%’wqamﬂﬁmmmL%ﬁ"ﬂuﬂﬁdq
Toyalldinnangaigsda 54 Mops Ainad 5 GHz lagaziinduauisuniudinitfinaiud
2.4 GHz Fwanusiseduiazannsouninmuasdeyarnaisiidnrwandongs 4 1# Tned
dasanudtldlunisivdedeyafiavanunsausuudsszauliandasls iogaslunisifia
srpynsvoInndeudeliifinanniu usasddadede fannud 5 GHz tu luunsssmmaeds
Liaugaliieenldau WWudussmalng iagldinisdaassdasanuidlffugunsal
Ussiamduliuda uazanmsiidedldmadousotuaiuia 4 Sedwmalinasguiisseznis
Sudadyaadildlnauinidn aguiﬁﬂizmm 35 a5 AglueiasUauazUszaia 120 Was

v a

luiiuiinaiauds dnnsdsiasdetayameniuiags Juililiaiunsadaiiulassasisernsle

Y

ludruvasgunsallSaneildiuimalulad IEEE 802.11a U aslianunsadousiolaiugunsaiinly
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(%
=]

UNATEIU IEEE 802.11b ua IEEE 802.11g Wedgunanifiléfuumnsgiu IEEE 802.11a

)

e

' i%
v I

§adls1A19189nI1U89UIMTFIU IEEE 802.11b o¢ aruwd19UnIainuInTg U IEEE 802.11a

Y

Jaduifiesniosnin IEEE 802.11b agunn Fsdslaiduiivonsumnin
UMIFIU IEEE 802.11b gninanldlul w.a. 2542 lngayldinalulad CCK

(Complimentary Code Keying) saufiumalulag DSSS (Direct Sequence Spread Spectrum)

1Y

P [ 1% o ¢ v & a X 1l
Lwawwmmmmmm‘mqmumﬁuawa;ﬂaﬁuaqqﬂﬂsmmammLi’mqwumagm 11 MbpS

R
aa o 1

lnglduunduingfainud 2.4 GHz men1shiaduaudndinitluuinsgiu IEEE 802.11a

a a

Jegdwmalvigunsalnldiuuinsgiuiifivssansnimlunisderdudyameanlulalusseenia
AlnaniduAaUszunal 38 WA Me1ASUARaTUSEUI 140 LUAS MUNUNNAN9LIT DANY

dygrundsesnuiduainisadsinulaseaineinisiaanitgunsainldivuinsgiu IEEE

9

802.11a dnee Jagdundnduaiasavieliatensassuuinsgiuil lidn1sniswdneanun

v A

$uausn 1fungunsal IEEE 802.11 Bluetooth Insdmsiliansuazianlulasian fd1fyde
luwsazgunsaifuazannsovhaudeudedulfidusnsd gunsaanguaamniviotuaseinu
nsas1vaeulngantu WiFi Aliance tilesiinsnsivasuuinsgiuvesgunsaluay
mwansalunsdouderuldfugndnsiedu 9 Tnsgunsal WLAN mamimsgiu 802.11b
gniluldlusadngsing q anufinw anuiissmsuasimalldnmuthudeufissnnty

11R5§7U IEEE 802.11¢ gniiunldlud we. 2546 Fsldinmaluladuuy
OFDM %84 802.11a 3Uszgndlduuaiiud 2.4 GHz dwaliaunsoldainansalalusedv
36-54 Mbps dailusgduaanansaiianituinsgiu 802.11b tnefiuiasgiu 802.11g fu
vannsaUsuanszAuaisIanrioUseain 2 Mbps limuaiumuiganveuniediy
ldsy

nndennuiomifuiagiivimanfasilinaluladiameiadwnaiy

[y

iliaunsaiiuszAuA1L5UaIN 54 Mbps 1 108 Mbps usazldauldaniziugunsal

[

d

L3 Y a ! a [ 1

10091NUN TV NAN U BN FazraeiiuUszAnSainnisiudsdyaaladu

Y

A a a v o ) ) ° Ay a . ° v o
Min1swdneenuiannuisniieatuyinty Inen1sdunaluladaudy (Chip) viwtnnsyane
£y

o

o
- f v A a

2 Wiweanssudsdaanuuunile wiasdwnalvgunsaluulivssdnsninansiaslusie

e

AU

UM3g U IEEE 802.11n gninunldlul w.a. 2552 Tneiin1svivuluugiuy

[y

AUD 2.4 WAy 5 GHz Feaedidnsnisdeiudeyansedugeanlans 300 Mbps wazaunse

q

dwurdudyaaulalussezuszuna 70 wasn1eluein1sle wagiuszuna 250 Wastuiudg
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nanawds nvadsanunsanudyaiusuniuaingunsaldu § Aldaud 2.4 GHz Negdneimes
Auld wieunsdearunsadrluldausiuiugunsalniuuinsgiu IEEE 802.11b wag IEEE
802.11¢ leanee

AN997 2.1 WIms5 IEEE 802.11 [47)

802.11 network standards

Data rate per Approximate Approximate
802.11 Freq. Bandwidth Allowable
stream indoor range outdoor range
Release Modulation
MIMO
protocol (GHz) (MHz) (Mbit/s) (m) (ft) (m) (ft)
streams
Jun-97 24 20 1,2 1 DSSS, FHSS 20 66 100 330
5 6,9, 12,18, 35 110 120 390
a Sep-99 20 1 OFDM
3.7 24, 36, 48, 54 - - 5,000 16,000
b Sep-99 24 20 1,2,55,11 1 DSSS 35 110 140 460
6,9, 12,18,
g Jun-03 24 20 1 OFDM, DSSS 38 120 140 460
24, 36, 48, 54
7.2,14.4,
21.7, 28.9,
20 70 230 250 820
43.3, 57.8,
n Oct-09 2.4/5 65, 72.2 4
15, 30, 45,
40 60, 90, 120, OFDM 70 230 250 820
135, 150
20 up to 87.6
40 up to 200
ac Dec-12 5 8
80 up to 433.3
160 up to 866.7
~Feb up to 6912
ad 2.4/5/6
2014 (6.75Gb/s)

U511 802.11-2012 gniunlylul w.a. 2550 lneauzinauvengy

TGmb Falavinn1ssausiuudloisnun Tnduguiisenda REVmb wseu1nsgiu 802.11mb

9

FeazUsznauldennsg e 80211k ry nw p z v u LAy s

1175571 802.11ac lHiuANLdn 5 GHz fingneildiuedovielfaeuuy
wansaafiluseaulininia 1 Gbps wasdmiuasdiienlddinit 500 Mbps Feaeld RF
wuudasiiniandy Wnmsansuiunniagldnisuegandigandi

[

1A 802.11ad wiefisanlude Wicig gniunldlul wa. 2557 lagd

Y

s naluledduszenn Wi-Fi solution wuy Tri-band 880U 1% aNARRILT9I1U F9981N
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AUA 60 GHz Alimgnegada 7 Gbps lneuasgiuilazilungudesuosnsgiu IEEE 802.11

Y

a

FIaUTOUaAASlARInIIIen 2.1 uaggui 2.22

q 10

1 2 32821 5 g 7 g 92857 44 12 13 14
2412 2417 2422 | 2432 2437 2.442 2.447 2.452 2462 2.467 2472 2.484

I e

AL - "
. "
.

’

— l-‘-,.-_- _|;—;_-.--‘_[— - l - —m l ‘
” ” r‘\ ’ -
Py Py ’ PR .
r ’ P “ NS /
/ / /
/ ‘ ; y
; ‘
i ' i

Channel

Center Frequency (GHz)

JUM 2.22 msuUstesdeyayn 14 Yeadayaad [47]

A58t 2.2 YosdaynaiAnnud WLAN [47]

Channel  Fy (MHz)  North America Japan Brazil Most of World
1 2412 Tla Tasler Talel Talel
2 2417 Tale Tola Tla Tle
3 2422 1515 Tale Tla Tle
4 2427 Tlet Tl Tlel Taler
5 2432 Toslet Tla Tale Tle
6 2437 Tolal Talel 1515 Tle
7 2442 14la o Talar Taler
8 2447 Tafler %) T4la Tle
9 2452 Tolet Taler Taler Tle
10 2457 Tla Talel Talel Taler
11 2462 1515 Tala Tla T4la
12 2467 Talalla Talel Taflailel Tla
13 2472 Taslailer Talel Talallel Taler
14 2484 Taflaile Taflailer Talailel Talaller
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2.15.3 Yoidnyanaie1uaud WLAN

v 1

AMudlYaIuEIu 2.4 GHz @arusauvdudesdygiunisidaula

o I

14 fosdayeyrad Bawsiasyesdygiuaziani1uning 5 MHz wansldniunisnan 2.2 wagsua

o

2.23

Tagnshaauniliagldanuaniudesduaiui 1-13 Farvualimsulaau

>Ag]

A o d'

Pfoadyarun 1 6 waz 11 wandlanegui 2.21 ielildrmuuudinivseann 20 MHz uasd

o

1 1 [ A & s (3 g.’/ 1 1 [ e = @ 1
d1uve9tsd Yy I luNITALUUA 5 MHZ AuTznIetesdyyruildu deagiuladn

(%
v

Yosduarauil 14 ¥29Aud 2.484 GHz (2.477-2.484 GHz) tuanidugisfianuisayiun

Ussgnaldaudu 9 laluowian

802.11b (DSSS) ch. Width - 22 MHz

24 GHz
2.438 GHz 2.5 GHz

Channel 1 Channel &
2012 MHZ 2437 MHz

802.11g/n (OFDM) 20 MHz ch. Width - 16.25 MHz

Chanrel 14
2484 MHz

Channel 11
2462 MHz

24 Gz 2438 GHz 2.5 GHz

Channel 1 Channel 5 Channel & Channel 13
2412 MHz 2432 MHz 2452 MHz 2472 MHz

802.11n (OFDM) 40 MHz ch. Width - 33.75 MHz

2.4 GHz

2.438 GHz 2.5 GHz

Channel 3 Channel 11
2422 MHz 2062 MHz

gﬂﬁ 2.23 msldanudesdnyaadudagiu (48]
2.16 auaudANnivas g

AaantAniglniivesaqdudsiicivuawazusvananuainsavssian oy

winzaulunsilUlganunmeanudenssuluin Fedsnaaaiiunnaisantawn [51]
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2.16.1 ANUAIUNIU
¥ [~ wa [ d' 1 ¥ d'
Anuaumudunuanifvesianisediunisinavesnseualiinfiazlva

HuFan Feranusnuresianfauiausadamlaanaunisn (2.96)

0'=R? (2.96)

R #9 Aanudunuvassiihivieduladiy

1% '
=] ]

A e Wuimihdavesian Swedu m’

[ #

®o o

AueMveTagdidl futhedu sqm

TngArmnusnunuresianfttandlanimsne 2.3

A1519% 2.3 A1AUAUNILTRTIARR I UTEIANES 9 [51]

ddtudi 579 AMFUMUTigamQil 20C Tovi-1aing

! R 1.59x10°"

2 NBILAY 17x10°

3 ney 2.44x107

4 Pl 58210

5 VSG It 5610

6 el 1.0x107

7 WL 1.1x107

8 G 22x107

2 Y 9.8x10”

10 AR (N3N 35%10°

11 sy 46x10"

12 Fanou 6.4x10°
13 n5EaN 1.0x10" fis 1.0x10"

2.16.2 nsululiin
sl dunauadfvesiagiduseliiinsivavesnszualvilvanu

Fanle Wunsfiwesdmianazusvanlainszualnihazvaduiagladedieds nisi
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Ifwesianil astludrunnduiuarnnuduniuliiy Gsannsafuiamilaainaunisd
(2.97) Fafivihedu loviu-wns
)

1
o=—= (2.97)
L RA

2.16.3 anuduauiu
aruduawudunuauifvesianiivzusvenlateninuaiunsalunis
anumussiulnin lutagnfianuduauingeazainisanudeussiuliiigs 4 14a

Falpeyluaziniiedu Kv/cm Iagsagravssranuiduauiuaiunsananslasanisnai 2.4

M19°99 2.4 ApnuduauiuveianUssiamneng q [51]

S 519) anuduauiu Tenu-uns
1 21N 30
2 \A38IA18AST 80
3 ey 120
4 dhifumsiouuas 160
5 wWnlavt 220
6 AN 280
7 NIZAY 500
8 wuasu 600
9 N3LaN 1200
10 Tuf 2000

2.17 @15ns1ind

a a 1 [

n31tWé (Graphite) 1lusinatsveusidanis d¥eadgysendn nauiuln

o

= 1a o o, I3 < = a1 Aa 3 a &
(Plumbago) NIDUIAUADAT AN NULLUUVDILYILALLUUNANNULLN LU ] NUAIUNULEAY ULUD

o IS

neouyuaridnudulusuiedan darududiimiuounazlnilad dngninluldvinld

Y

Auaon tdaulnate 1dlvensn Wudu JausnsliddunasasauwasgnAunuuinigatu
U U =

FAuUTY Useinadangy tnswsignAunuilaziinnuuians ldulwnnin uaninlddeuas

ineiiiuwiy wandlanagui 2.24
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UM 2.24 usnaluldl [52]

(3) JuLDIPUTNVRINTTOUALE DT (R) YUNDITFUIUVVRINTTOULALY DS

Uil 2.25 Tassaisemenessinaunliih [52]
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v oy
v =

ns1ld 13udefignasduinlng Abraham Gottlob Werner Tudl wi.a. 2332 [52)

a

FaduieFenlunmnninfivineds mmeadeu Satamumsthnsladluldvinduiuee
Tnewsnmwddandunisdaisestuuuniwessmasueu lnentwninazmneds
nsliBeunanin dafiananiiduiniimieRsimi i neliddasdndaiFessai
wuuiadesfianzannsgy usluuedausnsliforninldnnnsduiiuildsuanuiou
anufufigadulussdunisdegnuldoglunounsiled (Anthracite) uazini-uaunstleyi
(Mata-Anthracite) @slngunfudraglsithluvidudomdatomnindalulden
2.17.1 Ussnnuaawsnsnbng
217.1.1 wsns WA ATS vz uuruung q du q fnihdadugy 6 WAy
dounn  aufuyuiiuinameuniesnalidnvasiliaiauedu
2.17.1.2 ny g nuaredugu widnuvuniudnaziden 9 Aety
MnMsulsanInvasfiuilsvostnudiafinanufouguaz dudunougaielunisiinves
ufiudsluusediaggnidoniuounsilas (Anthracite)
2.17.1.3 nalwdiiTSnwafudteu viefiFendt aeusnalng Ssasfndy
Mndesviesosunnvesansnsfiidnvamdudofotu farududnnduveaduloviodugy
yam 9 Tasaswuluaneusfledluunnmfeu
lutagduilnisasrenslwdidunvuidulonsiladnie
dleasvoutuanldaulfiesie
2.17.2 NSAVBILINI NG

] [y

A a Py & ¢ v < v € a P
wsAARSAUnSIHALawA Arede wealyd lundn wanwasyisuiauy lnen

13 = 1 [ 1

winstndaziodvatednuay weuns1ldRueaIusanazlasalanmazliaiunsaliainy

Y
(%

favguld usidudd dannsoi i lduazasuansdnvazreinisdniesiiveseznond
anunsoanusdsnnulideasuenlifiennusouil AN ATILLILILILAEENYNIE YRS
nstduneus

