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ABSTRACT

This research proposes the technique for enhancing effectiveness in adjusted
antenna structure of primary CPW-fed monopole antenna and microstrip antenna to support
the standard of the IEEE 802.11 b/g/n 2.45 GHz (2.40 - 2.48 GHz) IEEE.802.16a 5.20 GHz (5.13
- 5.35 GHz), 5.80 GHz (5.70 - 5.90 GHz) WiMAX, IEEE 802.16e 3.50 GHz (3.49 - 3.69 GHz), and
UWB IEEE 802.15.3a (3.10 - 10.60 GHz). Additionally, the research aims to alleviate the issue
of the antenna gain powering less than the standard and the sole radiation pattern of a
single antenna. If the antenna installation location is changed, the effect of the original
radiation pattern may not function 100% correctly. As a result, a new antenna must be
installed with appropriate radiation pattern characteristics for the environment and
application.

As previously stated, the author studied and analyzed the design of new antenna
structures to solve those problems by classifying into three categories. The first case
involved developing and. designing a CPW- fed monopole antenna using three basic
geometric structures: rectangular, circular, and triangular shapes. The etching techniques on
the feed line and both sides of the ground planes were applied to ensure that the antenna
could operate in wireless.communication systems based on the WLAN/WiMAX and UWB
standards. Following that, a reflector was added behind the antenna to increase gain and
convert the omnidirectional radiation” pattern to a directional pattern. The CPW- fed
rectangular monopole antenna was constructed in the second case by etching an arrow-
shaped slot into the radiator patch. As a result, it could reduce antennas' group delay and
reflection coefficient when using several radiators in the same patch simultaneously. Thus,
this approach was applied to produce an array antenna for utilization with multiple input
and output systems. The third case involved enhancing and designing a rectangular

microstrip antenna structure using mushroom-like electromagnetic bandgap technology by
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placing the antenna in a 3x3 matrix with copper patches and adding a Meta- material with
an |-shaped slot etched in the magnetic field placement on top. As a result, the antenna
gain and radiation pattern were improved.

The experimental results of three different types of antennas indicated that the
first type, a CPW-fed rectangular monopole antenna, responded well to the resonance
frequency that covered WLAN/WIMAX and UWB at a bandwidth of 144.27 percent (2.14 -
13.22 GHz) based on the omnidirectional pattern with average antenna gain of 3.19 dB.
When the antenna was expanded with a reflector on the backside, the bandwidth was
136.74 percent (2.35 - 12.51 GHz), and the antenna gain increased to 7.46 dBi. Additionally,
the antenna's radiation pattern was converted from omnidirectional to directional with
HPBW at an angle of 22 degrees to meet specified operating standards. The experimental
result for the second type of antenna used to support MIMO systems indicated that the
group delay decreased to less than 2 ns. An array antenna with perpendicular arrangement
technique could achieve less than -22 dB of reflection coefficient over the entire 3.10 -
10.60 GHz bandwidth. Finally, the experimental result for the rectangular microstrip antenna
with the adjusted structure for energy harvesting at the frequency of 2.45 GHz indicated that
the antenna gain was increased from 3.38 dBi (unadjusted structure) to 11.97 dBi accounted
for 71.76 percent. The antenna could harvest energy with the best performance at a distance
of 1 meter and a 45-degree angle to the transmitter covering the voltage value of 2.82 mV,
the current value of 0.34 mA, and the energy value of 0.95 uW.

Keywords: CPW-fed monopole antenna, rectangular shape, reflector, slot etching.
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N9IUAY W TFNUTINUHUAETOUFUIUIIULUUIINGNG 5 X 6 3AINUUUTURILBANATUNAS

1% v a Ao a a (Y = a W
YoeaEINA A vuLHLIangIuTeiln FRA ndAladidnasniinny 4.4 Fallvuawiriu 66
x 57 x 0.8 uy.” dneenuuuldaungiuainad 5.50 GHz lnoiluruasiowimsseeing 4/ 2
aunsaiuAgnsveelu 14 dBianiAY 7.56 dBi Andusasas 46 lagargeiniAluuy
sUnswindsnuduiuusadiens dmsunastdnuauannsgiuluszuy WLAN/WIMAX

M. Serhir wagmniy [23] ldwannlasaseaseinielalnagulud asrsuuwsiuian
51u509%80 FRA NilAladLann3nvniu 4.2 Tedlauiamindy 148 x 270 x 1.6 41.° 2147
v v I o o v | = = Y 3
AMUNTIY0 01NAG UUINKAT AT 1UULNUNDILAT FaTVUIIAY 148 x 270 x 43 1.
dnsaiuAnswenendsdu 12 dBi 91ndu 4.2 dBi Anvdudevaz 65 TnsanseiniAliuuy
JURMIZTANI Feanee1niadnunldaugIuaImd 0.50 - 3.00 GHz dmsunsldanunsiam
TaneglanuuLuUIASNENEEIRAY

waglnau nnuiusnsalazane [24] lanauilassasisatgainiaaisainialulu
Inalfeiuiigulanan as1avuuiunewad IASAlvinau 70 x 1 11" IuAULKUAEToUgUN
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Amdeaiiud ai1suuuRuNeaLng Fsflvunawiniu 150 x 160 x 1 1> Tnuiigunied 0.46
- 130 GHz Sawfuwsuayviougudmassiluin aunsaifiuAdnsveteiededu 3.37 dsi a1
WAy 1.61 dBi Anludesar 52 lasateeiniaduuuzuniswindnuduiuuaizasiianig
dwunmsldaulugisnuiai 0.5 GHz muanss IEEE 802.15.3a

S. 1. H. Shah uag S. Lim [25] laWaunlassadeaeeinielalnagule ad1avuuny
Fangiusosvila FRAE Afianladidna3numindu 4.2 Faflvunawiniu 100 x 100 x 1.6 a.® Ty
SfunkuagiousUAnasuiuinfaunsoufudsuiiamavesdaduldtaddu [Hanuiew
AR 2.45 GHz dwdumsldaumsmasguluszuu WLAN Tnsunuassiouazgnuiuiasy
fiennsdimduiiyu 45°, 135°, 225° way 315° vilAiduadnsverendodu 11 dBi 9ndu 4.5
dBi Anududeras 59.09 Funadaanaidedildnandedlazgninluldlunmsesnuuuluuy
sl

2.2 @mé’nwmz*’ua\‘imﬂmmﬂ
nseenuuulaTeaseatgeIniAangu 7 19 Usenaunisesnuuulasdiulng
UsznouseilomiFesnudnunstesddnmamunssiuaiuds aedilssAnsnsaseundu
AUIZANSAINUDIEIBINIA ANANINLAISAANI ATERIIVIEVDIAILDINA A DUNWAUD
Bunm uazALUUIUMITeINIUENTY SwasBendialutl
221 Savdnussuaduily (Voltage Standing Wave Ratio)
Shsdrunsaund ui wdudid Tavesnisuundduiivaudvedduansy
st dudnuasaneresaeduidoreiadu nshiwunfureduiivaudiiatuluady
qﬁﬁqlﬂm’mLé’umaﬁﬂé’mmmLLazé’mwd’JuLmﬁuﬁ?{uﬁqgﬂﬁmumLi‘]ué’mﬂmmawumﬂ%u

Tavadlnuafiuseiugegaiuinuausesduianlunuiduansdadygyrnazainsadiuinlan
aunnsn (2.1 - 2.2) [26]

. =D, @D

VSWR = LH (2.1)

z
o (2.2)
z

[ Ao AduUszaNsnN1Taeyounduuaulsenu (Voltage Reflection Coefficients)
ANFNUIEENE NS DUNT UVBILSIA UG 1@ U5 ATUIULA NI AT IEIUNAA LA NATIM
serinavanfuABuiiuaudnnan v vasaetdyIu AEun1si (2.2)

Vo fe eusaduasvioundu
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I 1

AD ALSIAUANNTENU

NN

—

Ao AlranduNkAug (Q)

N

, Ao Anduiluaudauanyurvesasindyy i (Q)

a £ 4 [

222 Andudsyansnisasnaunau (Reflection Coefficient)
AduUsEAnENsasTisunduvesansanmanumduyssans nsazieundu
fluensanmznsagiieunduresndufidsnnaethdyaradiivluasenmefiduilaidures
AuAdafianuduiusiuaduiuaud Sunpvesaseniauasnd Ul und uawes
dwena Wl efiansantaeaud ildnumeernaiuasenaefosdiddudszansnis
avviounduwinAunSesini -10 dB uansieAnisasTieunduresdnanndimdanuaduiidadl

(%

1183a@89111A Fanandlmiuinanso1neaINasaUastdsuaInansinduananduniiaeay

A
= U v s

pdunnnvietes asduog fuaaAdulsEAnsnisasiounduil wosdadauduiusiuen
Sndnusiueiuinomeonadelunisuanseuauifvesmeenmetuanan flasuans
dreelarmilsszninendnndunduimieaduusaninisasfiounduvosaisenaay
anansaunildfeannisi (2.3)

S, = ~20log|r| @B) (2.3)

a £ v 9

§, A Aduussansnsdasviaunay

TN UM U duy sl synINsEsdslazatseinia e r=o
Fuusyans nsasveundudumeiudtuansitliifgnufiasisundulurhusaisatuile
r=1 AAduUszansnsasrounauidu 0 dB waneiins s uayiaundunus

2.2.3  UtganSmnuesaienInif (Antenna Efficiency)

Uizﬁwﬁmwmqawmmmﬁuwwaw:ﬁma%ﬁimﬂizﬁmﬁmwmiqmﬁ8‘1‘7i
aneonakarlulasaiwesaseInAMIddese 9 mlaen

_ sazvieunduiiasatnmshitmtuseminsanedstuagonna

- MIgeyidganndniuazauI

ANUsEANS NN TINVRIEY AT aNsaA Al AT IauNST (2.8)

e =eee, (2.4)

e, A AUTTANSNNNIMUAYDIEYDINA
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9 AUsEanSnImNIsasTisunauillosnInmsliwmiruali e, =(1—‘F2‘)

(8N
o)y

3

e Ap AUTEANSNINVDIEIUT
, Ae AusEAnS A nwedledidnesn (Dielectric)

Taely e, uay €, Fesududunetiuazanusamuinlanaunisy (2.5)

e, =eep=—— (2.5)

A |

e, fe AUsEanSanwasiiazlndldnssn
Ap AIAUAUNIUIINNSWENGIuRduRanlY (Q)
R Ao Awmnudumuilras (Q)

2.2.6  @NIWILAINANIS (Directivity)
an1mangasimadunisvsuenfienuaunsadsimiswesaganadu
Snsrduszieudure s sundsuluRiameigsansiuanudienswng sulay
La?{sLﬁaﬁmil,wiwé’muaaﬂlﬂiauﬁﬂmﬂaa'wwhLﬁauﬁ’uim813Jﬁ@ﬁqé’wuﬁauﬁqmylﬁaiﬂ oF
anunsorwnlldRsaunsi (2.6 - 2.7)

HC (2.6)
Ui

AD ANEATNLINYAIAANISYBIANYDINFA
A9 ATAINILIUVBINITHHNIAI9TY

S Qo

A9 ANAIULLUBINITHRNIAIIULRAY

A ! o g d‘ 1
Ao mmaamu‘wmsmmﬂLLmaafﬂ,‘U

s
S

lagyaluilimvuaienasldanimaizasiiamisluiiaiangoinsuind e ulaangn
JganunsaAIlafEuNIsn (2.7)

D = Umax — 47[Umax (2.7)

i rad

D, fe AranimaizasiienisvesangeIn A nasulaaian

0

U A8 A1ANUINY0INTUHIGTIUGER

max
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2.2.5 8nTVYIVRIEIWRINA (Gain)

dasversvesameeiniaduauduiusildainaraninianzasfianig
TnoamdsrdvEnmvssasonmadiunime Tuvasiidanimaizasfiamauansaandiluns
FrmnavesaseInmviniy msdadanvesvesasoinmataiisuivarseiniadisdalag
§n91981893a1801N AR A BANA IR AT IAIUTEMI AT AU N ART T U
wauniigadefisuiuanuduauniigaidenturesaeenmassdwieuandlusuves
SnsrduvesamdsnuiivedflunsdwesasamaiiaesiiolfiAnmuduauumunai iy
(24 L) Tufirmeidnmsunndanusnnfigaviesnivensvesangenaiu e snandiu
SEI9AAHTIN WA s LTB AN NN ANAABURUATEINASN934 1 ARssANERINAT
e

nsldarserniagadaimiusuulalnasuin 1/2 nIewuulelelnsla
(Isotropic) sfldnwnzfiay Ao nszarsaduldseusmniamdduiinadiviniu sasvene
1% (Power Gain) vasansornelufismsfitwualiiudaniiu 4 udnsduoni
duresmaukndanulufismeiumsmdaugnsfiaseinmasuandareveanissduielsl
Amuaiiansly TneialuAnsnsveemdsluiansiidnsuindsnunseiae azaunsa
Aunalldfiannisi (2.8)