Inen19auIANdN53955INeve U s AanSTaLusN takaniddnsinig
nanuwsns e Tud we. 2551 i uau 1,100 Alasu lasurainUszneadu 800 Aladu
Ussineduiie 130 Aladu Usemausi@a 76 Aladu Ussmanivamile 30 Aladukazyssine
uenn 28 Alasiu Wnelud w.el. 2550 Uszmeansgousnlivinisduasziusnalnsauunls

WAZINISHAATUNITIUIU 198 Alady AnTuIIWINEY 1.18 WUA1UADaaNS ons1nNITLY
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sala

winslidfifeglusssumddndu 42 Aladuuazusnalwdfiduasgidumnandy 200 Alasy
(52]
2.17.3 dnuaierausnIing

wsnslidazUssneussiaiududy q msuouiinisdadessiuuuuioan
wiaidunuugundn 6 Au wazdnisesdiiuiuuuairiegluuuruulonyu Tneasdanvos
yamenwdimiloutu Sausuuszuadn 6 fudelidnvusiuiuarliviei sdnuuuiean
sgansadsundululunuuunlfidefusanneiu wazrdnuuuiuafaunsaasy
ndvluBunuuearldideldsumnufouiinnnnit 1,300 ssmiwaidoa Insfusiuusurazusiu
ilmnamunuiulies uandldfaguil 2.25

wins1lwdarunsadalaialfidesainnisiFosdiduvesdidnnseu
Tuusiazszuu lneiauddidnnseuannsaiasindouillied dasy Jaanunsafiaztiluinle
Tngazanunsoilwitldlussuudeuidu

2.17.4 mahlldsglovd

2.17.4.1 winsludansssuwid asgninluldussleviludunisudn
wEnndn gravinssuesendeu ManangUnsailssnniitisvaenmsgydeauiou nkae
gUNsalUTILAMLUINTABUA gRamMNITNNSKARLUMADILAzIATUssLavlainaedu ns1fly
(Graphene) Faifunsnsnludiinulfausssuvidasddnvaziianuudausgs Faazld
anautRtlunsuennriueenainuinsiladialudeilulflulssnugramnssa

2.17.42 usnsrlidduasiedt azgninlulduselovidludunisinluvindu
it nviudunadieldlugpamnssundauunnoiuasgnamnssunangunsaliusnsosus
Tnsdauasgvianannidomasdiuiuiwiaununaiuud dulonsliduioduloasvou
Duduleffinnuudausmuniugs gniluldlumswdngunsainnyan guasaifnusziamn

nodu nswdndnseusargUnsaiusznuiunselanvasassudusiy

2.18 N1UILANANY 9

ndutanUszauiddiunauvevesnainiodanUssnniaeavaifiaiunse

luldensevsednUszauianaestulifiadimeniuld n1ilegvargussiannsiiiinain
U dl

sysupRuazansealidaasizi FansihluldusslevinasiuegiuTanivzinndoudniu

Y

nmdulngaviduildiunanveddndiwes fearUsenevlumemiitsdesiiSenin

luwesnsesienuiululuanaaisen o auibidemumisivesniuiaduuils
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o d'

nafieudunlgRniuTan i fanuwaziduliuuvsatannuaneaiu Tagn1annunle

q
[y

\WWouRnAUIaaAUIELANANG 9 a]ﬂfi’fswzL’Jamﬁﬂumiﬂismm%mﬁﬂﬁ’ui’aﬂﬁfu 5 FIVTUANA

q

Pnnsleussluwuudy 9 [53-55]

Ul 2.26 Andadh [55]

TaeAnuuarwUteandu 2 ¥daRan1I5I5UIRLAZNIIAWATIZN TAgN1IFUATIZI

aunsanuslseLanlondu 7 Uszianlonn

2.18.1 nmidn gnihsnlddmsutagind w’h Ingiileldniviatudivzliinelviin

q

SunsesoRviesuyuduazuiaia wansleidesud 2.26

1 [

2.18.2 nMguilesng n1ivilaiiu1easeazisoniinidifou Jawdnunanaisiadl

Aaa ' a Id A wa a v v Y 1 v 1 Y &
VIM“UB’JWI%EJ’]IU@SV’]?L&M LU‘Uﬂ’]’J‘VIﬂJﬂmﬁﬂU@L“ﬁ@NﬁﬂﬂUﬁﬁﬂlﬂﬂ@u%’NLLuu‘VIUWLLaZLL‘Vi\‘lLi’J

aelunaiUseanas 10-30 3u1f Genaadfiesud 1 a319ia Tnsazanunsadndafutagid
dwnannndt 1 du Tiduegied Tnefidnumeresniasfuresvaivdona awnsaily
Tduldegnanaad InsdndudneaswuureanalssioninluldiuiagUssiannaiain
Tonz Taila srsuawnsnies winiin dunmiifidnuasiidumasstouiluldsuanussannls
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=(0.412x0.135)

= 0.068

3.3.1.7. ArA1ng1IvesiaggIusesiaguiuns g L w1laainaunisa

(2.32)
TRATY I AT
= 79-(2x0.068)
= 78.86 Ladns
3.3.1.8. Araunievesiaggiuselasuiunsilid w, mldainannisi
(2.31)
W, =6h+W
= (6x0.135)+95.7
= 96.5 Uadking
3.3.1.9. AIANNINVBIRINNSIUTBIEBINIAlAB LR UATIIA W, wild
9INAUNTT
L
W, = 0.24/14‘%2”} ’
|
=o.24x264[2'8+1} ’
= 45.37 1adLuns
3.3.1.10. AIAIUENIVDIAIHNFNIUVOIVBIA1881A1AlABLN LN L,
wlaanauns
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0324,

L,= —2AL
’ 2\e,
= 0.32x264 (2x0.068)
242.8

= 25.89 HaaLuns
3.3.1.11. A1AINNTNTDITEUIUNTIIATDIVOIAIBRINALABLNUNT LG W,

lAAnaunIg
0162,

&

W3
eff
0.16x264

N2.79

= 25.28 {aaLung
3.3.1.12. A1AINIVDITEUIUATIIAVRIERINAlASLHUNTIIVE L, nle

NFUNTT
0.112,,

&g

Ly

eff
0.11x264

H29

= 17.38 faaluns
3.3.1.13. manuningvesastindgye alasurunslig W, mldainaunis
0.05,,

4

geff

~ 0.05x264

N2.79

= 7.9 4adung

3.3.1.14. mANeMvesatsddygulaeuunsvd L, wildainauns
0.334,,

4

geff
_0.33x264
2.7

= 52.15 4adLuns

g

3.3.1.15. 49971958 nI19@ 8 Fy i UsEUIUNIIIA LB UNSING g

wldanaunisa (2.5-2.16)
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+ =12 =395

2

2¢+W, (2x0.3)+7.9
2

= =395—O929

a_»>7>
"'b 425
Smh( (2%%5)
% =0.030
74.25
sinh
(2] sl 222 ]
k= y1-(k)? =4/1-(0.929)* =0.37

ky = /1= (k,)? = /1-(0.03)> =0.999
7 k=0.929 muiteuly 0.707<k<1

a =

W, 19
2

b= =4.25

Kk) 1, { (1+\/_1} 1{2(“«/0929} L
T

Kk 7 | (=yJk) (1-+0.92
Kk) 1
K(k,) 128
7 k,=0.030 madeuly 0<k<0.707
K,(kz) =0.35
K (k,) (1+F { (1+W)}
(1 e (1-+/0.999)
(MJ L 035%0.67)=0.117
2\ K (k)K(k) ) 2

€, =1+qle, -1)=1+0.117(2.8-1)=1.21
307 K (k) 307
Je, Kk) +1.21

Aetuilaimunal g wiiiu 0.3 Taduns gyinlviA18ufiuaudauanyue

x0.67 =57.40

Z, AAwinfu 57.40 Teviy
3.3.2 N1508NUUUTLIATBIEANEDINIATIAINNE 3.5 GHz
1A8AINITIILRADTAN 9 %aﬂmiamlﬁmmamms‘ﬁyugmem 0wl 161,62)
3.3.2.1. Araudisleuuudlagudunstindfiadiatunies f,, mldan

gunna
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_ L
fou = 2.16
3.5x%10°

2.16

=1.62 GHz
3.3.2.2. Aeuenedulnsusiunsilid 4, wldanaunis
C
Y Jes
] 3x10°
1.62x10°
= 185 daauns

3.3.2.3, manuninddasudunslig womldanaunisi (2.24)

A
W=—=
5 /(g, +1)

2

185
, [@8+1)

2

= 67.1 UaALUNS

3.3.2.4. Aladianesnuszansualasununs ng & . wnldainaunish (2.26)

eff

-1
41 e -1 12h = w
geﬁf = 5 i > (1+W)2 , 7>1
:2.8+1+2.8—1(1+(12><0.135)
2 2 67.1

=279

)7

3.3.2.5. Ananuninusyavsualaguiunalid L, mildanauns

A
= 8s
Leﬂ I 2./€
off

185

20279

= 55.37

3.3.2.6. ANANNeINIATEAeeaulukuduauIulnin AL Taewaunsilig

wldanaunisi (2.28)
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W
(5 +03)C,+0.264)

AL = 0.412h
(&, - 0.258)(‘2’ +0.8)
279+03) 2L 4 0.264)
= (0.412x0.135) 0. gg 1
(279 - 0.258)(——" +0.8)
0.135

= 0.067

3.3.2.7. AANevesiangiusedlaguiunslid L wilaainaunisa

(2.32)
L =L, -2AL
= 55.37-(2x0.067)
= 55.23 {afuns
3.3.2.8. ArAuniavesiagsiuselasununsilndg W, wldainaunisd
(2.31)
W, =6h+W
= (6x0.135)+67.1
= 67.91 JaALUAS
3.3.2.9. AIAINNINUBIRILNNAIUTRIEIBINIAlAB LI UATIIWNG W, wnle
9INANNTT
)
W, =0.24,1gs[‘9r;1} ’
iy
=0.24x185{2'8+1} ’
= 32.21 Jaduns
3.3.2.10. AIANENIVOIRILANIIUYDIVDIEE 0N ALABLAUNI NG L,
wleanauns
L0 oy
2e,
= 0.32x185 (2x0.067)

2428

= 17.55 LagLuns
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3.3.2.11. AIAMUNTNTBITTUIUNTIINVOIVOIANDINALABUNUNTI NG W,

lAANaNNIg
0162,

&

W;

eff
_0.16x185

N2.79

= 17.72 {aduuns
3.3.2.12. A1ANBIVDITEUIUATIIAVRIEBRINIAlAsLHUNTIIWE L, nle

INFUNTT
~ 0.0684,,

3

Seﬁ

_ 0.11x185

A/2.79

= 12.18 HagLuns

3.3.2.13. AAundnsvesatstndge ralasuiunslig W, mldainaunis
0.05,,

4

L/

~ 0.05x185

\2.79

= 5.53 JaaLins

3.3.2.14. mANevesaIsiddygulaeiunlia L, wildainauns
L0334,

4

2F

~ 0.33x185

N2.79

= 36.55 LaRUNS
3.3.2.15. 49971958 NI9@ 0N FY YU UTEUIUNTIIALABURUN SIS g

wildanaunisa (2.5-2.16)

(O8]

W, 55

a="*=222-2765
2 2
L 28+ W, _(2x03)4553
2
29219 o0
b 3.065



(m) . ( 72765
M on) ™ x0a3s
k= = X229/ 20,030
_(m) . ( 73.065
sinh| — | sinh| ———
2h 2x0.135
ki = 1= (k)* = 1-(0.902)* = 0.431

ky = \[1-(k;)? =4/1-(0.03)> =0.999
7 k,=0.902 muiteuly 0.707<k<1

Kk) _ 1, { (1+J_1] ln[ (1+\/09oz} | 385
T

K'(k) = CENE (1-+/0.902
K
K((If )) 13185 0721
7 k,=0.030 nuideuly 0<k<0.707
Kiks) 4 =035
K (k,) ln[2(1+\/5 { (1+W)}
(1_\/6 (1-+/0.999)

:l(w - L035x0.721)=0.126
2\ K (ky))K(k;)) 2

g, =l+q(e, —1)=1+0.126(2.8-1) =1.226
307z K'(kl) \\&30z

"~ Je. K(k) 1226

x0.721=58.37

Aeiudlenmueel g Wiy 0.5 Tadwns wvhlvirduiiunudaaanuae

Z, fAwinfu 58.37 Taviy

gunna

3.3.3 A509NLUUTUIATDIA88INIANAINNED 5.2 GHZ
TAgAINITABIANN 9 ALEINITMARINAUNITNUFIUAN 9 Aall [61,62]

3.3.3.1. Aennunislouuudlagudunslndnaiisduues £, mldan

/.
Sos =216
_5.2x10°
~ 216
= 2.40 GHz
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3.3.3.2. namemedulaguiunlid A, mldanaunis

C

A, =—
o
_ 3x10°
2.40x10°

= 125 4adLUng

3.3.3.3. manuniiddasununstlig womldanaunisi (2.24)

we— e

5 (e, +1)
2
| 125

) [(2.8+1)
2

= 45.34 1AL

3.3.3.4. Aladiineinuszandualasudunalid e, wldanaunisi (2.26)

-1
e+l e -1 12h> W
geﬁ” = > +T(1+W)2 s 7>1
:2.8+1+2.8—1(1+(12><0.135)
2 2 45.34

=278

)7

3.3.3.5. nAnunineusgansualasununsilnd L, mldanaunis
A

8s

W E g
124

2278

=37.48

L, =

3.3.3.6. AANEINISNSE1eeauluLLEuaUUINAY AL Tagnduns g

wldanaunisi (2.28)

(6,5 + 03 +0.264)
AL = 0.412h h

w
(&5 — 0.258)(; +0.8)
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(2.78 + 0.3)(@ +0.264)
0.135

45.34
0.135

= (0.412x0.135)

(2.78-0.258)( +0.8)

= 0.068

3.33.7. AAuevesiangiusedlaguiunslid L wilaainaunisi

(2.32)
L =L, -2AL
= 37.48-(2x0.068)
= 37.34 daduns
3.33.8. A1Auniavesiagsiuselasukunstlndg W, wldainaunisd
(2.31)
W, =6h+W
= (6x0.135)+45.34
= 46.15 adns
3.3.3.9. ANAUNINVBIRMINNA UV IE8INALBUNUNTIINA W, wile
9INAUNTT
—
W, = 0.24@{‘%2”} )
1 b
=O.24><125[2'8+1} 3
= 21.76 Hadiung
3.3.3.10. A1AIUENIVDIAIHNF NI UVDIVDIA1801N1AlAB LN UNTIING L,
wleanauns
L0y
2z,
032125 oo
24/2.8
= 11.81 aduns
3.3.3.11. AIAIUNTNTBITTUIUNTIINVOIVOIANBDINALABUNUNTI NG W,
wleanaung
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_0.162,,

&

W3
eff
~0.16x125

\2.78

= 11.99 {aguns
3.3.3.12. A1AN1IVDITEUIUATIIAVRIEBRINIAlAELHUNTIIWE L, n1le
9INAUNTT
00684,

3

& off

0.11x125
V278

= 8.24 adlung
3.3.3.13. AAunisvesatstndgygralasuiunslig W, mldainaunis
0.051,,

4

geﬁ‘

~0.05x125

N2.78

= 3.74 1adLuns

3.3.3.14. pmngvesasidygulaeiauns i L, wildainauns
0332,

4

€

_ 0.33x125

\2.78

= 24.74 Jaans
3.3.3.15. 9997195z d Y i uTzuIUnI Al un s g g

wildanaunisa (2.5-2.16)

a=Vs 374 _ | g9
2 2
,_28+W, _(2x06)+374 _
2 2
k=9 18T 95
b 247
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. [ ma . 71.87
M on) ™ aoss
k= = X229/ - 0.00092
. [ ) 247
sinh| — | sinh| ————
2h 2x0.135
ki = 1= (k)> =41-(0.757)* = 0.653

ky =1 (k;)? =4/1-(0.00092)* =0.999
7 k=0.757 suiteuly 0.707<k<1

K(k) _ { (1+\/_1} [ L 1++0.757 )} 036
VA T

K (k) (1-k,) (1-+/0.757)
K(k1)= ! =0.516
Kk) 1936
7 k,=0.00092 padeuly 0<k<0.707
K =035
Kl(kz) (1+\/7 { (1+W)} .
‘T -y (1-/0.999)
(e (—K(" 1)K (")J 1 035%0.516)=0.09
K (k,)K(k)) 2

€, =1+q(e, -1)=1+0.092.8-1)=1.162
_ 307 K (k) 30z

e, Kk) A1162

x0.516 =45.11

AeliullanvuemAl g Wi 0.6 Tadwns azvilirduiiuaudananyue
Z, fAwindu 45.11 Teviy
TagansauiAmInasdnesaig q alaannisauialuiliosnu Yo

AMUD LanalAsanns1en 3.1
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A919% 3.1 AMITIERBTAN ¢ AAINNITATUIUYDINIALAILD

2.45 GHz 3.5 GHz 5.2 GHz

TEREToH YU YU YU

(Hadwuns) (Haduns) (Haduns)

W, : A1UNI9UeeiangIuTes 96.5 67.91 46.15
W, : AUNINUDIFLANGI9Y 45.37 32.21 21.76
W, : A1UATU8INT 1A 25.28 17.72 11.99
W, : AUNTavesaeindygnnd 7.9 5.53 3.74
g1 ANNNTNVBILNTY 0.3 0.3 0.6

L, : ANU81IYDTEAAFINT DY 78.86 55.23 37.34
L, : ANUE1IVDIRILANEINY 25.89 17.55 11.81
L,: AU81IU8INI 10 17.38 12.18 8.24
L,: ANUNv0anstindayyu 52.15 36.55 24.74
1, AUAUNVDIUNUN T LI 0.15 0.15 0.15
h: AEATBTHAFIUTE 0.135 0.135 0.135

3.3.4 M3ABIUVAEDINATIAIND 2.45 GHz
ndandivinmsswamismninesing q vesaseniatsatuaId
wdatiu fagldiavhnisdaesuuaeemedislusunsy CST Ssagtmuamnudildluns
$1a0euvueglutag 100 MHz fs 10 GHz LitelianunsaiinsgiinisnevaussfotasnImd
I¢inseunquasuiiu TneiFuanangennialugiundud 2.45 GHz 1uaduusn wansldfegud
3.15 Tngoduisnadaszaunisalidnsaulunisuiuguaimafinesen @ Timnyaubeiu
aurinlRldAduuseansnisagdoundu (S,,) arudislowuuduazauuudiaiduiiunud

AsouAauagluYIANUAlTIUAINIINTTIY UandlaRagUn 3.16
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3UN 3.15 M3daewuulassaianganiaiindnud 2.45 GHz aaelusunsu CST

S-Parameters [Magnitude in dB]

P !
017 :
q (18532, -10.164)
Q (2.4562, -21.62)
-5 \ q (3.6395, -10.037)
9 w0 _’—N V -
\\ //-v I
-15
\/
-20
-4
25 : Pa A4
[ 1 2 3 4 5 6 7 H 9 10

Frequency / GHz

UM 3.16 Han1s9@eIwuUvese S, 1Aud 2.45 GHz melusinsu CST

IAgMIUUFUNMITURNENNUAINTEUIU XZ A8HibUUUNI SNSRI URUUTBUTIANIY

a0

WAZAINTEUIY YZ AzillUUTUNISUR NS ULUUARINANIS kandlansgui 3.17-3.18 Fadlein

SaeneiimuiisTouuud 2.45 GHz oefil 3.26 dBi

JUM 3.17 waN1591000UUTUNITURNENIUNTEUIU XZ ¥89AUD 2.45 GHz selusunsy

CST
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270

JUM 3.18 WaN153180UUUFUNITUHNEWUATEUIY YZ ¥8IAUD 2.45 GHz Arelusunsy
CST

INUUYIINITINADILUUNITLAIID LASIAS19EIYDINIFANIBSALNLANAINNAY 3 SEAUAD

60 40 wag 25 Jadlums F9ie819N15INasIUUNSIANeEIgINAINlUTLATY CST uansla

[

Aa3uN 3.19 uaglavitnisiuTeuiisunavese S, uwanslafegui 3.20 uazuuusy

NITWRNGIIY wandlaregul 3.21 FaaenudInedn S, waghuuIUNITUHNG UL

iU AR ssiuatgoINdlusz U suUnG

5U% 3.19 MsdmeawuunislAanelassassayenafisail 60 fafiuns veenud 2.45 GHz

mglUswnsy CST
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/7-.)’ B s
F — L a
| i syl

* $7ii=60 inamas

513 (dB)

" Snil=40 faaums

Snil=25 findums

0 1 2 3 4 5 6 7 8 9 10

771419 (GHz)

3UN 3.20 MsiUTeumgURaNIsINaRIkUUYeLAT S, vulasaassangeInAnlawenseil 60

40 uay 25 faduns Yesrud 2.45 GHz delusunsy CST

S71 = 60 Haans

_—Fuuilné
60

JUM 3.21 msidSguiisunanIsiasawuuvasiuusUMskndsuuulasasag e A
lAasensmil 60 40 uay 25 NaflUAs NTUIU XZ ¥89AIUD 2.45 GHz Ay
lsunsu CST

3.3.5 M3ABIUUUAEDINATNIANNA 3.5 GHz
nAmsdmesiie o dldannisdrualuiided 3.3.2 thuaiinas
$raeauuvaeornAlug ANl 3.5 GHz felusunsu CST uansldfagud 3.22 uazende
Bsdssraumsaidifanlunisusuguamaiimedeng q Wngaudsdu auwhllden
S,, AwdislsuuuduazAuuudinidufiuud aseunquogiutamudldaumnuinsgu

nandldaguil 3.23
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il
| g1y

3UN 3.22 M3daeauuulaseaivange1niainud 3.5 GHz melusunsy CST

S-Parameters [Magnitude in d8]

s \\\

-5

- TN S

B e e o SN il ——

( 2.6685, -10.1)

-20 5 R
=] (3.5353, -44.81 )

-25 § (56772, -10.184)[ "

-30

-35

T N S e S NN AU S

[ 3 R I S T N - |1 == ¢ 2 2 £ 8 A SRR e Y A S S ——

-50

0 1 2 3 4 5 6 7 8

Frequency [ GHz

JUN 3.23 wansdnaeauuvesan S, 91Aud 3.5 GHz melusunsu CST

ic

IAg MU UUTUNISURNENUAINTEUIU XZ A8HWUUTUNISLANSIURUUTBUTIANIY

WAZAINTEUIY YZ 2ziluu U SUR AN IULUUERTIANIS kandlaaegui 3.24-3.25 B4

gn1veneNAuRslgluug 3.5 GHz 8g# 3.93 dBi

90

1 240 " g 120
X 4

150

CST
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JUN 3.24 #aN159189UUUTUNTWHNANIUNTEUIU XZ ¥89AUD 3.5 GHz melusunsy



2701

3UN 3.25 #aN1591809WUUTUNISURNENUATEUIU YZ U83A 3 3.5 GHz melusunsy

ST

AINUUYINITINADILUUNITLAIID LASIATINEYBINANIBSALNLANAINY 3 SEAUAD

60 40 way 25 Jadns T9F9819N1591809WUUNITLANDE181NANTUTWATY CST wandle

[

Aa3UT 3.26 wazldvinnisiiSeuiieunavesdn S, wanelanagui 3.27 uasuuusy

Y

NITWRNGIIY waneladegun 3.28 Faagnudangan S, washuusunIsuHnasuly

~ D P ) ~ a
i luNlnALAgeanUaNg N F ST U s UUNG

@aﬁ% i

{7
A

3UN 3.26 msdmeawuunisiawelasiainageinaAniail 60 daduns ¥09AUA 3.5 GHz

sgluswnsy CST
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5 ,“%

S44 (dB)
25
,-,';""}
i-‘.\.s‘

= "
amnlag

= Snii=60 ianuns

- g ® L)
Saii=40 Naanas
35 . L

-40

—— a =
IAN=25 Wanmn s

0 1 2 3 4 5 6 7 8 9 10
AR (GHZ)
Ul 3.27 msSoudisunanmisdnasauuresd S, vulassairsanseinaiilassedisadl 60
40 war 25 JaAwINT YosAINA 3.5 GHz Felusunsu CST

Sail = 40 Haanms Sl = 60 liaamas

il = 25 fiaanns (N 2O A wBaulné

X760
A

U 3.28 N15LUSEUTIEUNANIITINBIMUUVBILUUTUNSUR WL UUULATIAT19a189IN A
lAsgaNiail 60 40 uay 25 AadiunT N52UIY XZ ¥83IAIUD 3.5 GHz

aglUswnsy CST

3.3.6 MI@BIUUUAEDINATIAINA 5.2 GHz
IInAMISITRasEe o fildarnnisaiuaaluiidedn 3.3.3 iu1iinas
$ravauuvansonialugiuniud 5.2 GHz felusunsu CST uansldfagud 3.29 uazende
FBsdssraumsaidifnlunisuiuguamaimeseng 4 Wnngaudsiu awhlildan
S,, AwdislsuuuduazAuuudinidufiuaud aseunquoglutamudldaumnuinsgu

nanaldisaguil 3.30
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-10
3 (4.1284, -10.004 )
15 : ( 5.1985, -24.321 )
: q ( 6.599, -10.107 )

.20 e e R S—

=25 . . v
o 1 2 3 4 5 [ ) & L] 10
Frequency [ GHz

3UM 3.30 wan1s3n@enuureeen S, 1AINA 5.2 GHz srelusinsu CST

lagMLUUFUNITURNEINUAINTEUIY XZ 28HLUUTUNSUANSSURUUTBUTIANIS

WAZANTEUIY YZ AzfllUUTUNISUR NS ULUUARTANIS kandlanegui 3.31-3.32 Padlein

9nsweneANUAsIgLUUg 5.2 GHz ag# 4.36 dBi

90

150

5UN 3.31 #aN1591ADIUUTUNMTUNNANIUATEUIY XZ ¥89AUD 5.2 GHz mglsunsy

CSsT
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JUM 3.32 HaN1591099UUUTUNITURNENIUNTEUIU YZ ¥83A0D 5.2 GHz selusinsy
CST

ANUUYIINITINADILUUNISLANBLASIAS 19E8BINFAESALNLANAIAY 3 SEAUAD
60 40 kay 25 Taalns TIFI9819N1591809hUUNISIAI99E18INARNNTUSHATY CST wanabe

v

Aa3UN 333 uagldvitnisiveuiisunavesd S, uwansladegui 3.34 uasuuusy

Y

NISURNEIY wanalaregun 3.35 Faagnudanean S, wazhuusun1sudndeaudy

et ldunlnafeeiuangenieluszuus suUung

X

N

3U7 3.33 n1sdnaeakuunsianelasiaseatge N ansal 60 dadiuns ¥eenud 5.2 GHz

mglUswnsy CST
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10 A -

% -15 k* if/

K \ i

U'; 2 v -_— s .
=25 SI=60 Hanuas
30 = Saii=40 faduas

T Smii=25 finanmas
i e S s B G

721170 (GHz)

5UN 3.34 msiUSeuiiuransdnaeauuuvesdn S, vulassasisangeiniailasensedl 60

40 uay 25 fadwns ¥esrud 5.2 GHz snelusunsy CST

wr ol oo

a1 = 60 UADINAS

JUM 3.35 n151US8UWEURANITINABILUUYDILUUFUNMSUR NS 1 uULlATIad19agene
lAssaNTail 60 40 Lar 25 UAFLUAT NS2UIU XZ ¥83IAUD 5.2 GHz

aelUswnsy CST

laga1uisaulAmIsimesae q Nlaann1susuguaiedsnindelssaunisal

melUsWNTU CST VBINNEIUAINUD LARILARINITIN 3.2
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A135197 3.2 AIMNSENETANN 9 NLAA1NNITUTUUAIEITNSITIUsEAUNSalAElUTLATY

CST VDIV9@UAIIUD

2.45 GHz 3.5 GHz 5.2 GHz
W15 3003 YU YU YU
@{adms)  @Hadwms) @ @adwes)
W, aUnI9veeiangIuses 96 68 45
W, : A2UNINTOIRIMRNA I 46 32.2 21
W, : AUNINUBINT1I0 25.6 17.8 11.6
W, : anuninwesaneidoyyio 7.8 5.4 3.8
g1 AMUNINVBINTY 0.6 0.5 0.4
L, : ANU81I9037dAg 11584 78 55 37
L,: AMU1IVIRIHNTINU 25 17 11.5
L,: AU81IU8INI 10 20.5 12 5
L,: Augvadangindyaiu 47 33 22
£, ANUNUIVDIUNUN T LN 0.15 0.15 0.15
h: AEATBTHAFIUTE 0.135 0.135 0.135
_ 104 ﬁ%h";;:: ,_—_" T
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aztlAsunUaaiudusgraiulede wanslaaasun 4.6 TunianduiutiinA1A1 1 unUI
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vasuiunITlidann1Inslidgasi 2-4 iinduaiauidiliinfazhes 9 anasetng
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gﬂﬁ 4.5 \p304 Hall Effect Measurement System §va LakeShore éu EM4-HVA

M19197 4.1 wansinAfanUAnielninanaTes Hall Effect Measurement System

o '

) AUYAUN ANMUAIUNIY ALl AUATUNIUADNUN
LA b
Lm (ohm/cm) (S/cm) (ohm/sq)
Qﬁli‘ﬁl 80 1.59E+01 6.30E-02 1984.38
qmﬁ" 240 3.04E+00 3.29E-01 126.65
Qiﬂi‘ﬁl 240 1.64E+00 6.11E-01 68.15
Qiﬂi‘ﬁl a 200 1.14E+00 8.74E-01 57.19
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Hall Effect Measurement System 21n@1 60-240 lalasiuns
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Hall Effect Measurement System 21n@1 60-240 lulasiums

lagazarursaasuauandinaliimiuuinsgiulddn dradi
F1uNIUALRLTULAN UL DAIA UL RLTY wazluntanduiuatnuinliiAazanas