) 47rU((9,¢)

G (2.8)

in

Ao AIDATIVEY
A9 AIAINILIUYDINITHA I8

™ O

Ag ANNNRNTLBUN

' [

o amawuideulvidulelelnsUanogviwesanlifimsayideigs

A
P, duwusdunmdsnuideulngiseinia P, azaunsariwiulang

e P,

UNLRNA I UAINUA
aunsn (2.9)

Prad :el in (29)

e e fAa UsedvSnmvaruavesaisannia (laifivuae) vilvaunisy (2.8)
LaLaNNSN (2.9) TanudunusiuazauIsamuIlansaun1s (2.10)

[U©.9)] (2.10)

rad

G,(0.9)=
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wazliAUdUNUSTU G, (6,4) Ao Ardnsvenelasafin duiusiuaniIniasas
frnsvesaeaInawingsulaisaiiv D, (6,¢) aganunsaduinlanaunisn (2.11)

G, (0,9)=¢D,(6,9) (2.11)

o

luvihueadenfiual G, Ao ANgeanveednIIvegagduiusiumanINAILas
#Ane avannsadwInlanaun1si (2.12)

G,=G,(0.4)

=eD,(0.9)

max

—eD (2.12)

[

TunuiRiilonategnTve e nineisdnsveeMalA1awEnIzanunse
AwnleRaunIsi (2.13)

G,(dB) =10log,,[¢D;] (2.13)

2.2.6 Buiiuaugdunn (Input Impedance)
m@uﬁl,mm?ﬁuwm%Qﬂﬁmmnmsjmﬂ1ﬂLaﬁamﬁu%udawﬁﬂmwﬂﬂﬁw
Lﬁ@ﬁiaLma'ﬂﬁ’]Lﬁfﬂé’ﬁyjzyﬂmﬁaﬂauwé’wﬂﬁﬁumammﬂwé’wuﬁ]ﬂwaLsi’hajmammﬁﬁasﬁaa
esaniinsdunislmavesndsuiiendnsaiuaudns oaudumud@ouiady
Bufiuauddinanagunngitanesatgeinma Fanasufiuauddune 2 awanansaduanld

AaENNTTA (2.14)
Zin zlain +‘]‘va (214)
= I a = ca
g ABUNLAUTBUNA
R, #® AIMIIUAIUINUBUN

B AAUAUNIUBUNALTITUAN TN

TngAranusunudunagdduanimduiueaunud x AvihliAanisasay

voanasuluuinuawlndaigeoniagazliuinszaeeenluuagAranuiuniuduns g
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agUsznoulude 2 dafle manuimumundinuaduiiuiesnluaiseina (g ) uazAiAm
Fruymuivadsrufanudiuniuannisaydefiiatunnaufeuresaslndidnainuas
A (g,)
227 waum A (Bandwidth)
wuudiadvseuauanudlinuvesasermamaifuiasanudfaunsounlld
sreanudldaudananazgaimualag VSWR =2 #39M19150191081

P =
Nnulefian o

q

UsEANSNsaziaundu (5),) Msesu -10 dB teasaunisi (2.15) wazaunisn (2.16)

%) _Iuml 00 (2.15)

(o

narrowband (

BW,

broadband (

%) i 100 (2.16)
1,

L

A9 WUUAINGAINUDBAUVDIEIEDIANA

narrowband

A9 LUUMIASAINUNNINIYDIEIBBINA

B VI/Z))‘oadband
= = | q'
1, B YOUANNEYDIYIIANL
f, AD YBUAUDANVDIVIIAINNE
& = | a
fe A8 ANUDNENUDILIIAINND

LAUAIHDYEIANEDINIARLRNANUABEIINTIIAE HINTNNINETUVDS
AUl FelueyfuamandRvesdiserniaty 9 laenilunaumnuiaziusnsndiusening

v a
N Y A

ANuARugIRUANR AT oles i usiuesaImi nans (Center Frequency) 1B991n
AanTRvesm s mAwsazd T limisufudadunmssnigiarsandvesuauaiud Tned
aoisfilenldlunsfinnsanaivesuaua e Louaudiuygy (Pattern Bandwidth) waz
LaUANUABUAuALY (Impedance Bandwidth)

2.2.8 uuugUMsUENGeIu (Radiation Patterns)

LUUFUNMTUR A 191U AogUUTldLA euanquaudAvosnisuind a1y
anvanedaduilsituvesfidndeszeena (Space Coordinate) dulvgiuugunmsuangany
dnasAnlusnafiduaunszesina N505UNAMANUTRAUBIUNNAINUIL R AUAENTRANS 9
Fenaldd Ao AT uTeInISUN NSy (Radiation Intensity) AMaLd uvosawnn (Field
Strength) wia (Phase) %3 Tnanlsiedu (Polarization) denauantfmarilfifionansnisuan
wasguiuvves ndsuduilsdduvesiumianuiafidanaisaiia fagud 2.1
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Main Lobe

3dB -3dB

Half Power

!
|
|
|
|
|
|
|

Beamwidth

First Null Sidelobe

I\ Backlobe

U 21 wuugUMIURNEaaL [26]

- Main Beam 30 Main Lobe Aafuguiiiidsmsusndanusenluuniign
LLazimaﬁalﬂagmgaqmmaﬁLL‘U‘U@UmsLLr;Jwé’amu%ag"Luﬁm?{wé’ﬂ (Main Beam) i

- Side Lobe %38 Minor Lobe #p Sudaudusismumuananiundundn

- Beam Width fie Aeasinisvestundumdn

- HPBW (Half Power Beamn Width) e yuilinszninega 2 9afidanuidy
vosmsusndanuludundundndenusdmiswesrigean ( -3 Db)

- FNBW (First Null Beam Width) fie 5aiiAna1nnsiianvesindslunisue
wdsuugudndausn

- FBR (Front to Back Ratio) fia-An8nsdiuvesauy inlufianis dremi
fuaulwiidirgsgnlufiansadng 60> nanfe dusilvatratdu 0° uazauwililinly
faduwdu g Shdiusswinmiidensmadudasdinsmin g fu E figeianluzag

180° +60° B WviiAy £ lnehaluudaan FBR fvithendu dB

2.3 n'ﬁﬁﬂaauwuaum‘lWWﬂ

A1sInaesnuvanUlivesatgenmdua uusS iAo (1) uSundsau
aunlninlndareennie reactive nearfield: (2) Ustiakunasuauiuliilng wag (3)
UShaanasuauuliialng ﬁagﬂﬁ 2.2 Winmma L IuUs nasylassadsaunsluus
azuiiin faufarlifinsasuudasuuiuiivivle luguuuuauuiisessoudinm uidanad
Anuuanssidiulddaeudd
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wrundsnuawy lvbhloa

wrnmdsnvauy lvbihlnd

gyl lng
g

—
L\

ey

e

Ry

N

sUN 22 dnwurushaveulsaulniivesagenia [26]

seezdl 1 uShamdsnuawulidrlngdaiseinie R s?iqawgm‘%&m’i’l Reactive
Near-Field {uudnamesawnfidensevasoinaiuiiviuladl Sauiy Reactive finnud ey
flan dmsuaeseniednulvgveuiauonvatinutey isvesvi saniiufiaageinia Ty
Aaldandiemmenedu A uagemingniigavesaiseinia D amsamelana
aunsf (2.17)

D3
R =0.62,|— 2.17
| 1 (2.17)

R fe vinandsnuanuliiilndiiaieainia
D fg A1pngNUINgnuedagaiInis
A AB AIMNNENIAAL

seeedl 2 USnauknasnuauinliiilng R, ¥saggniTenia Radiating Near-Field
(Fresnel) 1JuuSnavesauuilszayvinsanmsuindsuaudlniideusevanseinia R,

TngmuImelansaunisn (2.18)

(2.18)

R, e Ushunasnuauulniilng
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seued 3 Ae uTaesauulniilng FezgniSenda Far-Field (Franhofer) n1s
dansnsratevesauudey Wdnludeuegiussezriainalgennia winaieeniad

a 1

YIANIMUAGIEAMITU D Unfiusii Far-Field Hasllegiissuglnanin R, neAuen?
Adu A vetareiniAazgnindanainnueduaietud R U3 Far-Field dgnisendn

Franhofer U3afsnaniazedusznavvosauuoglunuadsminiufianianisunsnssany
WAENNTIANTS

nszodaulut uduszegvinadall a Adwhnisiaveuiunluey fiszesvinauay
Youlmusnagiiotiud azanunsamiddsaunis (2.19)

2D?
<R (2.19)

0

R #e winamdsnuauliihfidaanueraduaietius

Mnquditldnannaluduteuwnthitilyssandsmiulszaunisaiuasanuiues
fideiesenuuunaziinzsiaesiniaiuuszuunyulasahaielildnuandinusonis
Tuineninusatuild wunsdnammneeuniazanue v IEseINIA AU
nAEnIvesaedsdygalulasansy MuineeniuuaiuuLuuAIg o LagA1LIMI
Asfiaesing 4 Mfeades

2.4 dglulasansy

anvlulasanivasiouldaunvgasgiupnudlalasim neialuasdisusiaduwdy
ansunseuaulansuau 9 J98g vulHuTUaRTA (substrate) wsadanlndiann3n uazduwny

fa & Y f 1 \o ] ~ = o al \ < o

nsafdulavgegaudiunuduanse daguin 2.3 Fandsuamnaauudininiuiagdeinu
nuruansUludurunsnnlagonAefianarstunisdeinuAuiu S Uam sa nTAMUUINLTER
lodidne3niildeu duansiedneiinvesianuazauautAnadgyvosduainsn w3 2.1
dunnunwesduansniuazuegiunIuelduitaugioIN s

FUMATH

HHNATIIA

Ul 23 Tassaevesanslalasaniy [26]

34



M13197 2.1 AauaudRvesduan e Wuusg 9 [26]

AR ans AIAIAIVBINIT  ADIUYTUILUDY awansaly
an . - .
<o toBina 1hauou fi2 nInuAe
) ADLANAIN , , )
o o . finud 10 GHz usedulii
dunns (£,) (w/cm?/°C) (um) (KV/cm)
REGHIIY
10 1-2x10" 0.3 2-8
99.5% 4x103
ATAIHD i i ANAN @U1TE
tans ANPEITBINITUN | ,
. I AIAIUYTVTEVD Tun1snusie
Tain) 5 g s AUTIU
X In8idinain L A7 um usasuladi
i AU 10 GHz w/em2/°C
NS €, (kv/cm)
96% 9 20x10* 0.01 1 4x1073
9.4 uaz 11.6 1-2x10* 0.28 4x107
warnlnl$ 2-8
(HANLAEN) 6x10* 0.4 ax10?
w7 5 \ 7 g -
pond 3.8 20x10% 0.01 1 -

N9 2.1 IsiuinnasiRve susLsUarTRasiueg TussAUTENa UMY 9 L7y
Fasaladidnednduivs Aassivesn eI LSeues AR FANLYTITEUEIiUAY Lagen
ANNEENaluNISVILABws AUl

Amaialadianasnduivsasdsvanisnuaniivesmsiduasladidnsinlaeiiuiv
91maing milazdmariisuiuuddnvasanifvedlalpsariideunias @ tan S ufe
FfnansdnsduseinsskanstunsruaRamaranit Weihaslasidnasntulusy
sevhausulaveguil daihwihadushaBmesdgui 2.0 Wledeu s=¢ - oo M tans
fAagdliawindu o/ we' equmﬁfLLamlﬁ%'d'}mﬂm@Lﬁﬂm‘%ﬂﬁ?uﬁmiqﬁyﬁaLﬁaw’mmﬁﬁ’mimm

'
o

v ~ ala Za o
1nUagLiedle IneiANgInnng s
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= = =
a3 lnddnain

ol ®

1m

Ul 24 msdwauA tan 5 [26]

Aawaamathaudeutuasuandliiiaslnddneimiuasdamuanasalunis
syureanusoulanuntesifieds m%ia'ngﬁa'qa

AAnuvgrIErsiatudnifiedAguniduienty iszdfngessanniuly
fazylynnsldimaluladuuuiduunayinlagiuin uonanntufdiinansenusenisadaniuyes
paulUnalulAsansuie nszastumismTsstiosasing,

AawansalunsuseusIuUzUsUnaruaInsalunsiumdnaudae
Fefurngeagfindndis o

241 msdwuveseauluaslulasansy

msashueauluandlilasaniviuasideulslunsdsiueaulddwiotindy

aelanenidua angduuunIeangninindsn wavasthduannedady o lnenisasiuves
aduluanglulasansuiu aeildremiladidostufulume TEM nusfladleTuun TEM wanun
TnedouiFondn Inuads TEM (Quasi-TEM mode) #aguf 255 Fdlunmazuansiadunssliinly
szunuauenwesaslilasansy ey inudmanluiaiiAnd wlumsiyinseadnedidans
ndidne3n uarernmogluszunuiienty autuidumdninih fidetuazeglulnuaiideinudy
wuulausalvun

JUN 25 sUsuunIsunsnIzanevesaunuimianinihadelviun TEM [26]

Tulnuais TEM finanaunduanunsamandusnunuduas Araurdunudaent g
aueld Feanunsorlumuamednvazantisufiuaudls wifddidgmiludunis
ﬁwmmﬂummﬂ@@Lﬁﬂ@%ﬂﬁ@giuluimam%ﬂLLazmmﬁasﬂuu’%nmﬁwé’qmwﬂaaﬂ?{udqmu 12
dmsumsmandusnuauddeniamherusniuerldiinansemuannsiiansladidnesn
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TumsmamUBunudiuarldismainsmladidnasnduimsusyansua (Effective
Dielectric Constant, &, ) navasaIstadidnasniidauautAasunlasiunuaudvsedina

westuleiaguazennia lnensanudsunlasisnaniu asdmavilian - wWasunuasm

AEdaUlUME 1NNIANINIWGUIKALNITNAGI WUITIUYIAMUAAINTT 2 GHz A9HIA
s, Wwwasuldannsdlvesnssualiihaindes Jeoyladlilder o veslwihabtalduazdag

a a ! 4 o0 = = 1 a s o v U ! v v
AITNDNEINIT 2 GHz 2wfoAnefenAanes Tulagn1sUTULAIAN E T wungauiy

ANPNUDTNLTITUIT

Tunsmaasialadidneinduims o vesnsdllwiadauu TnanuAnreans
nszane lnalepduindwuldluanglilasaniuiululuuen TEM wazdufiuaudnudnvae )

aglusluuurasadusnuaudrevidomiemiuenn L wazdmudunudsendamiisniny
#17 C ldaunsamuindansaunisi (2:20)

Z=.— (2.20)

Ao ABUNWAUS (Q)

N

Ao ABUSNWAUS(H)
C @9 AeUdupusd(F)

YULLALINUAIAIIS U v, zlsanu1saruanlanaaunisy (2.21)

\7 E (2.21)

a ) £ I U ) = 1 19
naun1sN (2.21) Giilen 2 lusdues v AU L wie — wlaaiuse
g L

AUIUlARIENNIST (2.22)

Z =vlL=— (2.22)

Z, P AduiwaudAuanye (Characteristic Impedance) vadanads (Q)
O DRG hl Pu eI
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Tuduvesmsiiansannsdiduansailifaavesansladidnasndeusaeiniaios
sthanenfiloudsuanslulasansy Tnsan mauiaiausiavosnay TEM Adeuazien
WirduaIsaar AU g waudazila suluaiuaianugafad uarsend suiaed
Wasuly warludruvesmdusinupudaglignnsgny Ssimundusmdideuldesdaniu ¢

2ANNT0ANUIULAAIFNNTSA (2.23)

C=——= (2.23)

:H (2.25)

£

1 a = ) @A ! o a a v v ¢ a c a o
A1 ¢/ C, mullpuillagialiifa Arnsialadianesnduinsvesansladianainiley
dousruunuysred Tunsliiisnfinnsanegd A1 c/C, tuasdSouaiounnsialndidnain

v v & a -4 a & a v & )
ﬂiJWV]ﬁ?J@QﬁWEJISJIﬂiﬁGﬁU‘V\M%‘UﬁLGﬁ(ﬂ 5eﬂ> L‘U‘Hﬂ’]ﬂﬂaLﬁﬂ@]'ﬁﬂLLﬁ%‘VlﬂWUUUQSLUuﬂ’Ju%E’N

anaazlaanunsaruulafeaun1si (2.26)

A =(ch (2.26)

NNAUMSTN (2.24 - 2.26) annsoilsuaudniusszvinig z,, z, uag o, wld

anunsafunleRaauni1sa (2.27)

Y39 &, = (2.27)
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AduuALdAuaNYMIY vasaeds Nianuduiusagliauisadwialafaunisy
(2.27) T nwadldagiindl dusaansedin o wasnsarmuamauantiou ldagns

Waguwlasianunirsveslulasasiu WewSeuiisuiuamamuivestuansnagwansliiiiu
fasfinnsanainnsd 2 nadifeluil

nsdlusnite Tunsdifienanuntie wannndn 1 (w/as>1) fauf 2.6 (n) lunsdld
\esnnidunsalniidrulngavegluvinauiduavaniyu niena1idntonisie ndau
uhwdnlwihaggnasinduuinudindrifeuioun anmdsnanazdsaliaasialadidn

a a IS

anduinsUsyansuadandilngen & veiuamn vie &, &

a

nsdinaesfe TunsalfiA1Aundy w desnin 1 (w/h<1) Aagud 2.6 (1) n3alil
dunselnihaziuduamsn plmlsaziueinaasmila Jsazvhliirnsiiladidna3nduing
Aandlnd (s, +1)/2 MnAedureandaziiuil A1 o, wUdsuudasmiuat w/h e

aAusaAuIleRIENNIST (2.28)

%(ay + 1) <g,<¢ (2.28)

b

44' ° ! vl a |
LLazL‘WammazmﬂiUﬂWiﬂﬂUﬁmLLazﬂﬁaaﬂLL‘U‘UG]81‘1J VL@lIﬂ']iLSUEJUQ’] £, Q)+

AN1150AUULAAIENNTSA (2.29)

(2.29)

AAsdalaBLanmSnaung

)
o))}
©

AmMuNINvesaglulasansy

©

ANAINUAUN VDN UG UALR T

R
) D Db
©

©

Wadsunnines (Filling Factor)

(M) APNUATNE WA 1 (w/A>1) @) aeun T wilessnin 1 (w/h<<1)

| ;Y

U 2.6 lulpsasSuididnaundie woanndi 1 uae Arunde woddeendt 1 [26]
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A1 4 Tuaunisi (2.30) dgnisendn Wadaunimes (Filling Factor) Favanededa
Usznauiiuandlisinduamse Miduarsladidnainaziinadelassassanslulasansutduuin
visetoeiilels Wleldeue o awaunsi (2.30) A1 ¢ Aesduimiiddounuamudn w/

Falunsainaudldaugnii 2 GHz dufamastudaianvesduansn dsilnansenuvesda
wastuludiul azilalaefiansaninfieanuiivasuluanuduaiozudsuauldie &
viliien -, avanunsadwaldfsaunsi (2.30)

2
C

e (230)
[/
)
e, (f) Ao ArsladlanasaduivdAainestuds
v, (£) Ao AAuSunaRameITULT

c A9 AAnusivesraulueinia (3x108 wns/Auli)

rmnenenununvesaniy 2 Selndides o feuerldeaufunudaudnunzuas
ArrsTiladidnesnduinsfidanuianaintesnin 1% vzldaunsarwinlansaunisf (2.21)
(2.31) AMSUSATIEI w/ h < LuazaasiilaBidnesnduivsazaunsarmuinldssaunisd
(2.32)

607 8h w
LSS In| —+025~ (2.31)
£y w h
05 -1
e+l ¢ =1 h w
€l > + 1+12— +0.04| 1—— (2.32)
2 2 w h

ANNSTUAIDNIIEIU w/ A <1981917 ATDUNLAUTILAIUITOAIUIULARIAUNTTT
(2.33) warAAInladlanasnduimsazaiunsaAunlanIaun1IN (2.34)

-1
1207 | w w
Z, = —+1.393+0.667In| —+1.444 (2.33)
€ h h
eff
-0.5
e +1 ¢ -1 h
£y = — 4+ 1+12— (2.34)
: 2 2 w

40



242 AIANLEMIAAUUNERTU AIAITINISUNSNTEANY wazAIALS L
Wegterladidnasnduimsuazeruanudldnu £ aganunsofwiumien
ANEMIARUUUARTU (4,) LazAIPINNITULNINTZae Lo AASTITRINITUNS (Propagation

Constant: y ) wagAAISANE (Phase Velocity: v ) aganunsaduialdnaaunisn (2.35)

[

N

be

PR (2.35)
f Eo

de A, 1Wummmemedulueniduaznindesnisnsuaiaueaduuuaniuly

Mudadung 92au15aAIulAGIENNISN (2.36)

(2.36)
g f geﬂ

o [y} 1 4:4' | o Y .:4' 1 @
F1USUAIAINVBINISUNS B Az 1d15aAUIlafIaunISN (2.37) WagAIAINULS?
e v raUNsaAUIleRIANNIST (2.38)

B == (2.37)
A

1 (2.38)

A 1

A9 ANAHENIAAUVUARTU

Ao AMINNEARULLBINA

~

& | Y]
A9 ANAUDLTIIY
= 1 <

AD ATAIULIINE

<

X

Ao AU vesnaulueINE (3x10° Wns/Auli)
A9 ANASNIVDINTITHINS

S ™ O

AB ANAINDLTeY
2.4.3 NMSELATIZANIANAINUNINFDAIANUNUY W/ h

lun1sAuiamIAUNI oAU w/h vesaglulasansy esan
Bufiunudnudnvay Z. uazaladldnasnduing &, amnsananslanad
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FUSUN w/h<2 AzaunsafuIulafIaun1sn (2.39)

oo (2.39)
h

WaLEInSUN w/ h < 2azanunsamuinlasaaunisy (2.40)

2 -1 0.61
¥ _Zi(B-1)-In(28-1)+% {ln(3—1)+0.39——} (2.40)
iz 2e, g,
Li@
Z (e +1]"] \&-1 0.11
T Y 0.23+— (2.41)
60 | 2 g, +1 g

bbeYe
6

[ 0z
_ZC\/;

2.4.4 NANTENUIINAURUNUDIERTU

(2.42)

Aunuvesansy (t) lnednfeelianiasunn 9 aueranansantaindugud
woilumsfuReraumuadanaidldaudmuiitdimnisuly fiennumudinanasing
soAduiikaudandnyuy uazainsladidnainduing lngagiiufiansananaunis i (2.41)
uavaunsil (2.42)

WU w/h <1 araansadwnleianisi (2.43)

n

\ m{ S 023 W(t)} (2.43)
2 \/% w(t) | h

a0,

LazdMSUN w/A>1 azaunsanunlafadunisi (2.44)

z,(1)=—-~ {%+1.393+0.667 In (%+1.444]} (2.49)

8eﬂ

IneagiansauAansIEI w/h llkansgnunANUnIesansu (¢)gaunse

MuIlARIENNIST (2.45)
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L l+1n47[w}(w/h£0.57r)
t

) _ ) (2.45)

h —

w  1.25¢ 2ht
—+— | 1+In— ;(w/h 20.572')
h 7wh | t

o

wazdwiuailadidnainduing €, (1) Aldsuransenuanmunuivesansuaz

aunsamuIlafaunsi (2.46)

g1 _th (2.46)

€y (t) i 4.6 W

Tnofien €y urnlndidnasnduimsinasanlimnumnvesaniuidugud

Tunseonuuulassaieasemehilasan3udsguil 2.7 anaunissiuannuin
NANTENUINANIMLNYDIART U ABNLAUdRaIdnYY WazAasiilaBidnsindusivdaziing
fovun inrdndiuresnrumuvesansUseauuvest uladidnaintes (neund
t < h) Aranuvuivesan3vazlinaot198 960 5g LA o109Ad UALA VLUK A
(Conductor Loss) vesaeidyanauulilasansy

< AL~ L f< AL+

-7

[=—=

|
|
— |
| W
| Patch
| M
| 2y
l J’h_ \ }rl“r~w Er ,r—rY’* I A

(n) anwanabulasansuwasui e (@) 95 luanseiavasangandbulasansy

Uit 27 Tassadeanseinmidlalasaniy [26]

PIAIAINUNINIVDIAIANWDINE W A2AINITOAUIULASIANNIST (2.47) hazAlnu
817 L azaunsamuinlassaunisi (2.48)

W=_— (2.47)
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L=—7—-2AL (2.48)
mAAsladlanasndulssdns ¢, wannsadnlafsEnsi (2.49)

(2.49)

-1
g,,+1 gr—l 12h /2
£ p=—-+ 1+ —

f =~ o 2 w

AUIUMAIAINNENINSNSEeAARTukUduawININdY AL azaunsamuiula
A9EUN15N (2.50)