<3 b4 1 [ = 1 o X = 1 dl 1 [ |
LANUBYLTUNU LUBATATITUAUILNUUU ‘(NF"I'W"I’J’]&J%UWLQ&SGUSQLLNUﬂiWIWG]GUS@QVI 150

' '
o A A

Lulaswes wazuiunslidannnslidgnsi 4 aglvimauiuniuaionngade 0.926

ohm/cm waglvimanuilniadeaiiane 1.56 S/cm

Mallludiunanainansi 1 v 4 Wy szldiunauiiievasidndiu
MlndiAgeaiuudlugnsi 1 dundulldiainudiuniuigangawazietanudiliiidnga

FeAnandadiuvaanansiidiun lagansn 1 Zons1diu 0.5:1 gash 4 Ansndau 0.65:1
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dswalilugasi 1 du fdenudluensmsnusauivessnalisoguinninlugasi 4
dlefiansandennudumarlunisihluldin-uin andu asuuuuufiusd uazvinfiansan
Tudiunanaingmsi 2 uaz 3 Avgnuinildnsndiueddl 2:1 uaz 3:1 Audrfy Fennsid
Sndunsnatliddeniiigaiundt 0.65:1 suasiinliansinaminaudunianize
Fuouunu winenslddulianefonanuiu Wem-tinaniuasuuuuuins Safndy
sevihiivgusy liSeuidloumilougnsil 4 wanslifagui 4.3
4.1.3.2 mMsnegeuauautAnsliimungure iy ianguses
nsinmamuandinIdliinuuinsgIuepuianguseslsEam

I '

Tndieawmesiiuazldindes Split Cylinder Resonator 8% Agilent U 85071C uanslanagusl

4

o

4.8 TunsinArauvuikazAladiinainvesuiuiangiuses JaldAaunuIvedwruian

o

FusesUssavindieanasivindu 0.135 lulaswes wazaladianasnivindu 2.8

TS

(n) #amdes Split Cylinder Resonator

(1) YN9BLUTWNTULENING

gﬂﬁ 4.8 1A304 Split Cylinder Resonator fvie Acilent iq'u 85071C

4.2 nsvasauanaNTRsBaINAMTlsguAILD
421 n133AA1 S, LATAILUUAIANDUNLAUTVDIE18DIN1AINLEUNTI LA
4 4gn3
nFsniildvinnisainsansenniaiinud 5.2 GHz anusuns i 4 g
puriade 3.5 wdiy Tuduifaevhmsiacamaudfaing 4 vesmsonameaiosiiasey
TAs998 (Network Analyzer) 8%e Agilent U E8363B LLamlﬁﬁquﬁ 4.9 FagiAszvivaan
S, AUUAIAYIBUAWAUS LUUFUNMTUNNAIULALENTIVEIEVBIEIERINTA Lagnawriinis

Taale 9 92AIN1INITLARALUINIATEIIANDULAND F9921511NN1918NTIAINDTILTIU
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1NAUD 100 MHz 919 10 GHz AMU939A2 UL IUN1591809bUU waglgA1duNLAUD

v

AuANYE 50 Loy lagldenyiin1suaadiusnkuudalud® waiduinissuianavesen S,

fuAwuuAIanBuiunudvesaisoniAlussuIuEeuUnid 19 4 gns wanaldnagui 4.10 uaz
Unan1sianlauviiniswTsuiiiguiu wanald degud 4.11 uaza19199 4.2 Faagnuin

A v | I PN )~ fa  ca v o I3 a
ﬁ']‘C’Ji’]']ﬂ']ﬂﬂﬁiqﬂfﬂqﬂLLNUﬂ571WG]qmiﬂ 1 5031]LL‘Uu@'J@‘VlWﬂ'J'N@@ﬂI‘UIUﬁﬂ‘HﬂJSL‘UULLﬂUﬂ'J']Nﬂ

[3 a1 =

¥ PN 1 i 1 g v Ay d‘ ¢
ﬂ'J']\leLﬂJE)Eqﬂ.‘LlEJ']UWJ']SJQI%Q']UG]']NVIG]ENWW Tuqm‘w 2 AagdlANANNALSYUUUD Lo UNINT

o ] ISP a

AUDAINRENAIND 4.92 GHz usdlan S, He1fian Tugasi 3 Aasdidaudislowuud

Y

a a

LHRULIMNNAIURANRENAND 4.67 GHz warlugnsh 4 azilAianud wlawuudlndifes

[
v

5.2 GHz unfigauagen S, daedludiquiiaes dnnadadidwuudinniasoungy

gruAMuUDlUNSIgaudnee

(n) &eINAN 4 gns (v) nMsmeLniuansdaygy

UM 4.10 @1801n1AINUHUNTINANS 4 gns 1A1UD 5.2 GHz
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o

/

Sy; (dB)

1 1 1 1
'g W o 9 ke
th = o = fth

AN (GHz)
U 4.11  msSeuiflgunanisindl S, YesEeeInIARNwAuNIANg 4 ans finud
5.2 GHz

o = P Y fa  fa o ¢
M135799 4.2 N15LUSYULNEURNANITINAN S“ LACLUAINADUNLAULGUDIAIYBDINIFAIIN

WHUNTILNANS 4 gns

WNUAIBDINA wuumIav (GHz) pufislonuud GHz) S, (dB)
ansil 1 7.12-8.16 7.56 -11.28
ansn 2 3.91-7.01 4.92 -31.62
an3il 3 3.68 - 6.03 4.67 -19.00
ansn 4 3.74 - 7.29 5.29 -21.83

4.2.2 mi‘wmaaumEJmmmnﬂLwiuﬂiﬂWﬁqmﬁ 4 $1uau 4 By (Reproduce)

91NN1FIAAT S, WAZAIUUAIAYBNALAUTVOIEIBDINIAINLANUNTILWA
1 4 grauduasnuitasoniafiaarnusunelidgasii 4 Gu fanmsnevauswiorud
flndidssiuanuiislouuudauiidonisls Swhmmeasuaseniaanusiunstlsignsi 4
dadudemsainsaserniaanuiunslidgnsi 4 Wiudn 4 Fu Sadunismadeunsvien
(Reproduce) tlavinsnadeumsnauausssion i 1dsanunsansuausronmdiifionis
TemadnnSolsl uanaldfeguil 4.12 uazmaildundIeuidioudu wansldfagud 4.13 was
137 4.3 Fanudarsernmannuiunsilidgasi 4 s 4 Juil fenimmevaussioniuid

mufdeIn1sntndfeiuwasidauunininasouaqueuaudlunstdnunlndifeeiu
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8ndae Maduwkunslidainnianslndgesi ¢ Ufsanunsainlulddudusuulunisadis

anganelasald

(v) nMsranundygy

(A) @YBINNAYIY 4 U

UM 4.12 @1gonAInLHUNTIAansT 4 M3 4 Fu fIAud 5.2 GHz

5
- EREEEE0W
""‘"h‘
-5 N .......... visi ==
-10 X
_— X e
g s N Va
= N
clll;-:u' =20 "
w1
25 \ il
30 i 2
ki 3
38 b 2 8 -
T uu 4
-40 —

Auf (GHz)
JUM 4.13 n1sidSeuiieunanisinan S, ¥eeEeeInN1AIINLEUNS NAgasT 4 9 4 Ty

fiPu85.2 GHz

A13197 4.3 NMSWTEULTIBUAT S|, LazhUUMIABNRLAUTYDINaNITIna1E9INANS 4 U

UWNUANBDINIA  ANLREY (1) Luusiedt (GHz)  Anudislaiuud (GHz) S, (dB)

WHUT 1 180 3,74 - 7.29 5.29 21.83
WHWT 2 185 4.01-7.22 5.29 2557
uHufl 3 195 3.96 - 7.27 5.2 239
WK 4 195 3.76 — 7.32 5.24 28.7
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423 msia S, wazAuuuiinBufiuuduesaseiniaainusunsliigasi
Pndildvimsadrsanseinianiuauding 4 9nde 3.5 udatu ludi
fagriinisiadinmaudisng 9 vesarseniadisiaiesiiasgilasetiedve Aglent
U E8363B uanslddagudl 4.9 Feagdiasizsininn S, Auuudiavidufinaud wuugy
MSURNEILRaESATvEETesEwe1Ne nelovThnisueadiusmiedestaudaty Suinas
Suanavesdn S, fuaiuudinidufiuaudresarseinialuszuuiieudnfideu Faasisu
9MNAA 2.45 GHz 3.5 GHz Wag 5.2 GHz uanalddeguil 4.14-4.16 waziilotmanisia
filduvinsIsuifisuiunaainnissiassnuuazuandldfisgui 4.17-4.19 wazansned 4.4

= ! A ya v a o a v A & a = YR =
%QQSWU?WN@WI@NﬂQWNGLﬂaLﬂHQﬂULLaggJLLU'ﬂ‘NﬂJVlLﬂu‘LﬂsLUVlﬂVl'NL@EJ'JﬂUVNa']ﬂJﬂ'J']QJﬂ

(n) MsreaIweINIALINUanendyyIu

o

Ul 4.14 wamsind1 S,, fiAud 2.45 GHz

Y

(n) MImeaweINAfuaedyy I (9) NUNDLAAINATIAIIND 3.5 GHz

o

Ul 4.15 wamsind S,, fiAnud 3.5 GHz

Y
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() MImeawaINANfUanedyy I

o

gﬂﬁ 4.16 wamsinan S, finud 5.2 GHz

n

7 ]
‘éf

I
!

-10 >.\ i el P

541 (dB)
S 5
1 \

—-— - — v
HAN 3D 1ADIY AN IA
-35 1 —T T T

40 : L !
0 1 2 3 4 5 6 7 8 9 10

A (GHz)

UM 4.17 madSgudigua S, vemanmsinduranisdnassiuy 1Aud 2.45 GHz

\._
\

541 (dB)

Hansiaaamy "~ Hantsia

0 1 2 3 4 5 6 7 8 9 10

A (GHz)

UM 4.18 maSguiigua S, vewansinduranisdnaesiuy NAud 3.5 GHz
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y

-10 RN —
N\ 7

-15 4 ! i / ]

w{ N

225 4 | |

_30 4

-35

-40

Sy44 (dB)

AN 1T aa W in

A1 (GHz)

UM 4.19 madSguiigua S, vewansinduranisdnaesiuy NANd 5.2 GHz

o = a ! fa  ca « s v °
A1919N 4.4 n1SUSEULNEUAN Sll LAZLUUATIANDUNLAUSUDINANTITINNUNANITANADILUU

NANISINADILUU NN
y . AE S . ANUA S
AN LUUAIAY] ¢ 5 WUUAIAN . "
LS LU LS LU
(GHz) (GHz) (dB) (GHz) (dB)
(GHz) (GHz)
2.45 1.85 - 3.66 2.45 -21.19 1.70 - 4.45 2.44 -18.55
35 2.66 — 5.67 3.52 -45.03 2.31 - 533 3.41 27.72
52 4.15 - 6.58 52 22,77 3.75-7.29 5.29 -21.83

PRIINNUUYIINTIA9DE8IN1AVULNUNTINSEUBNNLS AL 60 40 hay 25

Hades ua1391N1TIANAYRIAT S, AUALUUAIANBUNLAUGDNATY T992LTUANNAIND

2.45 GHz 3.5 GHz uay 5.2 GHz uandldsaguil 4.20-4.22
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PUDLARINANIAIUD 2.45 GHz

(n) MsmagINIFAUaBUd I

]

(¥)
UM 4.20 wan1sinAl S, vesageInianlAveuullunsinssuaniisell 60 40 waz 25

Y

Taduns 1A 2.45 GHz

(1) MIsivayeINIALIIUaIEUNA Y10l

sUN 4.21 wan1sinAl S, 99sa1weIn1ANlAYsaUUlLNIINTsUanydseNl 60 40 wag 25

v

AdlWNS AU 3.5 GHz

LR
S

(1) MIsivageINIALivaIsd el (¥) nUNBLENINATIAIIND 5.2 GHz

o

UM 4.22 wan1sinAl S, I99a1weIN1ANlAYIaUUlNLNSINTEUaNTTSAN 60 40 wag 25

v

Taduns 1A 5.2 GHz
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9NUUEINANITIAAT S|, AUAILUUAIABNTIKAUGUIYININISIUSsUIBUAY

Tngazi3ua1nanud 245 GHz 3.5 GHz wae 5.2 GHz wanslansguil 4.23-4.25 uazasnadt 4.5

= ! A ya Y a o a v A & a = YR =
‘(NQ%‘WU'J']N@VI‘IWNF’TNNGLﬂaLﬂENﬂULLaggJLLu'ﬂUQJVlLﬂu‘l,ﬂs[,uvmvnﬂL@H?ﬂu%ﬂaqﬂﬂjqﬂﬂ

811 (dB)

sUN 4.23 nsideuiisunanisinen S, vesatgeInalaweuulnunsInseuanilsedl

| — o a0
" 4 I || EETR TRy ey

A’-':'-‘v;:_k. I S

* 5wl 60 dinaugs

S 25 s
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60 40 uar 25 HAALIAT TIALE 2.45 GHz

-10
-15
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88

JUM 4.24 mswSeuiiguranisinan S, vesaieanAnlaseuullunsinseuaniiifadl

v, oaoa .
San 40 nanmas
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[

A8 (GHz)

60 40 way 25 JaalnT Hirua 3.5 GHz

oy |
Ny mr~ B
- \ ! 1
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\\/2‘ smoufonden |
¥ 3 =i 60 Haaumy |
=i 40 dadums |

';;'_;_'“_{i 25 siadnis |

0 1 2 A 7 SPANN\L SV 10

[

5
u e
=N =k
10 1 M7 ina s
B s
o =20 A
“ 225 Tasowtonhd |
30 4 il 60 dinaums |
35 4 T i 40 dadmas |
_40 | ~ 7 S 25 daamns
0 1 2 4 5 [ 7 8 9 10

sUN 4.25 nsideuiisunanisinen S, vesatgeinalaweuulnunsinszuanilsedl

A0 (GHz)

60 40 wa 25 HaAlAS NALA 5.2 GHz
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A13197 4.5 nswWTeuiieuan S, WasluuAIANBUNLAUTUBINANITIAAUNANITTIABILUY

v

WIBYNNNSLAREN8INAULINUNTINTLUBNNLSAL 60 40 WAy 25 JAALIAT

. - URGERG) n13lAg9e n13lAgee
4 PUIVLTEUUNA
AR v oa o a A v o4 aa v oa A A
. el 60 adLung el 40 Nadlung Sridl 25 dadlung
SCIIL
(GH2) wudded,  Ja wuuAIA, fr2 WUUAINY, fis WUUAINY, Ja
(GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (GHz)
2.45 1.70 - 4.45 2.44 1.78 — 8.36 2.57 1.78 - 8.41 2.53 1.78 - 8.41 2.52
3.5 231 -533 3.41 2.52 - 559 3.51 2.57 -5.59 3.61 2.42 -5.49 3.46
5.2 3.75-17.29 5.29 3.96 - 7.03 5.39 3.91-7.03 5.44 3.81 -6.98 5.39