(geﬁ, + 0.3)(1: + 0.264j

. (2.50)
(e =0258)( " +os]

AL =0.412h

C #o Anusasdianiniu 3 x 108 m/s
f, A8 ANNRNFDINTERNIUL
& 1 Y a a
& Ao Arsdaledidnesn
& 1 Y} a & a o [ Y4
& f9 ApsialndlannsnauNus

AL @9 AneidgnIsnszatenauluwuaEuauylnda

2.5 HINIZIU WLAN/WiIMAX e UWB
2.5.1 U19397U Wireless Local Area Network

loaynaaianInssIu WLAN (Wireless Local Area Network) loilanntiud
Whundeifuguade daaduimnssuliiluasdmnssuddnyseiinduiunn® IEEE (Institute
of Electrical and Electronic Engineers) Iﬁﬁaﬁgjal,ﬁlaﬂ 1963 [27] GLuUiszﬂaw%“gaLm%m
Tnanuiided ududunsnusvedmasiifiiazimnsdidnnseding dedudufanssy
FudunuiTouasiautnalulagiiulnsauuiay druszuulniiids ssuudidnnsedngd
sruumanasiazszuuinaumifivesaantuszguaivansguauidetauiamiuay
sAdelm qnasmaumsuniarmd Ineinisowmdridaregialanuazuingudneunii
denmaluuseryana Tanduresantuidetuayldvneiay IEEE ldfumsseniuainesdng
mupuanesgIUAntestulassuiaransoudseenldfuiolud
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1A9gIU IEEE 802.11 Fauesdnsfifvunumsgiugramnssudidnnsetind
lafvuaniasgiuaiovielsaty Tnuninunnieaias 802.11 WAININAIBAITNYT LU
802.11b, 802.11a, 802.11g uaz 802.11n ABNINIFIUNTYINUVBITEULATE LS aeivun
suuim IEEE Wuannsgiunans Aldianufifldluinnsgiuveanisiu - deloya Tnvendundu
prd sewiaisudusasiadieiy wienimalulatiedotsliaeiidaady flddn
smsguaanEnaning lnefinsesdondeniodenldgunsalindetelarema iy 15
$nfuardesdildanaluladildlundnsausid 4 sudenudniuldvoanaluladiing o

11915511 IEEE 802.11a 1T un1asgiud ldfumsAiunuasinouns.ie
U w.a. 2502 Taeldinalulad OFDM (Orthogonal Frequency Division Multiplexing) Wie
W lindadauelSaeiinnuaunsalunissudioyamednsnnusigean 54 Mbps tagld
AduANgg A 5 GHz FuduguanudlildSueygrelildnulasinlululssimalne
iesnanulidmiuAansmsiua o

119557U IEEE 802.11b \Jusnasgufignifuiuagineunsesnuimieuiu
175514 IEEE 802.11a 1o U w./.2542 Tasanasgm IEEE 802.11b é¥umnufleslunisldau
agaunsvanenldinaluladfidenit CCK (Complimentary Code Keying) sauffuinalulad
DSSS (Direct Sequence Spread Spectrum) L‘ﬁaiﬁmmsa%’udvﬁauﬂalﬁé’aaé’mwmmﬁaqqqﬂ
i 11 Mbps lagldmaudnaraingguanad 2.40 GHz Fadugruanudieyaelildenly
LUUANSIEN AN Eans gaannnssy wagnsuwnd Taendndeidldanudeuil
GRIGE

195571 IEEE 802.11e \Junmsgruiioonuuumndnsunsldanuuenmaie
Funmssutadilifisatng VoIP (Voice over IP) tlemuguuarfulseiugaamaens Ty
MIUNENN1T QoS (Quality of Service) laan15UTuUTe MAC Layer Wilaauaud@lunissuses
nsldnulniivseansam

A vo (%

411337 IEEE 802.11fmmgmﬁLﬂuwgf\mﬂuiuum IAPP (Inter Access

o ¥

Point Protocol) @t unnasgiufieonuuuandmsudanisdudldauiipd oufidruannis

Y
a

TWusn1svesdsdayqnns Access Point fanilsluds Access Point Sndandafielvuinislunuuy
Tsuiladey T nIneny

11A551U IEEE 80211 1195574 [EEE802. 11 1 unnsgiuit ld$unis
T unnauuNEn ST sesTuansgI IEEE 802.11b tneadldaiuniud 2.40 GHz
wafiendrlunisfudedouafiudueg sz 54 Mops n3ouiniuannsgiu 802.11a lng
wAlulag OFDM

vurdInguarii¥aiinsvinuiinndi IEEE 802.11a wieuarwannsoly
sl ausmRuRUsmsgIY IEEE 802.11b 16 (Backward Compatible) LilBausinaanud 2.40
GHz é’amLﬁuﬂ?{umm?{afmsmzaqmﬁamﬁu é’aﬁ?u?jqé'qﬁﬂfgmL'%'Iméuaqé’zgapmiumumﬂ
gUnsalfldnaunuiiiefiuegd
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1A5§1U IEEE 802.11h sesgiuiieenuuuindmiundndusiaietieldaed
T¥ughuannud 5 GHz Tivhaugndesmudermunnisldanuivessemelunivylsy

W195g1u IEEE 802,111 td unmsgiuludunisinwininulasnsds ves
wanSueiia3evielians Tnen1susuuss MAC Layer Lilsannszuuiaietiglaeiveslns
urnunelunisldan Tnslameilsddunisidiswawuy WEP 64/128-bit ldAgAludnng
Wasuwdas Gdliifesmedmiuanmnmsldiuidessanuilalumsinveaaeaduves
ﬂﬁiﬁaaﬁisﬁuqqmmgm IEEE 802.11i Sefmummailanisisnswanldadsinsnanag WPA,
WPA2 wagmsiisvialuwuy AES (Advanced Encryption Standard) @sfinnaninidetioge

1Asg1U IEEE 802.11k iunasgiuilddanisnmsvinevesssuy indereld
ane ﬁy’ﬁmmsmﬂﬁﬁmuﬂﬁu%qiﬁﬁﬂizﬁw%mwﬁﬁaﬁ%’umsLﬁamiaﬁé’agzym nslsudlalaznig
pupudsds uennifufdfimsdemeuasusuusiseiimneanfunsiinuy msmadinng
Mg wmiuesedeaeudfivnzandigaiisliszuu Sanmsanansavhauangudnansld

175514 IEEE 802.1x Wuwnasguildnuiuszuuinmeannuvasnde oy
dnldeuszuuindetngliansasdesmsasaeudnilunisldaunou Tne IEEE 802.1x a¢ld
InslnAeant1a LEAP, PEAP, EAP-TLS, EAP-FAST @ 45045Un19m519a0us L $vlined Loy
Kerberos, Radius Wugu

W1M3FI IEEE 802.11n (11e5guaIan) iusnasgiuvesndndueinioials
aneiimpvsnefuinagidanuudinngsgu IEEE 802.11a; IEEE 802.11b wa IEEE 802.11g @9
11n5§ 1 802.11n Tagaziina1ui3a9g7 300 Mbps e aniuaunuuiiarefiuasgiu 100
BASE-TX uananil ail sveefuiiliusnnsniredu lnsmaluladii 802.11n vl ide
wialulad MIMO "?j!QL‘ld]umi%JUﬁ\‘i“EJ}@ﬂ,luaf\]’lﬂLﬁ?ﬁ@@’]&‘lﬁﬁ’]ﬂ 9 fiu wion o i ibildanusage
snntunaedildndunmufinuy Dual Band Ae ¥inuanaid 2.4 GHz uax 5 GHz

Tngaglainteyavasnnsgiumildnueiavielsaisuisuiisudns
mmL%aLLasizazmqmiﬁQﬁmmwmmLLﬁazﬂawuﬁiugﬂLLUUﬂJaami’mmiLU%ULﬁaué’qmi’mﬁ
2.2

A13°99 2.2 MsUTeuiisumalulaglFanenuusing ¢ [27]

walulad INTFIY 1A39978 9n31AUSI FTYIN AR (GHz)
CDMA2000 P EVDO WLAN 49am 2.4 Mbps 1.6 - 8 km 04, 08,09,
3G Al 1.7,1.8,1.9, 2.1
EDGE 2.5G WLAN g9an 348 Kbps 1.6 - 8 km 1.9
uwB 802.15.3a WPAN 110 - 480 Mbps 10 m 7.5
WCDMA/MUTS 3G WLAN 2 Mbps/10Mbps 1.6 -8km 18,19, 2.1
Wi-Fi 802.11a WLAN g49am 54 Mbps 100 m 5
Wi-Fi 802.11b WLAN g9am 11 Mbps 100 m 2.4
Wi-Fi 802.11g WLAN 498m 54 Mbps 100 m 2.4
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2.5.2  1m3g57U Worldwide Interoperability of Microwave Access

1193514 WIMAX (Worldwide Interoperability for Microwave Access) [28]
sgfantuimnssulniiuazicnssudidnnseinduuimdgisiduguaiduidedfuiu
1175514 WLAN Tngnnsgiu WiMAX azidumaluladuvulfaneussianifinnuannsadigs
ninnelulaBuuy Wi-Fi edumnusalunisiuddeyauarsvormanuanasalunianszang
dayaaasduwuuangaiedludmanaqa (Point to Multipoint) SnviasesfunsineLuy
ns¥udednyanauuuiidefiauing NLOS (Non Line of Sign) fie anansavinisidessienisyina
Fusaeddafinung wu dulil nszan mdiwazenns Wudu wasgiu WiMAX Téfauianan
nsdeanslianeszerlnddiannsigiu IEEE 802.11 wmsigiuiidiaundumalulad wiFi
souldfunsgilmiduinde IEEE 802.15 smsiguildgmirluimuinatsifumalulas
Fasuvuid ensegunsnididnnseind @adnded eansluszozlng {anfudluuinves
Bluetooth 33110551 WIMAX agrimuadieiiay 802.16 ualunsiammeluladlianefu
11MI151U8 WIMAX a]zﬁ’@umqﬂﬂiﬂi%é’ﬂﬁisﬂums%’udaﬁﬁymﬂm WU A3 oeFudsd eyl
aneenel In1sadyanasing o wasszezne Wudu tnealdmnean IEEE Aldsunisseusy
NBIANTAIUANNINTE AN S Iseenldfsaluil

11A551U WIMAX WU IEEE 802.16 ilusnasgulugasszagiaandu o fild
svogmadouloaud 1.6-4.8 km iusmsgrudefiaduayusuuuulussdvaneni LOS (Line
of Sight) uanmsgrudinduiimseldnuluruenudfigannio 10-66 GHz

1175571 WIMAX WU IEEE 802.16a Lusnmsgiufignuiuusannann IEEE
802.16 IneiinsUiuanszdunuaildoiaunigiuaad 2-11 GHz Sspauauifvuildy
nsuAloanunsgiu IEEE 802.16a Waum1NduLUY IEEE 802.16 Anuanansndiiutufe
M15¥191ULUUTeI5U NLOS iinUszansawlunissinudsinunetasnudily 2 - 11 GHz
w¥oursvesszuuaIetedeurodumesidauuulfaneanuiiadldedan aensannse
deusantussuuideusawuy DSL (Digital Subscriber Line) flanunsaidousioldnoutuls
1nnimiaaies

1M5gIU IEEE 802.16e Wusnasgudilyinmsatiuayunisldanusiuiugunsal
wAUsELANEng o W Sete linda uiuidn uaviidie iy Taglisainisihaui 1.6 - 4.8
km flszuuiiteliglinuaunsadoanslduiinesinisied eufliegnasnnaaluladdoansly
aelugvoanietnslnsdiiadeuiliinisianndeifoninga 2G gua 256 3G uazdc
sesiumsdeansuuusiadiifeludiuvesmnuiilunsiudsdeyaannsadaldia 75 Mbps 8n
ﬁgqmu'rﬁﬂiﬁu%n'ﬁmamqmﬁa 48 km warsnudynaseundudeiinlifitym Jeiided
Snuszmanildlusnunuainsavesanigudiamsaufunislruimsmugduuinsildau
1¢a39 wwu Tunsdfilianunsasuu3niswuu QAM (Quadrature Amplitude Modulation) Sifin
64 OAM anilgTuasBeudunuy 16 OAM uazasveesvzmaiutulyinuaudesnis
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2.5.3 11m337U Ultra Wideband
UIM3g1U Ultra Wideband (UWB) [29] aggniniuguaniganiiuimingsy
IwihuagimnssudidnmseindurunuAuiedtuiuinesg i WLAN uaz WIMIX Ssilaqiu
welulagnmsdeasuuulimeldtaniuegennd: enouaussarudesnsvasdlilfogs
auysaluazdusednsningsga gniaudiludmalulad 56 lnuuinsgiu UWB asfmunsig
fian 802.15.3a Wumaluladfifiuauauiinieds Suaunhannduuudiasiniieis 7.5 GHz
Tutsmudsening 3.1 - 10.6 GHz Mhdssusdegui 2.8

UWRB versus other radio
communication sytems

2G mobile phones

3G mobile phones,

wireless LAN

Power (W/MHz)
=3
|

10K 100K 1M 10M 100M 1G 10G
Frequency bandwidth (Hz)

sUN 2.8 Wiguiiguanasuseninawaunineds UWB uagiaundnuiiau 9 [29]

Tuduvesnsldnuvennaluladuaunineds UWB fenumnagldauluszuy
i5an$msnsyms deseanldgniunldaufudliuinnsmly Jahaussgndldanuludnuas
otz uiidiuyananuuldans WPANS (Wireless Personal Area Networks) nsfinsio
deansszninagunsaling 9 lumsiudsteyaiiiuiadiideifivunnvosteyaiilng fosnns
Anudagdlumsiuds Wy nisinsedeaissenirsrdesneuiiawes edosiiun ndesidle ndes
fo3U edesaunuiued Wudu a1nfinarnatiu imeluladuauniieds UWB axfudedeyadae
Fuaraiadiiuauseduuluiund fetadiidvisaau 9 ssfiaunaduiindrsunnd el
L‘vmiuiaﬂLLﬂUﬂ%ﬁﬁﬁmmgﬂmLLazﬁaﬁﬁaﬁiuﬁmaq‘tJmai%’uﬁﬁmmmﬁﬁmumLﬁﬂh’fﬁwé’q
nus fyanavesauniedazddndiuvesuudinlunisdaninniviemindu 20% ves
woupadnawdedinislduauanuduinninndewindu 500 MHz Saagudiuinfidadusinnin

waumud B, wesdyandsazaiusarnalansaunisi (2.51)
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_BW:2 fH_fL

(2.51)
Jeo Jutty

3

[ ]

B, feo daduuuumian

A fa [

BW A8 iuuniInn

& =

£, AB Audnang
£, Ao AnudgeEn
Y 9

£, f8 Avudsian

Tnomelulafuounineds UWB anunsnsesiumnudesnsanuiiilunissuds
Foyafiadddlusrosmeduiisvazma 10 m Fudoyaiinnudléis 110 Mb/s uazszerlng
spogMe 2 m Fudeteyaiianuialada 480 Mb/s ludruvesmnuquestesdaaamiosnsn
toyarelngs Fslsvihmaiouiioulifgui 29 suiemiuedislduaumnannsafionsanls
NMauves Hartley Shannon [29] aganansamandldaaunisi (2.52)

C. =BWlog, (1+SNR) (2.52)

C, fB AIAINTYRIHRY IR

[

SNR 79 8RT1dAUF Y IUAANIUA DT IUTUNIUNNEIIIU

Mobility
Vehicl B,
N
Podestfia :
3G
\ N ¥ PAN
IMTZ2000 - Radar
I \ \ Sensor
\ |
Bluatoot |
Indoor 2-4G|'!2\'WN J
|
-
™ 10M SOM 100Mbps >
Speed

sUN 2.9  Wisuiigudnsdeuadednsregnmeseninaaunieganazuauaanay 9 [29]
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254 defmuansiauressyuudeasuuuoun g

formusesszuvdoasuuunaunineds azgndnasstisanudlumsldan
g 2nquuEn Ao ﬂfjmmzﬂism%msmi?%amiLLmam%’gam%mim&Jﬂejmﬁwmﬂfié’daéi’jﬁuasm
U un19n135 UWBWG (Ultra Wideband Working Group) #asnguan1duinuau1nsgiunig
I‘Vliﬂmummmﬂamquisﬂ ETSI (European Telecommunications Standards Institute) #39
annus nsAuuIANTEningUsene ITU (International Telecommunication Union) Tagas
osuedadeluil

TorinuAlUANSFoLLSNT 9INTOANAININANLNITUNITAINITINIANUIANLK
anigeLu3ni FCC (Federal Communications commission) LéeenuUsgniaLi safunis
ATI19d0UNID NOI (Notice of Inquiry) Tl aia, 1998 Tnefiniunlunsasmdanuvesdaayin
qedlsgiusunn o LLﬁﬁﬁﬂﬁﬂduﬁﬁﬁﬁuauﬂuszwmsdaé’miymLﬁuaaﬂmsiaéhumiﬁwssw
wounisBanlfnudmsunisdeasvemadon Fefeenfosiuasfetestunmafiatuds
Masuvesdygiadunounud vy wauaudlunisnszaedyaiadnsim wouauad
éﬁiaaﬁﬁm%’mﬁ'u’?mqmﬂmswmam%l,t,asﬁzw GPS (Global Positioning System) gy 3l
9IANTUTIMNINTTULINENS§OLSN38 FAA (Federal Aviation Administration) lakanaaay
Huvinsdennuvasadslufansmsiutesiaiesdauninegs dsludeununviug 3 aa.
2002 ma FCC lpanngdmiuszuuiauninegs asdunsfmuaueuiunuean1sunsnszane
ManulagUszmaluatuiinisdmsvszuuuaunindsuasseoygnlidunaluladqldlu
Snunimensdndnde falsematandussdeufiweunsdoamssuy Wodounuaius
T a.a. 2002 Tnpazougnldmulussuyuouniiedwis 4 Usgnn wasfuuateuiennis
unsNTEUNaIUYsdyIMdwsunasltululszianaig ﬁ?%%UIﬁUﬂ’]iﬁ@mi“ﬁ@%aﬁﬂ
aelulazneusneAsnTTIei 2.3

A519% 2.3 999NA NSNS NTEANEWAUANRIULAY FCC [29]

o aglusiais AMYUBINBDIAIT
AUa [MHz]
EIRP in dBm EIRP in dBm
960 - 1,610 =75.3 -75.3
1,610 - 1,990 -533 -63.3
1,990 - 3,100 -51.3 -61.3
3,100 - 10,600 -41.3 -41.3
9171 10,600 -51.3 -61.3

Tafnualuglsulagdu ludiuvestammuaszuuwauninegdeasgnuduen
NYoYalAgINUNANTENUYDITTUULAUNINEY LAgdan1vunlzAmUANNINTDAIUANIS
ansgousni wesanniglsvunasidumaluladivi lnedenmuanisunsnszanedany
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dmsumsidauninielukazateusnein1siimvunaie ITU w38 ETSI fagufl 2.10 lagiins
Wiguiigutammuan1sdnieaiunasuaudfemisem 2.4

-41.3 dBm/MHz

=" | e P T o o T S | SR e o o

STy = = -

PR e [ |
45r P R I R |

I L
S0k | Lt I 0 &

LN | Itl.ﬁ‘

1.99

-60 , \
e I FOC Incdoor Limit \

UWB EIRP emission level (dBm/MHz)

------ Pt 18 Limit
a0 F ars l ----- ETS1 Indoor Limit \
Band
BT 096 16l p \
I 10
Frequency (GHz)
(n) FCC
=41.3 dBm/MHz
A e
st Tl R ] ik
- Lodly i § i
N A5 O 1 I |
% Lo<ly a1 1 4
B sl Lol 4 L i
% i ik 4 k.
5 ol Lo d 1
E 55 a4 B #
= Y A I |
2 0k I i 0 L [
= | fa 10.
o il 1.99
% / FCC Outdoor Limit \
g ke ars / ————— Part 15 Limit \
Band
5 / - ==e TS5 Porzble Limit \
BT 096 161 3
- 1ot
Frequency (GHz)
() ETSI

UM 2.10  dedrinanasumaluladuaunineBanigluemssening FCC uag ETSI [29]
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A15199 2.4 TaINALUNITHENINTZANBRAUMEIULAY ETSI @195un1shtaulun1sdeasna
meluwazneuana1Ag [29]

429938 (GHz)
f <31 3.1< f <106 f>106

meluenms 513+ 87log( f /3.1)  3.1< f <106  -51.3 + 87log(10.6/ f)

AeueneMs  -61.3 + 87log( [ /3.1) -41.3 61.3 + 87l0g(10.6 / f)

255 msUszgndliaumaluladununineds

welulaBuauniiedaiu aggnianldedlussuunisdoasszosmnadu «
sywinmoufmesdfugunsnideasiiarsludinnuniothuinerds wu lassieniglu
91A15d1inU (Offices Network) asedngniglutuinende (Home Network) lasenguu
3191814 we (Body Area Network) 1aseveliananissiunisunng (Wireless Medical
Network) waznsmsusmis (UWB Localization) 91nfina iy Msdedayannmauninedad
Todludunsdsdygrnaziianusguerideyadiuiuiin uwidddodenisiiunisgn
AANUNIAIU (Power Attenuation) %aiﬂwaﬂszwuimsmiqda@mmwmaaﬁ@mmﬁmﬂ%’u o8
1338619 9 U annoulagNTIVSoMENIYDIRIIATT aANaUIINTANANLAIIUAIBIATT waL
w3odldemeing 9 Wudy

2.6 walulagluly

sruuliluduszouildueuismnniigaugadeansidans 4G way 56 delideflu
ﬁmm5LﬁummqmawﬁmﬁmwﬂmmﬁuLLaaﬂ’ls%’ueiqé’muzyﬂmlﬁasmi’;ml,% Tneszuulaluiy
sldansenniauuunansesiuseneulunisiudsdaaiciunmedaaznaiudasunnsisan
waluladuiildluszuvdeansifaeuseianangornaaaia (Smart Antenna System) fiazld
avanematesusAiisiguioThiineduinmadefiegldae e manansfuuAiosduien
L71asduii npdeedandemsofl nesvednivafiniu loed ssuvluluazaiunsods
AnuasaTansTaRmEnd (Multiplexing) e ANaNYaEMulALIRsER (Diversity) Tu
syuuilansoimadeasiurislunisifiusasvenglanesds nstafmdndasduasuluiuy
Tnssadvessnsvenevestosdyaia Susianududassluurasfienanisiunivesady
TneftgiEaldszuuiliun Win, MZ., Gans wag M.J, 1999; Win, M.Z. Winters uag J.H. (1999)
[30] 3zumzﬁﬁ’smaaqﬂﬂiaiﬁﬁmﬁﬁﬁ'LLﬂqé’ﬁytgmi’J’aaﬂaaaﬂLﬁuﬁ’susjaa 9 Wiedsludiszuy
A1891NIANIAFINT U ) AU ﬁGLLaﬂﬂuEUﬂ‘ 2.11 uardyaaudiddluniaraigoiniaagni
ﬁaaﬁmwnmi%fawaiﬂé’qa'lamﬂ']ﬁmﬂ%’udqmuiﬂﬁwmwizmamaﬁﬁauuaLﬁal,wﬂé’igﬁgm%’aaﬂa
LLﬁazﬁmﬁlé’%’U%a%LU%‘EJULﬁEJUIﬁﬁUmiLLﬂﬁ’J’ayjaaamﬂwma 9 ldunuddsluniou o fu
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flf}.ﬁfr ‘ yflirr

Uil 211 msfudsteyaluszuulala [30]

26.1 Unngmsnidousesi (Mutial Coupling) [31]

Uﬂﬂgmizﬁﬁaw{aiw (Mutual Coupling) ILARTUIINAINTEINT AU
vosnduusimdnlnifiszninsesdlsenevrosaeainiauuuuadiu Tasasiatuluuiim
duniafilndlAesiu Jezdamanouszdnsnmussszuulilulagavdinanon1n1ugues
Fasdanasldinaia N wosn Tuntsihnaildumusyavsnmessansornmelussuulalady
mmm@lﬁmﬂmé’uﬂig%w‘émidqmmm Spi Mag Siz BeAUTINgMsalidionsiasan (Mutual
Coupling) fuazdosdiatasnia-14 dB Feamduaiamsasensuld msanasngnisal
\Yeusiosan (Mutual Coupl ing) uummaamlé’ﬂmmiaaﬂLLUUivavmwaamammvﬂui“uu
VLa,ﬂmmamwaimva HLV TN ALTIAATBINNTININSATEDIMA A/ 4 fagUTl 2.12(n) uay
nsdmnenuuuaatn 90° mgﬂ‘m 2.12(3)

~A/4 ~A/4+

TTTY THT.»