4.2.4 MTIALUUTUNMIUHNTSNUYBIEEINA
le7lun1TInnuUTUNISURNEIIULAZ N TNIANENTIV818UBIE1EDINATIY

agyiluieannaey (Chamber Room) Niin1stesiudyansuniusaziinisldianigaduaiu

a

avulailVusiooninniguen uansldfagui 4.26 Teassihisaesssunufiossuiu XZ fussuny
vZ Tngaganaiuniavesansanniadiddaduaisainiewuugesu (Double Ridged Model
3117) fumeermaiaiuitadisdiumnanudunsTinflifissergeaniu 1.2 wes waganasiheiy
2 wns FsazanaluszuruiFoudnneunandldfesuil 4.27 uagiogianisinsangene
TuesmeaeunayvthasuanssansiauuusUnsLHndsy wandldssguil 4.28 Tagazizuain
ANUA 2.45 GHz 3.5 GHz uaw 5.2 GHz uazthwanisiaflduminisieuifieuiunanin
nsdassuuuazuandldfagud 4.29-4.31 Fsazmwudinailddanuaenadestunasiuualiy

Adululufianafertuiaualug
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(1) NMNTINVDIVIDIMAGBY (V) YALASOLIALAZIDUARINANTTIA

UM 4.26 MIeSEUMTIALUUTUNMSURNEINULALERTIVE8YRIENgRINA

g iU 360 94 g 3 360 83
Y -
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B 2 1N
o . 1.2 1 uns
A J
= o ' = o '
Lﬁ%’EN‘JLﬁ%”\WTﬁ%’&“EﬂEI Lﬂ‘ﬁﬂﬂ?lﬂﬁ’\gﬁiﬂﬁﬁﬂmﬁl
(N) NMTINMUTEUU XZ () NMIINMUSEUIU YZ

JUN 4.27 n1swiseuiAIediinTeilasadnguagnsinieangene

(N) MIIANFUAUIEYDINFA (1) NTNBUAAIHARUUTUNTUN IR

=

JUM 4.28 f1ed1an1sineatverntaluviomadasulagninouanInan1sInLuusy

ANTHANAIINY
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() 53UV YZ

5UN 4.30 MSUTPUTIBULUUFUNTUR NN UTBINANNTIAAUNAN1TINABILUY 1A
3.5 GHz

HANTTIIAD MUY

(%) 5¥uUU YZ

sUN 4.31 MSUTEUTIEULUUFUN TURNESIUYBINANITIATUNANITINA0IUUY 1IAI1UD
5.2 GHz
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Aoy

wasntuyhnsiAsemeamavulnaumsinsyuenfidsal 60 40 uar 25
fadwns wndeihmsiawuusunmsunndsiluszuiu XZ 8nase wazihuvihnisiuseuieu
il P992430NAUD 2.45 GHz 3.5 GHz war 5.2 GHz wandlansgun 4.32-4.34 Fasnuin

nanladuaenndsstukariv i dululufienianedfiuriaiuainud

Fall 60 Tiafiuns

- a
FryUTUEIUUNR

90

o

JUN 4.32 M3UTUMEULUUTUNMTURNASUYBdagaINATlANeUUl I SInsEuanidSedl

60 40 uaz 25 daawns fnud 2.45 GHz

[

3UN 4.33 MsUTguiguwuusUnsuRnasuYeagaInanlAseuulnunsanseuenfid el

60 40 wa 25 daAwns fALA 3.5 GHz

151



Sail 60 Uaduns

M‘.:.::u"lufiuu'dnﬁ

4

[

UM 4.34 nsiUSeuiisuluusUNsURnaRINYesagenanlAse Ul sInsruan il sall

60 40 way 25 JaalnT HirA 5.2 GHz

4.2.5 AMIMIANDNTIVYILVBIAIEDINIA
NN3UT 4.23 (M) axldansornasidsiidunuusesu (Double Ridged Model
3117) lumsdedaunnudidiludianeaniafisu Ssnsimuiudnsvenevesateinia
wldanaunsi (2.74)

G.=P-FB+L.+L

f " Hline G,

P f9 M&NIuUnenIagas (dBm)

A o w

P A8 MasIuUn1enN1asu (dBm)

N

L, Ao Mdnunggydeluaeduwivnudiazniniu

P o w P =~ W Adrd
L, Ao aungadeluainimviiiu 20log -
G, fo 9RIVIILVDIAILDINIFANINIAE

(%

G AD DAT19818YBIE1EBINIANINAIASY
UNUIAIUIUIIANDRTNVYIYVBIANYDINIANIAIIUD 2.45 GHZz 3.5 GHz uay

5.2 GHz TagdA1nain15aIve9a18eoInIANIAd9inun 2.45 GHz Useunad 6.3 dB 91Aa1ud

3.5 GHz Uszanad 7.9 dB uazfimud 5.2 GHz Uszana 9.9 dB LLamﬂG’fﬁﬂgﬂﬁ 4.35
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Model 3117 Gain
18

JUN 4.35 AmasnisasesaseIniakuugeast (Double Ridged Model 3117) n1anAds

TAYALLSUANUIUNAIDATIVYIBVIANYDINIANAINUD 2.45 GHz Aoy Laedl

AMNTITNDIAN ) fsil

9M3VL8VDIE8RINAES (G,) = 63 dB
iasndsean (P) AMvunalin = 0 dBm
ANSEUENNEIYBINIANIATURAEAPES d = 2 AS
nsgaydeluaegenie (L, ) = 46.2 dB
godeluaaihdyaunsinuduasauiu L, = 45 dB
madanunlasuasan (P) = -42.49 dBm
A laeadl

G, =P -P+L,+L,, -GG,

G =—4249-0+462+4.5-63

G, =191dBi

FHINUANDNSIVYNUVDIE18DINATNAIND 2.45 GHz winAu 1.91 dB
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AIAUIUMIAIEATIVY18YBIA188INATIANNND 3.5 GHz agdAnisiiines

$9 9 $9il

M 31VE18V0IEEINFE (G,) = 79  dB
fdsidsoon (P) vl = 0 dBm
ALY NENYDINANIATULAZAIAES d = 2 LIAg
nsgaydeluaneennie (L, ) = 47.58 dB
ngLﬁﬂiumaﬁwé’mmmﬁaﬁmdqLLazéfm%’u L. = 65 dB
Adsnudlssugean (P.) = -44.21 dBm
wnuen sl

G, =P -P+L;+L,, -GG,

G, =—4421-0+4758+6.5-7.9

G =197dBi
FefurdnsvensvesaeenAfinud 3.5 GHz wihitu 1.97 dBi
N3AUIUNATSRSITENBYEIENERINIATIANE 5.2 GHz glAmsfimes

$9 9 ol
I7151U818YIE1URINAES (G, ) = 9.9 dB
fdsiidsoon (P) fuunlid = 0 dBm
ANIZYENNANYDINANIATURAZAIAES d = 2 LIAg
nsgaydeluaeenie (L, ) = 52.15 dB
andeluamethdynnasisiudaasduso L, = 85 dB
Adsnuilisugaan (P) = -48.77 dBm
ROt to|
G, =P ~P+L,+L,, -GG,
G, =-48.77-0+52.15+8.5-9.9

G, =1.984Bi

AIUUAIDRNTIVYNEVDIANYDINIANAINUD 5.2 GHz WU 1.98 dBi
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Tngeildanmsdunmemansinaeeniafiadnsduunanusiuns i
@uANA A 245 GHz 3.5 GHz uaz 5.2 GHz JA18M3198180¢7 1.91 dBi 1.97 dBi uay
1.98 dBi pudIdy Feazaniiariildainnissiassnuvegiu enaidewnainnndouse
1 SMA i Auwsuangenafililddunislugaimangaunieldniinslildludiuiud
lalwnzau SeiliAndnisaaudelugadld wudmalilddsnsmesiligunntn wandldds

AN5197 4.6

A15199 4.6 N1SUSHUIBUDNTIV8N8UBIENEDINIAIINNANITINABILUUNUKNANT I

Al (GHz)  Han1331a09wuy (dBi) NaN13I9 (dBi)
2.45 3.26 1.91
3.5 3.93 1.97
5.2 4.36 1.98

4.3 nedeuuaNTRsEaINTARBEUAINA
431 msiadn S, warAuuuiindufiLauduesanseniadeseunaud
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4.3.3 N1SUNIANDATIVYIEVDIEIEDINIF
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Tn898B3URUINMIAIS ATV 18T89E89INATIAINE 2.45 GHz R Tass]

AT ) Agil

M1V VRIAIEDINAdS (G,) = 6.3 dB
fdsiidsoon (P) fwunlid = 0 dBm
ANSTEEUNEERINANIASULAZAPES d = 2 LA
msgadeluaneennie (L, ) = 46.2  dB
qzyﬁsﬂuawﬂwé’igzymﬁgaﬁmdaLLaw’ﬁu%’U L. = 45 dB
Mdsnuiléugean (P) = -42.48 dBm
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4.4.1 NISNAFDUNISINUANYDINIANTIEIUAINUD

dlevimmaaeunmaiicig 4 Adnduvesarsemaniagiuanuiiisan
audluudaty funeunismeaeudesnasfunsmeaeuniniluldeuaie lnensiluse
T#a1usufugunsal WiFi 11AC USB adapter 2.4G/5.8G (AC1200) fiflansgiuninud eaedl
awemel 2 i TaevhnsvyunenaseniAlieen wddshatgoinaduwuuiinnud 2.45
GHz v 5.2 GHz Wi luldeuunulnenisdesaufuuduiioudve Acer fu Swifts fifnsa

TUsunsu Xirrus WiFi Inspector tialdlun1snsisgevudyyrainduniiuaniasyesnun
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NA5197 4.10 wansarsERudyIunsulaannisnsisdeunislusunsy

Xirrus WiFi Inspector 3a9znuinszaudgaiaiinldnaieeiniaveswauiney gunsal WiFi
AC1200 Hazaige1nAduLuUYIaesaudluszuiussuUnAnuszuiulaiveuu Tananseiu

TndAseiu Fsanunsathluldnunawnunulaasa
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A1919% 4.10 WaNIIATIERUTEAUAYAIUNSULAIINAE9INIARTINETUAMLLUUAN ¢

- AdIM
GRELRIRLG A1ua (GHz) RGBT
(dBm)

Melupies 2.462 49 11
Acer Swift3 y

Melumsas  5.300, 5.320 51 60, 64

A8UBN 2.462 56 11
AC1200

APUDN 5.300, 5.320 -48 60, 64

SYUNULSHU 2.462 -49 11

3 1A990 2.462 -53 11

d18DINANULLUU -

seuuBey  5.300, 5.320 -49 60, 64

1A1498 5.300, 5.320 -49 60, 64
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Tululnauay S 5 o .,
[26] _ wHuns iy Iu (PF-4)  Msdn Talld e >$120
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. DEK Horizon
Talnaay naingilwd Polyimide o . .
[27] . Yswian3u  03iand EKRA 16 >$37,000
Talulwa waynindu  and PET
E2
[28] Tululna ninku PET Usunansu 16 >$2,000
printer
Dimatix inkjet
[29] Tululna nINRY PET Usuien3u  Printer DMP- 1§ >$29,400
2831
e X 2y Ultimaker 3D -
[34] Ialna Ny Polymer Usun lila  >$5,000
printing
USuvianiu
N, ), K Compression "o
[35] Talna 3NN bala Paper LAYN1ION Lilg >%1,200
\ roller
39
ae91nA
Funuui Tululna RINTINA  Polyester  @n3usoile Taild 1) <$60
Jaus

1 v
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Mg warlddedddnszuiunisndniniaIasiurinuudig q Nlisiaune lnelisigaziden

AN 4 uanalanannsedn 4.11

TP-LINK TECH...GIES CO,, LTD.
802.11n
6
2437 MHz
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“63dim
234 Wbps
t 02Kbps

+ 0A4Kbps

Q <

(M) WUANINALIUAIND 2.45 GHz ) OUANINALIUAIND 5.8 GHz

sUN 4.47 nsUnatgenaaessuAudsukuUlUnageuldaIuas

Y
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4.4.3 ASNAFBUNSIIUENYDINAADIENUAINUD
TutumaunisnaaaunisiatsenaaassuaulUTduas vz luse
Tausiuiugunsal Access Point 8% TP-Link 314 TPWDR7400 71iladg1un31ud @9azd

#1899 N"AFBIEIUANARBEUAND 2.45 GHz AU 5.8 GHz lagazyinnsuunenagenia

o 1

Wueen waldehaigeiniAaasgiuaudfusuunussiilundesgunsalidnluldauuny

Y -

Feagldiluddsdygyranazazldinsdniinfoundvodugazu A50s NRnaIlUTWATN WiFi

Monitor 1uan teldluiisunasinszaudygrunduanudvassesnuiain Access Point

wanglanaguil 4.47 uanhranliuninisiSeuisuiudyaaiinliainaigenaniadeg

Y

Tugunsal Access Point wanslananis1edl 4.12

[y

A15199 4.12 HaNIIRTIVERUTEAUS Y UNSUlAINENE0INABILTUAUDRLUUANY 9

A89N# Aud (GHz)  endoyquos (dBm)  Yesdyqnoy
2.45 GHz 2.437 -63 6
Access Point
5.8 GHz 5.745 -63 149
Y 2.45 GHz 2.437 -65 6
A9 INARULUY
5.8 GHz 5.745 -65 149

91NANTN9 4.12 Lananszaudgn1ansulaainniinsrvaaumelusunsy

WiFi Monitor #3gnuinseaudyaiuninlaainaigeiniavesgunsal Access Point haz

[
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[
U =

PMNNUITY [23] Nasnuiinduluselanfndusuaiuinise Silhouette Cameo Cutting ey
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TAwels 13t [24] Wuansemalalulnaiadeienindnidulusdatasiiunszuiuns
& ) a ' a v a o 1 Y
WARRUUNIAAFINTEIUIELAN PET lnefiateeiniAdesgiuniiudsusuuiiunausiozaiing
nuans ldAduranfunteundseaspautduniinsindualiiunansusieiioldu
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N15799 4.13 N1SIUTYULNEUAINULANAINTEUINNE18BINIAADIUIUAIIUDAULUUNU
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. ¥iin L. T Usumes/ . .
N1591989 andian NITUIUNTT ) nMslANe  AuuITI
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_ uNuvloea - . .o
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[23] Tululwa . PET . I >$400
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[24] Tululwa . PET = I >$400
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168



uni 5

ajunauasdaiauanuy

luunilagndnfeanisagunasuidenlaiinisesnwuu n1sasiswagnisaasy
a1uaINANNERUNTILANUUNTessugmunsidnunisguanuiuassuunsessunisidanu
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dudrgdonsiiluuinaniuasuuluuiivivuiangiusesUszinnlndieaneslad Jeazdin
Auvuadsegi 150 lulasuns Bndadeluasuduuiunsliduazsinimaasy
Anuau ANl LR sgIuAeIAes Hall Effect Measurement System wudnlsenaan
Fumuladesiigade 0.926 ohm/cm waglsiraruihliiiiedegsiaafe 1.56 S/cm
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Y
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Y

a0
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Abstract: This research investigates a monopole patch antenna for Wi-Fi
applications at 2.45 and 5.2 GHz, and WiMax at 1.5 GHz. A low-cost and
flexible graphite sheet with good conductivity, base on graphite conductive
powder and glue is used to create a radiator patch and ground plane. Instead
of commercially available conductive inks or graphite sheets, we use our self-
produced graphite liquid to create the graphite sheet because it is easy to
produce and inexpensive. The antenna structure is formed using a low-cost
and easy hand-screen printing approach that involved placing graphite liquid
on a bendable polyester substrate. This research focuses on designing and
developing a low-cost, thin, light, and flexible patch antenna for wireless
communication and smart glass applications. The proposed antenna utilizes
CST microwave software for simulations to improve the parameters before
fabrication and measurement. The simulation and measurement results for
the reflection coeflicients at 2.45 GHz, 3.5 GHz, and 5.20 GHz are reliable
and cover the required resonance frequencies, antennas gain are 1.91, 1.98,
and 1.87 dB, respectively. Additionally, the radiation patterns of both results
are omnidirectional. In the experiments, bending the proposed patch antenna
along with the cylinder with the radii of 60, 40, and 25 mm yiclded the same
measurement results as the unbent patch antenna.