- ‘_

(A1) N159RN9EABRINA 1/ 4 (1) NFINIAYDINIALLIRIRIN 90°

gih'?i 2.12  N1599NEERINE A/ 4 [30]
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a £ Y-

262 AduUsyansandunus (Correlation Coefficient) [31]

a £ o

Ardulszansanduiusiduardmsuiiaisanuseans nanvesarganielu
szuvlulu@adunisinsziuanuduiussenineeerusenauvesatgainialiaieausulaliiiu
0.5 suunsgu Wunsihamnsmdmesiuinisaunisi 2.53 wagludiufiuinnii 2 fu

>ss,f
I1.[0->"s.s,]

(2.53)

pe(i:jaN) i

o
2.7 8dEn
av 1 & @ = a4 v £ 4 val wa a v
afitan (Metamaterials) \uianadounassiuielvlnuaudinuidesnis ag

)
AanUAmalenalufiegluianndeglusssund Inenaluediantiavgnivusamandfain

q

5

Tassadsfioanuuy @ldTanausimuiafaguasdinuszne) offan dusuesdnaslufiay
winaailiiasiauelusedulalasey (Small Inhomogeneities) wazAmandAvouiuazgnii
wandn A uanTAUsednSuavesnisnevaussluseauunnia (Effective Macroscopic
Behavior) 1534elussarusnvesedaniae nsfnwianfddsivinmduay (Negative
Reflection Index) Insmsvilidadsnmduaut WuNuguvesnmshleenuuuaieuies
wud (Super Lens) ianansafinsveisnmlildnnsazidengs dagaiudadiiavesaudinly
wazdfannsmilUaivdsshugiviliatouidammild Tudesu oitagignimundimi
T ausuitisrfurduudmanlyidh (Electromagnetio) usidlagiiu wnAnvesnisainseivan
gnihlufaumsiuiitiesfusauides (Acoustic) wagaauugi (Seismic) sy Useloviives
amawmiﬂimm U Guiged n1sasaninlassadieiugiy n13dAnITUTMIINE
Lasefinduuuaaa AnNUaensYasITiENTeaIsANLAgY auddmitianena miqu
UsvAnB e fpaiats kospminitlhs e RanuLaTh (Budu srnfinamanih
Tudunsidoif satvaddan dasdesldmrudanmansatoduigu Faanssuli
auuudimanlii Adndueds Teanssulalasmruagiainssuaisainia sauln-
Sidnvsednd eouAnduuunadin Tanmans Jaanssufedat Fnermansulu Wudy
Tngialuannsaduunussinnuasedianainamitmudnld (1) wae anweould (£) &
Ui 2.13 ansaduunldwed usnimdaaindiduinedutanngiionnn (Double-Positive
Material : DPS) Ssfi¥anunaniinlurisauivilenaassl marmmudalduazanweenls e
aeislnegnamiaduavasSenianimaniin SNG (Single Negative Medium) Tne¥aniidianand
woeulsiduauisunit ENG (Epsilon Negative Medium) waganuenudulaiduauisonin MNG
(Mu Negative Medium) lasuananniinaaudailliunfvesedtanfilésuanuaulamnie Yag
Advivnmduguaniolndifiesud (Zero Reflective Index: ZRI We Near Zero Reflective
Index: NZI) 9 ndwilvinum azifaléviaan 3 nsdie
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= femumuduladannnnitewindu 1 (u21) wsdennsdliian ENZ Epsilon

Near Zero)
= va 1 oA W a ad
- Wieanmeeulafinuinnivzowindu 1 asiFennsdiiian MNZ (Mu Near Zero)
- feanumudulauazanineeula danvinduaug (u=¢=0) z158n31 DZI

(Double Zero Index) vi3a3andnegemiiain MENZ (Mu-Epsilon Near Zero)

A

Single Negative Material Double-Positive Material

e<0,u>0 e>0,u>0

Aduaevel AdusuNsansnszaely'le

-
e<0,u>0 &

aduausausinszaalylle l AUy

Epsilon Near Zero
Mu Near Zero

e<0,u<0 e>0,u<0
Double Negative Material Single Negative Material

JUN 2.13  UssunnuetaddaninAimug udila () wag anmeeula (&) [32]

mwg%ammmumwmmeaﬂlvxlﬂw EBG (Electromagnetic Band Gap) lutlagiu
ImqaimjmmaLmummmmmaﬂlw%LLU<1Lﬂuﬂammawmuwmﬂmmmu

- Tassadsosinaauanadumanliiauoy 3 95 Ssnvasdulinns wudu
Tnssasanuuithledidnesniduusduasmneiuiuduiy tarsmdulansfiidnvazaudn
195 8IARUAY ﬁmamﬂugﬂﬁ 2.14

- Tassadrsdorinauauanuiudmaniiiiuuy 2 97 fdnvnsdufiuinszuiu wu
Tnssadsfiufuuuaenidin uarlassaisiuiuuussuuien fuandugud 2.14

- TAssad1eresisuauaud wlmdnlifwuy 1 98 ddnwazduansds wu
Tassafrauvululasaniuswiunguitnaduauuussuiunsnd wazaedeiiusenoudeda
NNGIYLALVINED
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(n) Taseasrsnuuntledidnasniduud () TaseasanuusIutulangnil

FAvasunwiuiudutu ANWALEILILINTBIARUNY

JUN 214 Tpseadgesinanaumnudwivdniniiuuu 3 36 [33]

2.8 2995IALIBINTLUE
2asussiusindomianldodusiuunasselnisiaiesiidaussiuliassse
frussiulnihgs neluduvoussiulnihas 5 dussgnieulfeuivisnsiussiuifngld
suvesiuAvyszduiaiudssauasaelunsageislaAaveausesiulnady Ausaiuit
wrmadunavinvesussduiinnasendmifulssgiuussiudunn 29990 sadureanisidiy
ussfuuanafagUR 2.15(n) Fsusznaudielalen faufudszasoynsufuussiuliaduiiilu
une Faluatdludaiiduanislenssinsuainmsivasesnsyuarulalen nivuadauiay
ynsUszalifudufuissludnvnsduansdes ol 2.15 (0) ussduordnadedaiify
ussdumnasonlalonvahnssiarefinndrlndeud
Tundslofailduauussdudunmaeditaniuuansd Ui 2.15 @) lalonagliiiinseua
Hafunszuadunedslmarudadumum diiulsequasinfussgasianisaeysyqly
ﬁﬂ‘mwaﬂﬂﬁzLLﬁl‘ViﬁﬁﬁﬁumﬂﬁmmﬁwmﬁﬂﬁﬁﬁLVi’]ﬁULLSQ(;fuauV!G]U’JﬂﬁJULLiﬂﬁuﬁmﬂﬂﬁlauﬁ’JLﬁU
UsyqiigeanuaanssiudunmissmueswnSaldvintu 2vs Feunafuussiulaiiuanduisas
dunssulwassviuuusdnian TnsnesivhnsfisussdudusgnismihFouisdnge
ussfufieeninazliiafiosnimiesnndufulsvy € agmouszaundsinansinliusetunn

ASEUMILAUYSEARYY anausey o
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Cl
w39a U W AT LRRAY D \/ R TR R TN AT K7 o}
AIUDUNEG Y L ATULDIEN G
<+
e
(n) eseladaduuan
iy
|
Cl
w3IAU WA ATTURRAL D N/ R wsIAU TN
ATUDUNER Y o AULDIEWER
o

() asslwdamduay Al widuwe Ledne
JUN 2.15  29sniuswiuiloswuy [34]

INFUN 2.15 Auansina1iuntiy auuidtlua3algfausntivesansniewudunm
195U AC wiavintranaisudndlaadavasiinszualunannulalon D, waz C oy C, 2z

=3 ¢ 1o a i £ dll = a o Y & a
N13iAvUsEy (Charge) aulelaaAWNNUATIBIINIBATILEAAMARTIN TIVUYDIIA BUNATY

$% [

lasumaau Tranaiisudndlaauinnseiaszlvaniu C) lalea D, uaz C, lagludazil
C, axhmaiiudszgld whduusswuduneiidam Tusasigaiudunulszy C Avinisene
UszglUluiamadeadunisivazesnssiarinlndssqndnnisa C, wiriuwssnudunauiniy
o A vl = o § ¥ a Y | o \ U a Y =
W3unUsEqlin C, Juibiinusaduliilieani i iuaesyinveusatudunafdiun Weis
aartnfulnanusasulniiiainduiulsey C, fazdrsussuliinnuliliduluansely

wsssulwihiggeenuntuiilunsswulnihnszuanssduslyd C AfAwnnusaiunsigainay
= & v o =
SEUNINTUAUAIAITUN 2.16
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@)

|

ws9du Wl ATTLRRAY
AUBUNE

|

aON——

Ul 216 2995vAuseu 2 wihendvia [34]
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uni 3
N159DNUUULAZNISINADIUUU

3.1 uni

MnMsAnyImguiuazaAdeinualusinmuildiiausluuni 2 magidei
Yoyaildndszyndvszneunsinseiuazesnuuulassaieaioiniailelfinyssavsam
soufulUsunsy CST Faduniesdietasnsiinszisnenisdiassuuuiiemamns e s
wngaufianvesasonanuingUszasdideans ndnmsiannlassaivasemdldinada
M9 NAR UUTUQUAR UG 191U AU T e UT A umdssng o vulaseaing
meemeiinevaussaudlfnuiniign Wevhliaeeinainiunisusulase awnsasessu
P2apnudldnuvesszuudeatslians WLANAWIMAX uay UWB nsdinsusuiudsunmuandd
wuuUnIsuNndsukuuseuiamsliidavaidunuuianzasiianis lavinisinsegsina
SrufumsfiuUsEAndnmuasddnsvetetesaiseinia denuideiiimedanisifiuudy
azviouliiulaseaisansonmaurih lilfnnanUinuiidosnisuazanansasosfunsldau
ATBUARNANNLNATE LT Aualinwusuwaiing 12 TeaziBuaiiddgiimaideladnu
W15 mesang o Frenstiesgitardastuuliud Arduuseans nsaziiou Reflection
Coefficient : Si1 (dB)) A1SATI@INAAUTUBINTIFY (voltage standing wave ratio :VSWR) A1
gn3INIVY180ELDINTA (gain) LUUFUNSURNARUsERvawalndii (E-plane) wagiuy
sUMsuNEIUTTIUAL AN (H-plane) Tasnandlédaduneudolud

3.2 NM599AKUUTINAUNITUSURUAEAIUNNAIUNITIYITTRUALUH LR TIDUY
MngatuvanEUssmsvasatse masuulilnasyuusminanlutevnnounti
idummraivhliisudenatsenmasiaiduqaiunsinuilaeiuannisdendnuiu
adsuansoinialululnaszuivswiifususinsuiadeiuui ugiu 3 Uuuy Ae 5u
Awmdouiiud JUenau uazguaumaes Tmedanisinzseafissurunsnsuaginnzsosdians
Undayod LﬁaL’f]umi‘tJ%"U@mauﬁ’aw'NlWﬂWGuaaawmﬂmﬁﬂﬁmmamaﬁmﬁqmm?ﬂsﬁmu
vesszuvdeansliaenuuinsgiuaisesnuvulasiadsaisenialululnaszuiusay gu
Awdouilud UnauuargUasvas TisuniseenuuuuLLuneLAsfidanmivinAy
5.8 x 107 S/m Yangusesviln FRA Aifldladidnsiniviniy 4.3 anumunvesiangiuses Wiy
0.764 111, wazsasiuauRlFruEuy 3.10 GHz uemsdwesdosuaranunsafuaald
flaamnsit (3.1) - (3.10) [26] nmuanslassaiauazmsdinesng 9 vesaneeniagniiaus
Flagul 3.1 9ngUnansyaNBssUULaziuinsud e deudyyavesatsemalululng
s ngUnadmasuiuindeuseviernadussuusifiaduiunud 50Q Tngluns
ﬁﬂu'gmﬁmﬁuﬁmzﬁmimwmmm?{ﬁfwaﬁzwmmmmgm UWB tila991nagdsasion



A PPN d' 1 1 Aa @ 1 = = [y
ANUYNIAAU (A ) VliJEUU'WIEJTJV]EjWLLa%ﬁ\‘lNa@]@%u’]@ﬁqﬂaqﬂqﬂmumuqmLaﬂﬂ':l'] LBLNYUNUNIT
= o o v ° o wa ' )~ = Ao &
La@ﬂ@@ﬂLLUU@UEJﬂ'NNﬂISUQ']u 3.10 GHz a']%ﬁUﬂmaﬂJU@]GU@QLLNu FR-4 lli']ﬂa%L@EJﬂiJﬂﬁ@]@l‘Uu

AAIlaBlanasn £ =43
ANANUNUIYDIIERNTDIFIY h =0.764 mm
AAuhvesdanditl (neauns) 0 =58x10"S/m
AIANNVUNTRITEAAIIN (NBIAY) t =0.017 mm
Wi
- L y
W, 82 %
- > VA X
t 2Nk
A
LZ
L
‘{ f 83
L, L,
y [ \ y
SRSy
Zin u{?
() LNBINTUUY
> 81 AP R
g, - qr <{[xde, L

() yuuUasdnloudyn
sUN 3.1 lassaswangaanialululnassuuiuguamaeainui

mnasunnlasassvesatgo N Alalulnaszuuswsunsadmasuiuindeu
MYV IARUITTUIUIINAIFUT 3.1 JUAUNTAUINMIAIAIIUNT LA ATAN NI VIR IUN
NHIUILANNITOAWIULARIEUNTIST (3.5) - (3.10) [26] WEiplneD19899AINISITMDS U IUNTT

o U dl
ATUIUANAITIN 3.1

" = 0.57c¢ 2 (31)
£ g +1
£, = 5";1(1+0.3h) (3.2)
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(e, + 0.3)(VZ+ 0.264}
AL =0.412h 7 (3.3)
(2, —0.258)(‘+0.8j
h
L = 0.634 AL (3.4)
gé'//
e +11"
W, =0352| = (3.5)
L = 0354 oL (3.6)
Je,
w, = 2037xc (3.7)
fr \/847
0.25%xc
L =— (3.8)
fl“ \/8{’!7‘
w, = 0:283x¢ (3.9)
f;\/gv/f'
r, =922 (3.10)
fr \/88”
A19997 3.1 ANVUIAFILUTHN 9] VBIAIEDINATIDDNWUU
fauds ANUNUY UA
/4 ATAUNIIY B LEIEBTNA 34 314.
W, ANAIINAINGVRIATHNAINY 21 Uy,
W, ANAIIUNINGVBITEUIUNTIING L 15 3.
w, AIALNINT DA USR8 3.1 3.
L ANAINNYNIVDILHUEIE DN 34 314.
L, ANAINNYIVDIAILHNA I 16 313,
L, ATAINNYIVBITEUIUNTIINS I 13.4 314l
L, ANAILEIVDIANEUN Y QY0 12 .
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A19199 3.1 AVUIRRILUTAN 9] VBIEIBRINIATIDDNLUY (51D)

fauds AURNY UN
AL ArrugTnsnsEaeraululuduEu g 0.37 .
h ANANUNUNYBITENgIUTEY FRE 0.764 w3..
t ANAINUNUIVDILHUN DAL 0.017 1.
g ANALNINTEII ATy afeTEuIUnT e 0.3 1.
c ANAINLLS LA 3x10° m/s
/. AaudsTauuugvosumud 2.45 GHz
Ey AnsIlaBldnnsnUsyansua 3.26
g, ARSEIlABLENNSN 3.4

nmssenuuvasemllulnaszuunsUAmasuiiuiniug Tudevndiuda
Mnidunniaueduausdunounisesnuuuiiviinisusuasuguiadundsnudy U
2new (7) wargUanvisy feesBundeil

N13ANUAVUINYDIAIUHNAIIIUFUIINAN

MsoenuUUFLINEILgUnasiFuFuInNsA A Alive s Ik nd 191y
wuvnay (7) waannsmualdaimingu 12,32 . Taeldaunsil (3.1 - 3.12) [26) waz
Tassadangonadanauanddfagui 3.2

9
Fe —8'}917_10 (3.11)
&
r= il (2.12)

1/2
1y 20 In(ﬂFj+l.7726
ne F 2h

Tnef  F A9 SAdUSeansNavo s abinasauuuvinay wuinan F davinndu 13.60

30
N

[N

i

U 3.2 lassadwanvenmelululnaszuiusiuguinay
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N13ANUAVUIAYDIRIUHNAINUFUEUMEL
N1598NKUUMAILANTNUFUAUNAIURUUAIUNITANTARUIUVITUIAA U 3
vosuHndulagldaun1si (3.13) [30 - 32] uavuanslasiasivangainielacsgun 3.3

L (3.13)

2
3f4e

Il L, An A1A1ue13lunilennuyeaibana 1 nuguavaen 3awainn1saui

Alganaunsi (3.13) wuanan L, Sauvindv 31.11 .

y
zg—bx %¥
‘ 7 ,

sUN 3.3 lassadwangennielululnassuiusiugdanyiviey

n15138ULHIgUAMENTRIINNTIIRBIUUY

mﬂmiaaﬂLL‘U‘Uﬂ'}8mmﬂiu‘luMmzmuimﬁU%’uLﬂﬁsugﬂiwﬁuaaﬁal,mwé’qv"?q 3
sUkuunaife gﬂﬁmﬁlamﬁuﬁw PAUSRIIGEY LLazg‘dmmm%m wuIUfulUasulasaadng
anpoImARIna Wliege nen 3 anainsasessurasaadnu Msieudisulasiadig
Gumawmmm;fﬂ 5 gﬂLLuummmLLamé’agﬂﬁ 3.4 Lﬁ'aﬁﬂmqa%ﬁqmﬂmﬂmﬁq 3 4IINS
Srassuuuselusunia CST nuiaieemeiia duuseansnsassioundu Sy (dB) fisnia -
10 dB pevaueslndlAesiufitaesninud 3.1 GHz muﬁﬁmmiﬁqgﬂﬁ 3.5 yadlevinisiiansan
Tusvaziden wudﬁmammﬂﬁﬁﬁameé’amugmaﬂauﬁmamauauaﬂmmﬁﬂmmmﬁ 3.1 GHz
mmzauﬁqmaaaﬂmﬁa gﬂ?imﬁémﬁuﬁw LLazgﬂamwﬁammmé’ﬁu S188LLBANITNNNDIVD
ANPOIMAN 3 UARININTTIT 3.2

v

= EN g B A"

L L
Ly | | 7/ 5
y!
: h. 4 VAR
%
(n) sUAMRLLEWHN () 5Urnay (A) JUaREY

sUN 3.4 madSsuiisulassaiiegenmialilulnassunusiudia 3 sULuuisuay

63



10

=y
(=]

o
o
1
—
—

S 11 ((IB)

-30

— moomalulyTwaglmasudui

-40 — = mwomaliluiwagranan

-—= maomaluluTnaglanumasn

2 4 6 8 10 12 14
Frequency (GHz)

JUN 3.5 wansTaesuuAl Si4(dB) vedsdiveniaAlilulnaszuusIuia 3 sUlUUEuAY

M19199 3.2 MfiwesvesaeeInAlullnasEuIuTIINgG 3 JURUY

W131LNas sUwaswRudi sUnay  sUswwmAsy
YUINVDIAIANANY  Wo =21 Wl L, = 16 93, r=1232 93, Ls=31.11 1y,
1S14| (dB) -18.16 28.97 -14.89
VSWR 1.24:1 1.09:1 1.48:1
Gain (dBi) 3.14 3.78 2.95
BW (GHz) 1.96 2.37 2.16
Zant (Q) 4391 +1.35 53.62 +j6.26  40.22 +j20.66

dlensunanouauesnNBTNIBEIANS 33U Auandlusuil 3.4 luidlodiui
Humsduiunmsusugulassaiaiiufs dieltameemealilulwassuiusin aansnsesiuns
THeulunauaudndisdseaald Fuppunisdduguiinainnisiingesian S, (dB) ves
agoIMA 3 SULUU egufl 3.5 wudtassaumand 3.1 Gz @1 S, (dB) asliendiindt -10
dB wiithsmwAldey 4.5 - 106 GHz A1 Sy, (dB) Fsmsiirngendn -10 dB naemeuAIwd
UWB faifu ielfangeniedinanneuauasnisldiugiunuinisbeenditerinisusy
qulassadrvarseinia lmadianisisiamesunasssuiunsadviaassdu [35 - 36] N3
poNUUUNTUTUgUIAEnAINANans 7.5 GHz ¥83t13Aud 4.5 - 10.6 GHz indiAsesiuas
AuanAdmesvesarsenealalulnaszuiudiudnesadasannisi (3.14 - 3.15)
[35 - 36] 59UAUNITTIATIZIRAIAINUILY ULAz T ULUUTA ANIsYeInTELa 1l ol Fu
AsfwosfumngaulunsivunduinisensimneaunsesssnunsdteaesiuYes
nsufulassadeansonalilulnaszuuiiugiusis 3 00U nfasginisiasauuunyi
9290138 5.5, 6.5, 7.5, 8.5 uay 9.5 GHz fiemunuiiuvesnssuaivuiiufinuinadentu fe
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U3nafuaresiuEnd i UTeUAULITEIIUNT IR 2 Auaramuudugedasy
7l 3.6 Fafunsusulasaivesmeoinidluvinnienndmadenisudsuulamosduiiunus
wuudImvivesa oo Alut IR IINTian waznATANSYNEAIMEUATTBITEUIY
NI 2 du Fenamdunanisneuauswiorsnudldnuasiueg fulassaiisvessau
wasnulugunsefiumndnadiu

(3.14)

I =5 cos| Ze (3.15)
32z R

in

A 1

el L, A9 AIAIINE1IVITO9TEUIUNTIIN (W)

2

R, #® A1AUATUNUBUNRVBIRIUHNGIY (Q)

m

P

' I Y

Z, fn Aduiikaudiondnnuesasessudsdyan (50 Q)

s

(¥) anganmalululnaszuiuTinginay
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| 1]

(A) awemalululnasyuusiuguanumaey

JUN 3.6 MIsUTgulfigunadnaeluuAAINILILLAE AN 19YRINTERaNY 3 JUNUY

21NN1IANYINATIADILUUTDIAINAU LU ULAL A9V DINTZRA VLA U109
awpINIAa 3 UNUL agUil 3.6 Funalddiifamnavesnsaualulunadiondu siudsdannm
ML TELATIEY o USaafeiufie UShnfiRimesuaseuf LT TEIUNT IR
aownuisduugulihdvhnmsuiulesasssemaiansiseimounmssiudutiuagii
ThAnnansznuAenisnovaussrufgeludumid neavi ldiAnnsveneuuudinsives
agomealululnaszunusiauiuurilianasaeiunisldaugiuaud WLANAWIMAX
ey UWB

Nntedudugruildannmsiinseisui 3.6 mafiseddiinsuugulasaiins
U3ADUALULTDITFUIUNT AR BN 51N BIUAIIMsH LA U s Toad ugy
Awdouilui Tneflamnsflines 2 A fie mAnane W, kavdimuen L, @umguednsg

Fonguirsmsimeudusudmaguiiugt 1esaindesnisanainuduieuuas iesensaing
anvormalululnaszuus R inansnesu Buanlasssasagonnialululna ssunusan
gﬂﬁumﬁamﬁuﬁwLﬁuLLUULLSﬂﬁagUﬁ 3.7 (n) NMseenRULIUAAUARINB LA iazimsiny Tag
N13AIAIAINUNTIN T, TAMARU 10.5 13 waadonuUsuruInAIAILE T L, waus 1.5, 2.0,
2.5 uay 3.0 1. AlFannsuszannidanmsetaaildsans (3.15) Wosiunms3euidiou
NANTIIaRILUUNUIAMANNN TS I, WAty 10.5 38, wazAIALen L, witfu 2.5 .
danaritliian Sy (dB) nevaueInImAATidn nanAerTeUAgUAINATIT U oA 128.18
(2.81 - 12.86 GHz) Flagufl 3.7 ()

ntulassadsansenialululna szuiusnnuuiaedivhnsAnwuazosnuuunsusy
Tassatiede lassadsansornalululnaszuiusanguasnay dagui 3.8 (1) Taefinsimun
AU afivhnseeduwuuamasuiiudnduioasuwuuesalaefmuaeianunsag
W, Wiwihiu 4 ua. wdadenuSurmaeanuens L, saud 1.5, 2.0, 2.5 uay 3.0 11l 91NKa

11331809 UUNUIINITIENBIMAINTLUIUNTNIANVUINAUNTIN I, iU 4 3. ke

66



ALY L, iU 2 1y, W Sendufiunuduundiniafian tnuaseuaquanudfiltnuievay

136.37 (2.61 - 13.82 GHz) %QﬂiaUﬂqmmmmmigwu IEEE 802.15.3a (3.1 - 10.6 GHz) ﬁﬂgﬂﬁ
3.8 (3) usiiiodunalusasmnudl 6.25 GHz tu S,y (dB) fishndn -10 dB Aeutradilngidu -10
dB 1N Fauanafign A fagudl 3.8 Wevluaiaaieduazdasiisdagunsnifisosiutus
agomATidmaionisiadiioures S;, (dB) Aiiunntuselassaiisansemawuuaainedu
Tassafrsanonmialululnassunusuglanimasudsguil 3.9 (1) msufulasaislaoniseny
NBIAITIUTFUIUNTTIF LuReafuaseinianeuniid nefuunar anuniie ws 147
125 31, udnFenufuruinAiarue L, faust 1.5, 2.0, 2.5 way 3.0 1. Aldarnnisuszana