Keywords: Graphite liquid; monopole patch antenna: hand-screen printing:
flexible; low-cost; wireless communication applications

1 Introduction

Today, wireless communication is commonly used in people’s everyday lives. Researchers have also
been increasingly interested in studying and designing antennas to support wireless communication
applications, such as dual-band antennas at 2.45 and 5.8 GHz for active radio frequency identification

r—- This work is licensed under a Creative Commons Attribution 4.0 Intemational License,
@ ﬁ which permits unrestricted use, distribution, and reproduction in any medium, provided
[

the original work is properly cited.
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(RF1D) tags. This antenna used a CPW-fed transparent AgHT-8 thin film that included silver coat
polyester on a thin and lightweight polyethylene terephthalate substrate [1]. Compact monopole RFID
reader antenna 2.45 GHz was designed as a planar loop monopole element. The antenna was fed
by a microstrip line on a printed circuit board with FR-4 substrate for vehicle detection in parking
lots [2]. A slim planar short monopole antenna was designed on an FR-4 substrate consisting of a
mirrored C-shape with a narrow gap from the ground to support a dual-band WLAN at 2.4 and 5.5
GHz: for laptop and tablet applications [3]. Dual-band antenna was designed by etching a butterfly
slot with CPW-fed for 2.4 and 5.8 GHz, and 4G mobile communications on a PVDF substrate for
energy harvesting applications [4]. A wearable monopole antenna was designed with CPW-fed for
2.45 GHz using graphene and carbon nanotubes (CNTs) conductors on a flexible PDMS substrate
for body application [5]. Antennas designed on substrates for different applications change according
to the deployment of each work, for example, a split ring ultra-wideband transparent antenna with
CPW-fed by transparent silver-coated thin films (AgHT-4) conductors on PET polymer substrate for
applications on glass windows and panels of buildings [6]. A wearable dual-band dipole antenna for
2.45 and 5.8 GHz using a superconductive shield textile with two U-shaped slot etching overlays on
different substrate layers that could be used for bending along a cylinder critical for body efficiency
[7]. A wideband rectangular-shaped microstrip patch antenna was designed from a copper plate on an
extruded polystyrene (XPS) substrate to support IMT, WLAN, Bluetooth, Mobile WiMax, and X-
band downlink satellite communications [5]. An L-shaped and stair-shaped microstrip patch antenna
with CPW-fed was designed with two conductive elements between pure copper and zelt with two
additional substrates between polyester and jeans to support dual-band frequency, 2.45 and 5.8 GHz,
on a garment that could be used for WiFi and WiMax applications [¥]. A transparent U-shaped
monopole antenna with a microstrip line used Indium Thin Oxide (1TO) conductive coating on a
glass substrate to support the WLAN and Bluetooth base on smart glass applications [10]. A dual-
band wearable textile antenna was fabricated using a rectangular copper plate on top and meander-line
copper on the bottom of a denim substrate to function in industrial, scientific, and medical bands of
2.45 GHz and 5.8 GHz [11]. The C-shape, E-shape, and U-slot antennas were built using an etching
approach on FR-4 printed circuit board substrate to support essential bandwidth frequency. The
antenna was studied to compare different shapes for narrowband and wideband response at 2.45 GHz,
with enhancing and decreasing the bandwidth at resonance frequency [17]. A MIMO antenna with two
small monopole radiators and a U-shaped ground plane for 2.45 GHz WLAN was designed on an FR-
4 substrate for wireless USB dongle applications [13]. An F-shape monopole base MIMO antenna was
designed. The application of this antenna 1s the wireless system at 2.45, 5.2, and 5.8 GHz with two
monopole antenna elements, each mirror over FR-4 substrate and a ground plane with a dumbbell
shape [14]. The antenna structure was designed on a graphite sheet. One large conductive sheet was
bent into various shapes on various substrates, such as 4 microstrip patch antenna made of graphite
on 4 flexible polyimide (Kapton) substrate. An antenna with a radius of 18 mm could be bent into any
shape for ISM 2.4 GHz. As a result, the resonant frequency fluctuated less than that of a typical flat
antenna with SMD components [15]. A graphite antenna was designed on a CPW-fed UWB antenna
with a graphite sheet on thin adhesive tape substrate for 3.1-10.6 GHz and a microstrip antenna with
graphite sheet on C-Foam PF-4 foam substrate to support 5.8 GHz. These antennas could bend shape
at radiuses of 8§ and 30 mm, respectively, and keep excellent frequency response performance compared
with a flat antenna [16]. A quad-element UWB-MIMO antenna was designed on orthogonal four
monopole antenna elements with CPW-fed on FR-4 covering the surface of polystyrene block with a
cylindrical hole graphite sheet to increase isolation and effective decoupling between antenna elements
for 3-11 GHz [17].
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Furthermore, conductive inks were printed on different substrate types, such as elliptical wideband
quasi-dipole antenna and CPW antenna optimized for operating at 2-5 and 1-20 GHz, respectively.
The graphite WBQD and graphene CPW were screen-printed on polyimide substrate using a DEK
Horizon 031, comparable with silver WBQD and silver CPW, which were screen-printed on PET film
substrate using EKRA E2 semi-automatic screen. All graphene and silver antennas agreed that the
former could be used for low-cost wearable RF wireless communication devices [15]. A small meander
line dipole antenna was fabricated by Ultimaker open-source 3D printing machine. It used nano-
particle conductive inks, which were printed onto a V-plane polymer substrate for RFID tags [19]. A
meander line dipole antenna was designed by graphene conductive ink (Ink G-102E), a screen-printing
technique on a paper substrate, and rolling compression to support RFID (984-1052 MHz) low-cost
and sensing applications. A comparison of bending results found that both bending and unbending
were still covered by impedance matching all ranges [20]. A millimeter-wave T-shape monopole
antenna with CPW-fed was designed for 5G networks (26-40 GHz). For wearable applications, a
Dimatix inkjet printer (DMP-2831) fabricated this antenna with silver nano-particle conductive ink
and screen-printing on PET substrate [21]. An elliptical shape monopole antenna with CPW-fed was
designed by an inkjet printer with screen-printed silver conductive ink over the PET-film substrate to
support UWB (3.4-12 GHz) [22]. In these literature reviews, several antennas have been designed and
fabricated to support a variety of purposes.

Screen-printing by conductive inks on the substrates is becoming widely popular. The antenna
shape can be designed independently and printed on various substrate materials, which are flexible
for application in various systems, such as screen-printing on PET and a paper substrate whose
antennas could be bent. This antenna was used to support wearable applications [6,18,20-22]. Still, all
conductive inks must be printed by specific printers with special unique properties suitable for printing
on flat materials only. Moreover, the printers are quite expensive, resulting in a possible limitation for
developing antenna work in a group of researchers with a limited budget.

This study had two objectives. The initial goal was to develop a graphite glue that is less expensive
than commercial products and can be easily screen-printed by hand without the use of expensive
instruments such as a specific printer while providing strong electrical conductivity and maintaining
various antenna features. The second goal was to create an antenna with a lightweight, simple, low-
cost, and flexible structure. The prototype antenna performed WiFi communication at 2.45 and 5.2
GHz, and WiMax 3.5 GHz for wireless communication and smart glass applications.

2 Low-Cost Flexible Graphite Sheet Materials for Antenna Structure
2.1 Self-produced Graphite Sheet

According to previous research, FR4 printed circuit boards are widely utilized to create low-cost
antennas with various functional features. The antenna, however, has the disadvantage of being thick
and difficult to bend. Therefore, it is not suited for installing on curved surfaces that require flexible
antenna structure in bending, and even if some substrates could be bent, the cost remains too high. In
addition, to produce a planar antenna, different conductive powders were produced and combined
with a chemical liquid [23,24] to resemble printing ink. The silver conductive powder 1s the most
common and readily accessible conductive powder with good electrical conductivity. Due to its high
cost, the silver conductive powder 1s often used in high frequency or precision work and 1s mixed with
chemical liquid to produce conductive printing ink to create conducting sheet. It is also used with
high-priced special printers [15-21]. However, this methodology is complicated for many researchers
to explore and apply.
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One aim of this research was to study cheap and simple materials to easily fabricate antenna
structures. Moreover, the experimental produced a new liquid material compound of graphite glue for
creating low-cost graphite sheets to replace the expensive process (i.e.. no expensive use of printers) for
graphite sheets production to fabricate antenna structures. Additionally, graphite conductive liquids
can replace the chemical fluid in combination with other expensive conductive powders, avoiding the
need for costly printers. This work used graphite conductive powder with a particle size of less than 20
microns (Sigma-Aldrich, Graphite powder 282863). It was combined with glue (Elmer’s brand Glue-
All: Multipurpose liquid glue, extra strong) to create the desired stickiness and adhesive capabilities,
resulting in the graphite powder merging into a homogeneous consistency. This reduced its resistance
and increased the electrical conductivity. To begin combining the graphite powder with the glue,
measurements were done using a mixing cup. The graphite powder was then added into the prepared
glue, where it was observed that the mixture gradually became more viscous as the graphite powder
was stirred into the glue. At this point, we could identify how to optimize the ratio of glue to graphite
powder.

These graphite liquids were generated experimentally by mixing graphite powder with Glue-All in
four different types (Compound I-IV), as illustrated in Fig. 12, to determine the appropriate viscosity
results for adhesion. The four different forms of graphite liquids were described in depth. Compound
I'was composed of 10 g of graphite powder, 20 g of glue, and 5 g of water. Compound [l comprised 10
g of graphite powder, 5 g of glue, and 15 g of water. Compound III comprised 15 g of graphite powder,
5 g of glue, and 20 g of water. Compound IV comprised 13 g of graphite powder, 20 g of glue, and
6.5 g of water. Compounds | and IV included an acceptable ratio of graphite powder, glue, and water.
Compounds II and 11 appeared to be an out-of-balance combination of graphite powder, glue, and
water. The graphite powder and glue appeared to adhere to one another in a layer beneath while the
water floated above.

(b)

Figure 1: Materials and tools for creating graphite sheets (a) graphite liquids as Compound I-IV,
(b) paper frame for hand-screen printing and a polyester substrate, and (c) screen printing squeegee

The experiment’s physical tests of all four self-producing graphite liquids indicated that the
Compound I and Compound IV’s graphite liquids had appropriate viscosity. On the contrary,
Compound Il and Compound 11I's graphite liquids lacked sufficient viscosity. Following that, we
used hand-screen printing to test the adherence of all graphite liquids to a substrate. Compound
I-1V graphite liquids were hand-screen printed on a polyester substrate using a paper frame with a
thickness of approximately 100 microns and an A4 paper dimension. A sticker paper with a thickness
of 100 microns (Kodak digital paper) with pre-cut rectangular designs measuring 1.5 cm x 4 cm was
utilized in that procedure, as illustrated in Fig. 1b. As illustrated in Fig. lc, a screen-print squeegee
(SQW7TGV-H: 10 cm) was also utilized to assist in removing graphite glue smoothly.
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In summary, it was noticed that graphite liquids containing Compound [ and Compound IV
printed smoothly and easily when compared to graphite liquids containing Compound II and 111 due
to the viscosity difference between the liquids [19].

2.2 Graphite Sheets Properties

After completing the hand-screen printing of the graphite liquids on the polyester substrate, it took
around six hours to dry the graphite sheets completely. Compound 1 graphite sheet was discovered
to be smooth, adhesive, and flexible depending on the bending curve. The graphite sheet treated with
Compound Il was harder on the anterior surface and appeared to have creases, apparent stretch marks,
and would not adhere to bending without cracking. Observation and testing revealed that the graphite
sheet containing Compound 11l was comparable to the graphite sheet containing Compound 11
Finally, the graphite sheet containing Compound IV exhibited excellent flexibility concerning relative
elongation. Like the graphite sheet containing Compound 1, it exhibited good bendability, as shown
in Fig. 2a.

Figure 2: Physical test of graphite sheet: (a) bending test and (b) microscope for surface test

As shown in Fig. 2b, a microscope (Brand: SHODENSHA) was used to study all graphite
sheet samples’ surfaces to determine the differences in the features of graphite sheets with the four
compounds as Figs. 3a—3d. According to the investigation, graphite sheet treated with Compound
I showed adequate adhesion to the material and a smooth, blending-friendly surface. Compound
I and Compound 111 sheets lacked a sticky surface, and both sheets lacked a smooth. blending-
friendly surface. Compound IV treated sheet adhered fully well to the substrate, and the surface was
exceptionally smooth and ideal for blending [20].

Figure 3: Observing the surface of all the graphite sheets: (2) Compound L(b) Compound LI,
(c) Compound I11, and (d) Compound IV
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Compound I-1V graphite sheets were cut to approximately 1 x 1 cm for use with a Fluke Multi-
meter for essential resistance measurement [25]. As shown in Fig. 4a, the resistance values were
approximately 6800, 285, 165, and 130 ohms for Compound 1-1V sheets, respectively. A thickness
gauge was used to determine the thickness of dry graphite sheets on polyester (Brand: Mitutoyo).
As illustrated in Fig. 4b, the average thickness of four identical measurements of dry graphite sheet
on polyester was 80, 240, 240, and 200 microns for the four compound sheets, respectively, when the
polyester thickness was 135 microns [25].

=—— Display
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Sysiem =" Moduls
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range Part Bucket Dewsr
(b} (c)

Figure 4: Impedance and conductivity measurement: (a) essential resistance, (b) thickness gauge, and
(c) Hall effect measurement system

As illustrated in Fig. 4c, a Hall effect measurement system (LakeShore: EM4-HVA) was used
to determine the resistance and conductivity of graphite sheets via a four-point probe for standard
measurements [25]. Tab. | summarized the graphite sheet properties results of Compounds I-IV with
the thickness obtained from the measurement of dry graphite sheets. Compound IV had the lowest
resistivity, compared to the four graphite sheets at 1.14 ochm/cm, the lowest sheet resistance at 57.19
ohm/sq, and the best electrical conductivity at 8.74E—01 S/cm. Also, this research experimented by
simulating the thickness of dry graphite sheets from the Hall effect measurement system software by
adjusting different thicknesses between 60 and 240 um, which is the range that can be screen printed
by hand.

Table 1: The measurement results from the hall effect measurement system

Graphite sheet Thickness (um) Resistivity Conductivity Sheet resistance
{ohm/cm) (Slem) (ohm/sq)
Compound | 20 1.39E + 01 6.30E— 02 1984.38
Compound 1 240 3.04E + 00 3.29E — 01 126.65
Compound 111 240 1.64E + 00 6.11E — 01 68.15
Compound IV 200 1.14E + 00 B.74E — 01 57.19

The generated simulation results of four graphite sheets by the Hall effect simulation program
showed that the resistivity of all compounds slightly increased with an increase in the thickness except
for the compound 1 sheet, as shown in Fig. 5a. However, all compound conductivity marginally
decreased with increasing the thickness, as shown in Fig. 5b.
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Figure 5: Properties of graphite sheets when adjusted with various thicknesses as generated by the Hall
effect simulation software: (a) resistivity results and (b) conductivity results

Fig. 5bshows the generated simulation results of all graphite sheet thickness properties by the Hall
effect simulation program. The various thicknesses adjustments from 60 to 240 gm showed an inverse
proportion to the conductivity: when the thickness increased. the conductivity slightly decreased.
On the contrary, when the thickness decreased, the conductivity slightly increased. However, this
simulation result found that the average thickness was about 150 nm. The Compound IV sheet had
the lowest average resistivity of all graphite sheets at the value of 9.26E—01 ohm/cm and the highest
average conductivity at 1.56E + 00 S/cm. Therefore, the researcher attempted to use the Compound IV
graphite sheet for a low-cost antenna design to support versatile wireless communication applications
as the proposed target of this research.

3 Antenna Simulations Design

Today, designing and developing antennas are more convenient and flexible due to specialized
software that allows for the simulation and definition of antenna parameters based on the antenna’s
various essential structures.

Additionally, the results from commercial software are accurate and comparable to those obtained
through measurement. This study chose the CST program for the antenna design process. The design
process began with establishing the resonance frequency (f)) at 2.45 GHz. The basic dimensions of

a simple rectangular monopole antenna structure [26-29] were determined using A = }; [26], as
illustrated in Fig. 6a. '

A simple rectangular monopole antenna used graphite sheets from Compounds 1-1V, which had
an average conductivity of o = 0.31 E + 00 S/fem, & = 0.70 E + 00 S/em, o = 1.30 E 4 00 S/em and o
= 1.56 E 4+ 00 S/em, respectively. The average thickness of all graphite sheets was f = 0.15 mm on the
polyester substrate with a dielectric constant of &, = 2.8, the thickness of h = 0.135 mm as determined
by Split cylinder resonator, Agilent 85071C, as shown in Fig. 6b and connected to standard 50-ohm
CPW-fed antenna. The design parameters [26—29] were utilized in the CST microwave program to
generate antenna structures. Then, we simulated and optimized the antenna structure. Finally, the
optimal parameters were achieved, as shown in Tab. 2.
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(d)

Figure 6: Antenna parameters: (a) a simple rectangular monopole antenna structure top view, (b) a
simple rectangular monopole antenna structure bottom side view, (c) split cylinder resonator. and (d)
split cylinder resonator monitor

Table 2: The optimized parameters of rectangular monopole antenna

Parameters

Size (mm)

W,
W,
W
W,

: Width of the substrate

: Width of monopole antenna
: Width of the ground plane

: Width of stripline

£ : Width of gap
L,: Length of the substrate

L,: Length of monopole antenna

L;: Length of the ground plane
Ly Length of the stripline

t : Thickness of the antenna

I : Height of the substrate

45
21
11.6
3.8
0.4
37
11.5
5

22
0.15
0.135

Fig. 7a. illustrates the reflection coefficients (S, ) of graphite sheets antennas made of Compounds
I-1V material at 2.45 GHz. The graphite sheet antenna with Compound I had a wideband bandwidth,
which was insufficient for this application. The graphite sheet antenna with Compound II had a
bandwidth of 4.34 to 6.97 GHz with a resonance frequency of 5.24 GHz, which was 2.14 times the
2.45 GHz. Following that, the graphite sheet antenna with Compound I11 had a bandwidth of 4.15 to
6.67 GHz with a resonance frequency of 5.14 GHz, which was 2.10 times the 2.45 GHz. Finally, the
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graphite sheet antenna with Compound IV had a bandwidth of 4.30 to 6.72 GHz with a resonance
frequency of 5.28 GHz, which was 2.16 times the 2.45 GHz.
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Figure 7: Simulation results: (a) reflection coefticient of compounds I-1V, (b) bending simulation result
of Compound IV, and (c) adjustment of the conductivity between 10 5/m and 10,000 5/m

However, the bending of the graphite sheet antenna structure was critical for observing trends S,
and bandwidth at 2.45 GHz by selecting the graphite sheet antenna with Compound 1V, which has the
best bending property of all compounds. Fig. 7b illustrates the bending property of simulations. 5,
and bandwidth analysis revealed that radiuses of 60 mm, 40 mm, and 25 mm were slightly affected in
all cases.

Additionally, this research investigated adjusting the conductivity of the compounds between 10
and 10,000 S/m using CST software simulation to consider the reflection coefficient at the resonance
frequency of 2.45 GHz from a simple rectangular monopole antenna structure, as illustrated in Fig. Te.
The conductivity simulation revealed that values less than 70 S/m would shift the resonance frequency
from 2.45 GHz to higher frequency by approximately 2.5-3.8 times, which was unsuitable for this
antenna design. Additionally, the conductivity range was between 70 and 1,000 S/m, with 1,000 S/m
shifting the resonance frequency from 2.45 GHz to a higher frequency by around 2.1-2.4 times. Finally,
if the conductivity was greater than 1,000 8/m, the frequency would approach 2.45 GHz, which can
be optimized slightly using CST microwave software.
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4 Fabrications and Measurements
4.1 Tuned Equations Design

In the first experiment, the four prototype graphite monopole antennas shown in Fig. 8a were
fabricated and measured. The antenna’s parameters are listed in Tab. 2. The radiator and ground
plane formed a graphite sheet that was completed with liquid Compounds 1-IV and adhered to a
polyester substrate. The network analyzer Agilent ES363B was used to accomplish the measurements
of all antennas. As a result of these issues, the resonance frequency of antenna compounds I-1V was
shifted from 2.45 GHz to a high-frequency range of 7.56, 4.92, 4.67, and 5.29 GHz, as illustrated
in Fig. 8b. The shifted frequency was due to the graphite sheet’s conductivity being relatively low.
Tab. 3 contains details about all measurement results, including bandwidth, resonance frequency, and
reflection coefticient.
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Figure 8: The fabricated and measured four prototypes of rectangular monopole antennas: (a)
fabricated antenna structures and (b} reflection coefficient measurement results

Table 3: The measurement results of all graphite sheet antennas

Graphite sheet antenna  Bandwidth (GHz) 1 (GHz) 5 (dB)
Compound | 7.12-8.16 7.56 —11.28
Compound 11 3.91-7.01 492 -31.62
Compound 11 3.68-6.03 4.67 —19.00
Compound IV 3.74-7.29 5.29 —21.83

According to the resonance frequency results in Tab. 3, the antenna with graphite sheet of
Compound I shifted 3.08 times, Compound 11 shifted 2.01 times, Compound 111 shifted 1.91 times, and
Compound IV shifted 2.16 times from its design frequency of 2.45 GHz. Referring to Section 2.2 and
Tab. 1, Compounds 1 and IV exhibited considerable flexibility. Nonetheless, when compared to other
compounds, Compound IV had the highest conductivity and the lowest resistance. A comparison of
the simulation results in Fig. 7a and the measured results in Fig. b demonstrate that the resonance
frequency did not shift. To prove that, additional three graphite sheet antennas with Compound IV
were fabricated in the same dimension as those in Tab. 2 to observe the antenna parameter as shown
in Fig. 9a. The antenna with Compound IV had a resonance frequency of 2.16 times the 2.45 GHz.
Fig. 9b and Tab. 4 illustrate all actual antennas and their reflection coefficient results in comparison
to others.
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Figure 9: The fabricated and measured four prototypes of rectangular monopole antennas with
compound IV: (a) the fabricated antenna structures and (b) the reflection coefficient measurement
results

Table 4: The measurement results of the four comparisons of Compound IV graphite sheet antennas

Graphite sheet Average thickness (um)  Bandwidth (GHz) 1. (GHz) 5, (dB)
antenna

First 180 3.74-7.29 5.29 —21.83
Second 185 4.01-7.22 5.29 —25.57
Third 195 396-7.27 5.20 —23.90
Fourth 195 3.76-7.32 5.24 —28.70

The comparison of the measured reflection coefficients results of four graphite sheet antennas
with Compound IV is shown in Fig. 9b. As expected, all reflection coefficient values were similar for
each antenna operating at approximately 5.2 GHz. The data in Tab. 4 demonstrate that the hand-screen
printing process was simple and resulted in identical electrical characteristics for the four produced
antennas. By substituting the following equation for Eq. (1), we can obtain a new tuned equation for
the defined resonance frequency of graphite sheet with Compound 1V:

Jo= (1)

i (2)

v = —
Jes
where f, = The resonance frequency of graphite sheet by Compound IV
4., = The wavelength at the resonance frequency of graphite sheet by Compound 1V

Therefore, to tune the formula for the design process of the graphite sheet by Compound IV,

the wavelength at the graphite sheet’s resonance frequency (A.) in Eq. (2) was replaced by the regular
. c . : . -

wavelength (1) in 4 = —. To validate the experiment of Eqgs. in [26], the optimized parameters from the
design and fabrication of graphite sheet antennas with Compound 1V were performed and shown in
Tab. 5 and Section 4.1 at operation frequencies of 2.45, 3.5, and 5.2 GHz. Tuab. 5illustrates the details of
optimized parameters for the antenna dimension used to fabricate the real antennas in the subsequent
section.
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Table 5: Optimized dimensions of rectangular monopole antenna with the graphite sheet Compound
IV at 2.45, 3.5, and 5.2 GHz using the tuned formula: Eq. (2) and CST software simulation

Parameters 2.45 GHz 3.5GHz 5.2 GHz
Size (mm) Size (mm) Size (mm})

W,: Width of the substrate 96 68 45

W,: Width of monopole antenna 46 322 21

W;: Width of the ground plane 25.6 17.8 11.6

W,: Width of stripline 78 54 3.8

g Width of gap 0.6 0.5 0.4

L,: Length of the substrate T8 55 37

L,: Length of monopole antenna 25 17 11.5

Ly: Length of the ground plane 20.5 12 5

L,: Length of the stripline 47 33 22

t, : Thickness of the antenna 0.15 0.15 0.15

h : Height of the substrate 0.135 0.135 0.135

4.2 Fabrication of Antennas with Tuned Equation

This section describes the fabrication of a prototype for a rectangular monopole antenna with
graphite sheet Compound 1V to support WiFi at 2.45 and 5.2 GHz, and WiMax at 3.5 GHz. The
antenna was designed using a tuned equation. Then, using the CST software, the optimized parameters
were obtained, as shown in Tab 5. Fig. 10 illustrates the fabricated antenna with the three different
frequency optimized parameters in Tab. 5, which were used to create the three different frequency
prototype antennas. Agilent’s E8363B network analyzer was used to obtain the measurement results.
Fig. 11 and Tab. 6 show the comparison of the reflection coefficient, bandwidth, and resonance
frequency between the simulation and measurement results. As a result, the outcomes were nearly
identical for all WLAN and WiMax bandwidths. The radiation pattern was observed at 2.45, 3.5, and
5.2 GHz. There were omnidirectional in the XZ-plane and bidirectional in the Y Z-plane, as shown in
Fig. 12; the antenna gain was 1.91, 1.98, and 1.87 dB. respectively.

(2) (b) (©)
Figure 10: The fabricated three prototype antennas at (a) 2.45, (b) 3.5, and (c) 5.2 GHz
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Figure 11: The comparison of simulation and measurement results of reflection coefficient at (a) 2.45,
(b) 3.5, and (c) 5.2 GHz

Table 6: Comparison of the measurement and simulation results of the three Compound IV graphite
sheet antennas at 2.45 GHz, 3.5 GHz. and 5.2 GHz

Simulation Measured
Frequency  Bandwidth £ (GHz) sp{dB) Bandwidth  f, (GHz) su(dB)
(GHz) (GHz) (GHz)
2.45 1.85-3.66 245 —21.19 1.70-4.45 2.44 —18.55
3.50 2.66-5.67 3.52 —45.03 2.31-5.33 34 —27.72
5.20 4.15-6.58 5.20 —22.77 3.75-7.29 5.29 —21.83

4.3 Antennas Applications

The frequency response properties of the three proposed rectangular monopole antennas with
graphite sheet Compound IV in the bent structure were investigated in this section at operating
frequencies of 2.45, 3.5, and 5.2 GHz. In the first experiment, the samples were bent on a cylinder
foam surface with radiuses ranging from 60 to 40 mm to 25 mm, as illustrated in Fig. 13a. The results
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were comparable to those of an antenna in a flat plane which slightly shifted upward but still covered
the bandwidth frequency, as illustrated in Fig. 14 and Tab. 7.

s Sl ullathon

- samilathen
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Figure 12: Simulation and measurement results of radiation pattern: (a) at 2.45 GHz in XZ-plane,
(b) at 3.5 GHz in XZ-plane, (c) at 5.2 GHz in XZ-plane, (d) at 2.45 GHz in YZ-plane, (e) at 3.5 GHz
in YZ-plane and (f) at 5.2 GHz in YZ-plane

(b)

Figure 13: The experimentation of samples bent on a cylinder foam surface: (a) reflection coefficient
measurement and (b) radiation pattern measurement

When the antennas were bent on cylinder foam with a radius of less than 25 mm, the structure
bending of these antennas was limited. That would imply that the feeding SMA connector would
be removed from the antenna structure. Furthermore, when the bending curve of cylindrical foam is
greater than 60 mm in radius, the antenna structure behaves like a flat plane antenna structure. As
a result of the experiment, it was confirmed that these antennas could be used in various wearable
wireless communication applications following the IEEE standard.
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Figure 14: Measured reflection coefficient of bending graphite sheet Compound IV antennas with
radius from 60, 40, to 25 mm at the operating frequency of at (a) 2.45, (b) 3.5, and (¢) 5.2 GHz

Table 7: The comparison of the measured bending graphite sheet Compound IV antenna parameters

Resonance  Flat Bending r= 60 mm Bending r =40 mm Bending r =25 mm

frequency

(GHz) Bandwidth; f;, Bandwidth: £ Bandwidthy /3 Bandwidthy fiy
{GHz) (GHz) {GHz) {GHz) {GHz) {GHz) (GHz) {GHz)

245 1.70-445 244 L78-836 - 2.57 1.78-841 253 1.78-841  2.52

350 231-533 341 2.52-5.59 — 351 2.57-559 (3.61 242549 346

5.20 375729 529 396-7.03 539 391703 544 181698 539

The radiation pattern of bent graphite sheet Compound IV antennas along cylinder foam surfaces
with the radii of 60, 40, and 25 mm was measured in this section using an automation system in the
chamber room, as illustrated in Fig. 130, All bent curve structures and frequencies exhibited the same
characteristics as the omnidirectional pattern, as illustrated in Fig. 15.
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Figure 15: Measured results of the radiation pattern in XZ-plane when bent along the radius from 60,
40, to 25 mm on foam at (a) 2.45, (b) 3.5, and (c) 5.2 GHz

4.4 Antennas Experimental

Following the evaluation of the antenna properties test, the two proposed bending graphite sheet
Compound IV antennas operating at 2.45 and 5.2 GHz were used for WiFi application in conjunction
with the WiFi 11AC USB adapter 2.4G/5.8G (AC1200). Then, as illustrated in Fig. 16 and Tab. &,
the efficiency was compared to the other commercial dual pole antennas operating at 2.45 and 5.2
GHz and the antenna inside a laptop. In Fig. 16, the receiving power of WiFi was measured using
four different antenna configurations: inside the laptop, dual pole, proposed flat graphite sheet, and
proposed bent graphite sheet. Tab. & was obtained using a laptop (Acer: Swift 3) running the Xirrus
WiFi1 inspector program. The received power from the access point using four different physical
antennas was identical at all operating frequencies of power between —56 to —48 dBm.

(2)

Figure 16: The prototype antenna testing: (a) access point, (b) antenna inside a laptop, (c) laptop
with WiFi AC1200, (d) laptop with the proposed flat antennas, and (e) laptop with the proposed bent
antennas

Table 8: Received power between the proposed antenna and others

Antenna Frequency Signal power  Channel MNetwork mode
(GHz) (dBm)
Laptop Inside 2.462 —49 11 802.11n
Inside 5.300, 5.320 —51 60, 64 802.11n
ACI1200 Dual pole 2.462 —356 11 802.11n
{Continued)
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Table 8: Continued

Antenna Frequency Signal power  Channel Network mode
(GHz) {(dBm)
dual pole 5.300, 5.320 —48 60, 64 802.11n
Proposed flat 2462 —49 11 802.11n
antenna bending 2,462 —53 11 802.11n
flat 5.300, 5.320 —49 60, 64 802.11n
bending 5.300, 5.320 —49 60, 64 802.11n

5 Discussions

This research presents a low-cost, flexible planar mono antenna constructed of graphite sheet
material that can be easily screen-printed while keeping the antenna’s various features and low
fabrication cost in comparison to earlier antennas. The cost covers the materials and machinery
required to complete the primary process. The research [15] was designed with a graphite sheet from
Panasonic on polyimide substrate that could bend into any shape. UWB microstrip antenna [16] was
fabricated using a Panasonic graphite sheet adhered to a thin adhesive tape and a C-Foam PF-4 foam
substrate. The dipole antennas [15] were created using a DEK Horizon 031 screen-printing graphene
flake onto a polyimide substrate and an EKRA E2 screen-printing silver ink onto a PET film substrate,
both of which were capable of bending. A dipole antenna [19] printed silver ink on a V-shaped plastic
substrate that cannot bend using the open-source Ultimaker 3D printing machine. A printed dipole
antenna [20] was created by screen-printing graphene conductive ink Ink G-102E on a paper substrate
and then compressing it with SERPO2 from Shining Energy LTD, Taiwan. A monopole antenna [21]
was printed using a Dimatix inkjet printer with silver conductive ink on a bending PET substrate.
An elliptical-shaped monopole antenna [22] was created using a low-cost desktop printer and screen-
printed silver conductive ink over a bending PET film substrate. As shown in Tuab. 9, the proposed
antenna used graphite liquid made from graphite powder mixed with glue and hand-screen printing
on a polyester substrate that could bend. This cost was calculated using the total cost of conductive
materials and machines. An estimate was based on the conductive materials and machines sold on an
online marketplace per paper unit in Tab. 9.

Table 9: The details on the production procedures of sheet antennas

Reference  Antenna  Conductive Substrate  Process Machine Flexible Total cost
type material
[15] Microstrip Graphite  Polyimide Cutting Not use Yes =%120
sheet
[16] Monopole Graphite  Polyimide Cutting Not use Yes =%120
and sheet
microstrip
{Continued)
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Table 9: Continued

Reference  Antenna  Conductive Substrate  Process Machine Flexible Total cost
type material
[18] Dipole Graphene Polyimide Screen- DEK Horizon Yes =$37.000
flake and and PET  printing  03iand EKRA
silver ink E2
[19] Dipole Silver ink  Polymer Printing Ultimaker 3D No =%5,000
printing
[20] Dipole Graphene Paper Screen- Compression  Yes =$1,200
ink printing roller
and rolling
compres-
sion
[21] Monopole Silverink PET Screen- Dimatix inkjet Yes =$29.400
printing Printer
DMP-2831
[22 Monopole Silverink PET Screen- Desktop Yes =%$2,000
printing printer
The cuurent Monopole Graphite  Polyster Hand Not use Yes <560
proposed powder screen-
printing

6 Conclusions
The new low-cost, flexible planar mono antenna prototype is fabricated by an easily hand-screen

printing graphite liquid Compound IV onto a polyester substrate. By tuned equations f, = d

216 "

c / > - . .

iy, = —. the antenna design for this case 1s 2.16 times the design resonance frequency. Both tuned
. L - - . .

equations, however, can be implemented with conductivity values ranging from 70 to 1,000 S/m.

At resonance frequency of 2.44 (1.70-4.45 GHz), 3.41 (2.31-5.33 GHz), and 5.29 GHz (3.75-
7.29 GHz), the proposed antenna exhibits a reflection coefficient of —18.55 dB with a gain of 1.91
dBi; —27.72 dB with a gain of 1.98 dBi; and —21.83 dB with a gain of 1.87 dBi. In terms of the
radiation pattern. all antennas exhibit omnidirectional behavior. The antennas are then tested with a
bent-on cylinder structure with 60, 40, and 25 mm radiuses. The test results show that a well-operating
and no response effect still covers the desired application bandwidth frequency. Additionally, graphite
conductive powder is considerably less expensive than silver conductive powder or commercial graphite
sheet. This experiment enables conventional researchers to experiment and design antennas for smart
glass and flexible wireless communication applications. We will focus on hand-screen printing onto
various substrates in the future, including plastic bottles and rubber gloves, for low-cost wireless
communication and sensing applications.
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Abstract

This research aims to design and fabrcate a flesdble, low-cost planar monopole antenna with a gaphite
sheet produced from graphite powder and corventional glus. The initial step is crestime a smpls
rectangular moncpole antenna it was then tumed structurally by etching the ground plane and adding &
stub to the radistor bottomn edpe of the antenna. The restructunng resulbed in the structurally tuned
antenna supporting a frequency bandwidth expansion from single to dual bands: 1.72-4.28 GHz low band
and 4.58-8.09 GHz high band, which cover GEM, T, WLAN, LTE41, and X-band in satellite communication
applications. According to the measurement results, the proposed antennas are omnidirecticnal in & singls
plane and have an average gain of 1.91 di and 1.97 dfi at 245 GHz and 5.8 GHz, respecihvely.

Keywords: Monopole Antenna, Duzl-Band Application, Graphitte Antenna, Etching Techmnigue, Flexible

Antenna
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PH[TCET Thailand’s largest and mest popular
island at all time, located in the Andaman Sea at the
southem of Thailand has the most white sandy beaches.
amure blue water, romanfic sunset viewpoint, exotic
Southern cuisine and the charming Sino-Portuguess
buildings in the old town The island is a dream-like
destination for adventure travelers, naturelovers and
conference attendees around the world.

The ISAP2017 will be held at the Phuket Graceland
Besort & Spa which is the best resort in Patong beach
with its prime location overlooking the Andaman Sea,
tropical beauty and geographic grandeur.
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should be submitted in PDF format Special sessions will
i 7, 2017. The
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. XD and 3D Printed Antenmes and Amays

: Antenna Theory and Desizn
AS}

bradtotid miad Iohetale Puogapaiica
. Millimeter-wave, THz and Opticsl Propagation
. Machine oM achine Infrastrocture Propagation
. Chammel Soumding and Chamnel Estimation
5. DOA Estimation
6. Remote Sensing and Radar
. Terrestrial, Barth-Space. and Tonospheric Propagation
Propagation Fundamentals

: Propagation Measurement Techniques

Compusnonsl Blecmomagnencs.

. Time-Domsain Techniques
. Scattering, Diffraction and RCS
4. Tverse snd Imaging Techniques
5. Optimization Methods in B Problens
. Passive and Active Components
~7. Freguency Selective Surfaces and Filters
. HBG, Metamaterisls and Applications

: Brmi:nsl:mg :mrl Receiving Technologies
D4. Wireless Power Transfer Technologies
D5, Wearshle Device Merworks and Medical Applications.
. Sensor Metvrorks and Adhoc Systems
D7. BFID snd Applications
D8. EMC/EMI Technologies
D& Bdncation in Eleciromaznetics
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= Mohficaben of Acceptance Appust 1, 2017
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PAPER PREPARATION

Cmly orizmsl papers are solicted that have not been poblished
previously. Prospective muthors are invited to submit a 2-page
paper, inchuding all text, tables, references and Szures, fonmamed in
2 cohmm znd written in Enslish Please mfer to the paper
preparztion msmetion  wa  the  IRAPTOLIT  WED  pee
(hetpe o is=p201 T org).

PAPER SUBMISSION

Awmthers nmst submit ther papers m IEEE Xplore-compliamt PDF
format electrically. All papers presented at ISAPZ01T will be
subrmitted imbo TEEE Xplome.

AWARDS

Several ourstanding papers presented at ISAP2017 will be awanded
for the ISAPZ017T Paper Awards. In addiion notsble stadent
papers presented at ISAPP01T will be awarded for the ISAPI01T
Smdent Paper Awards.

EXHIBITION
Vanons dismbators snd mamnfacnrers of soffware, componsnts,

messrETEnt epupment,  @d  sysiens o micowave,
elecmomagnetics and optics are invited to presemt their products
amd mnovatons.
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O-Shape Monopole Antenna Structure with
Etching and Impedance Matching for Digital TV
System Application

8. Sakulchat, 8. Chanramard, W. Naktong and A. Ruengwaree
Department of Electronics and Telecommunication Engineering, Famlty of Engineering
Rajamangala University of Technology Thamyaburi (RMUTT)

39, Rangsit-Nakhonnayok Road, Pathumthani, Thailand
E-mail: suwat s{@mail rmutt,ac.th, amnoiy. riiden, rmutt. ac. th

A, Namsang
Avionics Division, Civil Aviation Training Center, Bangkok, Thailand
E-mail: apimdaf@cate. or.th

Absgraci—Thi  paper presents the design of O-shape
monopole antenna with rectangular tuning stub to support the
diggital TV system which is simulated by using CST program.
This antenna s designed coverage the digital TV system. The
dimension of prototype antenna was 60 mm. © 10 mm. with
etching technbque and tuning impedance matching on antenna
patch strocture for bandwidth expansion. The measurement
resulis of the amtenna are the bandwidih of 7T6.24% (422942
MHz) and the average gain of 3.35 dBL The radiation pattern of
the proposed antenna & omnd-directonal patterm.

Keywords— monopole andeana; o-shape; dighicd TV, impedance
mantching, efching

L INTRODUCTION

Mowadays, Digital TV system is a new technology that
becoming popular and expanding. There are many vaneties of
programs to present with approximately 42-48 channels in
Thailand. The Digital TV systems include set-top-hox and the
antenna [1-4]. They need high transmitting power to cover the
meceiving arcas. Digital TV classifications were developed by
many researchers, but their costs are still high including their
antennas arg large and difficult to install in the package.

Monopole antennas are well-known for digital TV system.
In order to their properties are given wide bandwidth, high
pgain and omni-directional pattern, so that they are being the
favorite structure for developing in mamy proposes [3-4].

In this paper, the novel monopole antenna by using the
etching technique at the center of amtenna and tuming
impedance matching on both side of the anterma to expand its
bandwidth is proposed. The presented antenna is imtently
designed, analyzed to get the desired parameters.

II. DESIGN ANDSIMULATION
The antenna structure was designed and mwned in 3 steps as
shown in Fig. 1. First, the antenna type-A was designed from
basic CPW monopole anterma with the rectangular patch. The
second step used the etching technique at the center of antenna
structure, type-B, to increase the bandwidth [5]. After that, the

978-1-5386-0465-6/17/531.00 £2017 IEEE
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Fig 1. Siep of design the antennu struchire.

TABLE L. THE RESULTS OF OFER ATE FREQUENCY WHEN TUNING THE
ANTENMA.
Step of design Fu vy Fu oy BW (MHz) | BW (%)
&3 502 685 502 - 685 383
1047 1168 1047 = 1168 10.92
B 535 120 535 = 1220 TR.O04
C AR2 1100 452 -1100 TR.12

B
E i == i A
= Semirmma B
' —— dmimma
e
LL] LE] L1 L L] L2 15
Freqmency i1 B

Fig. 2. The comparisan of mtum los of the designed anliemas.

rectangular impedance matching technigque was added on both
sides of patch for tuning the desired frequency, called type-C.
It found that the original rectangular patch antenna, type-
A, msponded only the lower edge of digital TV system that
was arumd 302 MHz Then the etching technique was used to
expand the bandwidth, The anterma structure lock liked O-
shape structure, It 1s noticed that, its bandwidth was enlarging

ISAP201T, Phuket, Thailand
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Fig 3. The design and proiotype of the proposed anterma.
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. The lower and higher cdge of bandwidth is 535 MHz and
1220 MHz, respectively. Bat its range was stll not covered
the overall of 510-790 MHz. So, the rectangular impedance
matching techmigue was added on both sides of the antenna
patch for tuning the bandwidth [5]. It founded that the
handwidth can be varied and its chamacteristic as described and
shown in TABLE I and Fig. 2, mespectively.

Fipure 3 shows the design =nd prototype of the O-shape
monopole antenna that fabricated on FR4 printed circuit board
(PCB) with the dielectric constant (£) = 4.3, thickness (h) =
0.764 mm. The simulation resut of the best pammetes ane
following: W= 60 mm., #f =40 mm., ¥2 =20 mm., ¥3 =10
mm., ¢ = 5 mm., L =100 mm., L{ =75 mm., L2 =65 mm.,
Li=65mm., 4= 10 mm. and z=4 mm.

M. FABRICATION AND MEASUREMENT

The proposed anterna was measured the retum loss, gain
and mdiation pattern in anechpic chamber mom by using
ES071C network anal veer. The measurement result found that
rturn loss is agreed very well when compared with the
simulation mesult as shown in Fig 4 The average
measurement gain of 335 dBi s higher than the simulation
one a8 shown in Fig. 5. Figure 6 and 7 show the mdiation
patterns on H-plane and E-plane, it is observed that the
mdiation pattem of the proposed antenma s the Chomi-
directional covered the desired range.

V. CONCLUSION

This research is presented the design of O-=shape monopaole
antznna  for supporting the frequency in the Digital TV
systems (510 - 790 MHz), by used tuning the etching
technique at center antenna stmcture and adding mpedance
matching to both side of the antenna to increase the bandwidth
frequency. The bandwidth is 76.24% (422 — 942 MHz), the
averapge pain of 335 dBi and the mdistion pattern is Chmni-
directional pattern. The advantages of this antenna are
compact size, casy tming and can be used covering the digital
TV system,
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