AIINNITATUINAINENNTT (3.14) L1TB9AU 9INNIFTNEINUIINAIAIUNTI I, WU 12.5

Ui UagAIANENY L, Wi 2.5 ui. Fadldn Sy (dB) meuauesmuifAfian lngaseungy

a

Suituauduvudinviildauiesas 8256 (3.58 - 8.63 GHz) faguil 3.9 (v) widlsinsounqy
MUEUAUT WLAN/WIMAX Wz UWB

B

Lg = |
W5

(n) anganalululnaszuuTinsUavhsuRui Il sUTulasas

10

& .
— — meomalalulnanugy —— W5 =10.5 mm, L6 = 1.5 mm
-60 4 ° W5=10.5mm, L6 =2 mm —— W5=10.5 mm, L6 = 2.5 mm
W5=10.5 mm, L.6 =3 mm

2 4 6 8 10 12 14
Frequency (GHz)

(9) A1 Syy (dB)

SUN 3.7 wansPaesuual Sy (dB) vesangamalilulnaszunusiuguamasuiui e
USu W, wae L,

67



1. /\
\/

Ws

(n) angomalalulnaszuiuTingurnauninisuulasasng

-== W5=4mm,[6=1mm
— W5=4 mm, L6 =2 mm

= = mwomalululwazihanan
—— W5=4 mm,L6 =15 mm
W5 =4 mm, L.6 =2.5 mm
-60
6 8 10
Frequency (GHz)

(1)-A1-Sy4(dB)

12 14

5UN 3.8 WAN1391@0wUUAN Sy (dB) Yesarganmalululnasguiusiuguaenas euu
W, uaz L,

(n) angomalululnaszuiuniusUaumasuniinisusulaseasn
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= = mwoimallyIwaplanmasy —— W5=12.5mm, L6 =1.5 mm
-50 —— W5=12.5mm, L6 =2 mm — W5=125mm,L6=2.5mm
— W5=125mm, 1.6 =3 mm

2 4 6 8 10 12 14
Frequency (GHz)

(v) A1 Sy (dB)

UM 3.9  wan1s91aewuuan Sy (dB) vasagenialululnasesuiusiujuauiviey e
USu W, way L,

TudiueenisiieudisulnssadisasormelaTulnaszuiusauda 3 ULy é’ﬁgﬂﬁ
3,10 iafn 15191 ANe Ao T UIUNT 1 dNanen SUSULUABUNUIINSIES 09Tl sy LU
nsMRvBsageINETeLiuA LT uAuTLULRInTlRn 1B nTuldauiee Tiasteilalud
Aoumeinil

Yy Y

1. i . N

LR

(n) JUAMALLEWNN () 3Unay (A) JUaIMRYY

5UN 3.10  mswSeuiigulassaiiaesinialalulnaseuiusinne 3 sukuy iiunsusu
lasasausasEuIUNsIn

INANSRAITUINANITINADLUY MUEIULDVINNIUNYDILATIAS 9@ 881N A LU Y
Inaszuuiuglamaeuruindanumngausonislidaulugiuanud WIMAX wag UWB 11N
Nansosasnnfe lassasisargainialululnaszuiusinguanauudina1ge1nAsunsawuy

~ Ay v P ' A A ] | Ao P )
nauiwauanudn g ulauINAITLUUAAEULAAT Sy; (dB) UNeteanuddianlndAesiu -
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10 dB wnenadsmaideiilothansenmaluasnalinuais luvasiianseinmasunssamaesiiuin
{115 S1; (dB) #N1 -15 dB LFpUmABATIRUAINATIH ARSI WLAN/WIMAX wag
UWB dmiunsillassaiiasomealululnaszuiusmguaniasuduinfian S, (dB) &l
ATEUAANAAINATEIUIUTEUY WLAN flguannudian 2.45 GHz wagszuu UWB fiTaanimiias
9 - 10.6 GHz HaMSLUTBULTBUAT Siy A 1HA1NA159180IMUUYIANA 2 - 14 GHz Y89
a180101ARS 3 JULUULAAIRagUT 3.11 uazaanBeaniadnesaig 4 vaslassadng
angomelalulnaris 3 JUuuy Fansafl 3.3

10

— maomalalulwaglimmasaiiuin

50 = = maomalalulnagianan

—— moomaluiuinagmumaen

2 4 6 8 10 12 14
Frequency (GHz)

JUM 3.11  wan13dnaeuuAn Sy (dB)ywesargeinaAlululnads 3 gUuuy Alnsiens
FIVIDIUASUDITEUIUNT I

P a ¢ | & Ao Iz
M1319% 3.3 Mflweivesagenelululnasru1usung 3 JULUU NMseEsEuIunIIIn

dreanidAlululna U £ BW BW
FTUIUIW Ws (uu.) = Ls () — (GHz) (GHz) (%)
sUAmABAuLN 10.5 25 784 . 281-1286 12818
sUnaY i 2 822 ' 261-1382 13637
sUanumdey 12.5 25 611 ~ 358-863 8265

diolimmunanuuandsiifind useninsnousasndainisuiulasadises
ageIMAfisEuIUnTe JeinslTouiiisunalanizlasaineiidenu i owauisiefe
Tassafruangemalululwassuusingudimd sudui i seliliienz uazionzimosunaves
spUUNTNATTsAIALEY 2,62 - 4.51 GHz faguil 3.12 Wiuldinsimgiamesunaves
spunINATdmalpgnssiunsLmTesaBInIaie i S,y (dB) fintuie AseunquAaon
12300 2.81 - 12.86 GHz FaTut9nuinuanAsgIL WLAN/WIMAX wag UWB
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10
0 -
\ o __,/*"”” G =
-0 - 5 y
= \ ra /
% \,‘ ".J./‘"J
T -20 A e
n
=30 4
40 ~— ilaanzRmaauaiszinunind
—— A MBAIVRITTHILNI IR
-50
2 4 6 8 10 12 14

Frequency (GHz)

JUN 3.12  wamsiIguiieunansinaewuuen Sy (dB) vesage malassaiagudvieud
TSNSl uazEE R INBUATBITEUIUNT 1IN

NNTLAINOAITBISEIUNT IR B8 N AUl T aeAud I uSeuay
128.18 (2.81 - 12.86 GHz) AT0UARIAMINNINIFIU WLAN IEEE.802.16a 5.20 GHz (5.13 - 5.35
GHz) LLazﬂ’NﬂJa" 5.80 GHz (5.7 - 5.9 GHz) WiMAX IEEE 802.16¢e (3.49 - 3.69 GHz) way UWB
IEEE 802.15.3a (3.1 — 10.6 GH2) [1-6] flananatiy Wi muiwaneuaussniuiivesasennie
fananafidiannuisalinseunqurasanaaldsnn WLAN IEEE 802.11 b/g/n (2.40 - 2.48
GHz) muveulaiifesnts Fufewhnisuiulassassasarniadiaiy Tnesuainiinisang
NATIADIAMLVLILLLYBINTENANAT A IvBInTzialuT29ANA 2,45 GHz Fegudl 3.13
Funaldinludrsanuddmnandaranuiiunseiauinnaeiidugia Fneildiing
T maiiansiesimeswnsiiaedrdyains v ered waliansaversuuuniaviaes
ampemelilsaseuaguaudniisuinsgnluszuy WLANWIMAX uay UWB nn5Uu
WINAEDINAFUIUAIINTEWET #e q aansomuInlaFiaunsf (3.16 - 3.17) [33 -

34]
/1 2
45(;} W «A
R, 4 i (3.16)
60(%) W.o» A
4
L = 6514 cos™ []Z; ] (3.17)
Va .
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e L, A9 Avpduevesiiaedndygin ()

3

R, #® A1AIUATUNIUBUNAVBITIUHNG I (Q)

in

2

Z, fn Aduiikaudiondnnvasasesiudsdayain (50 Q)

y az

387

354

32

z x 287

g‘l.lﬁ 3.13  WANITIIADILUUAIANNNUILUUYDINTLHALAENANIIVDINTEWAVDINITLYNE
AIvasuafianendyaiaud 2.45 GHz vasageIn1AsUamaguHNuRn

MNHANITIABIRUUNUTIATANS I gRIMesuAs T anethdy g asisaesiu [9]
ﬁag‘d‘ﬁ 3.14 (n) damarenisiUA suluasA Sy (dB) vesanenialasnsiwtsianesunsdi
aedndyaaazgniansannadImIIdiwes 2 A1 Ae A1Aunie W uazA1anend L,
ity Taglassadasenmaliluliassuiusnguduasuiiuiduansguil 3.10 (n) efinng
AIANAINNTN W, liiu 13 udadenuSuauinfIAI e i waust 0.25, 0.50, 0.75,
1 uaz 1.25 uu. 7lfarnnsussanaeanmIsuaniaeauns (3.17) ludesdu nns
WIUiBUNaNITIA0ILUUNUTAIRNLAT T Windy 1 s lagAta e L, iy
1.25 311, dawalvien Sp; (dB) movaussanIdATeUAguAIND AlTuNTign uarTSnsd
LuudIevi¥eray 140.17 (2.36 - 13.42 GHz) wanssaguil 3,14 @) uaz WethuTeuidieuna
IﬂﬁqaiwmsmmﬂiﬂuiwaiummamﬂamaamumwEmlafl,mm SHINDIUAIVDITLUIUNTIIN
funsengimosunsesae iy nisaesdiufsui 3.15 aniuldiinnensimeuasd
FTUIUNTNINILAINALAEATINUAITULUNYBIAIEDINIAAD bAAT Sy (dB) ATEUARNAADAYIY
AR 2.36 - 13.42 GHz Imsmamqmmmmgﬁﬂuswu WLAN/WIMAX o UWB anail
Fosnafansneil 3.4
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Ly

W

(n) anganAlululnaszIUTINFURWRgURWAN TN SUSUWIERIMBIUAIUTI
aindey

10

— —W6=1mm,L7=0.25mm ——=W6 =1 mm, L.7 = 0.50 mm
-50 ot — W6 =1 mm, L7 =0.75 mm ~— W6 =1 mm, L7 = 1.00 mm
—— W6 =1mm, L7=1.25 mm
-60
2 4 6 8 10 12 14

Frequency (GHz)

(¥) NaNTIABILUUNITUTUAT W thag L, USnaasihdygiuvesaisainialululnasesuiu
et UG IVIGHH

UM 3.14  1A59a3719a180 1N ARASHAN1IIRBIMUYAT Si1 (dB) vosanganAlululnaszuny
JugUAmaeY
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AD

-20 1

30 1

S11 (dB)

-40 -

— — 'l AMAINAISEUILASIIE

| [ EUUUSEPRSUN.  FRSERS S e s e i

— gizdasvavuavanudaa

2 4 6 8 10 12 14
Frequency (GHz)

JUN 3.15  msipuiiisunan1sdnasswuual Sy (dB) msiwnsiimesunsaneihdygnes
awanAlululnaszunus gAMLY

A19199 3.4 WaN1TIUTUUTIBUNITIRLA0SAN & BosaT1891n AUl Ul NATZUIUI NN TLYE
RN NN VT alfaliglal!

ANWUZNITYIZHINDILAS fe BW BW gain
(GHz) (GHz) (%) (dBi)

TalweRmauwna 3.50 2.48 - 4.53 58.57 3.22
LNERINDILAIUSIUTZUIUNTIIN 7.84 281 -12.86 128.18 3.11
WZRINDILAIUIUAeU I - 7.89 236 - 13.42 140.17 3.01

JnnsUsudasunieusuialassasnasernialalulnassuusy dlavinly
awornaditanudlduiussUnmIIATEIL WLAN [EEE 80211 b/g/n (2.40 — 2.48GH2)
IEEE.802.16a 5.20 GHz (5.13 - 5.35 GHz) wazmui 580 GHz (5.7 - 5.9 GHz) AINNINTFIU
WIMAX |EEE 802.16e (3.49 — 3.69. GHz) ltay UWB_IEEE 802.15.3a (3.1 — 10.6 GHz) a4
%amwﬁlﬁmmimaﬁliﬁuamﬁqgﬂﬁ 3.15 TWd uNan15 9180 U UUTUNITUR WA 11UV DY
angen AT iU RnneuaIUs naa s d LT uanuaRldny 2.45 GHz, 8 GHz
way 13 GHz flussuwvauulnindusuvaesfianiauasssuivawuwivdnuuuseuiianisly
STUULAEN é‘fagﬂﬁ 3.16
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= 2.45GHz
0° oo 8GHz
w13 GHz

L 607
1 g0

" 120

180

(n) 52UV E (V) s¥UTUH

UM 3.16 nsiTeuiisuranisinaedkuuunisuindsnuluszuivauuladuas
AUNUWILNANVD9E1801N1A7 LaUSUTATIAS19A8N15L Y12 RINDILAIUS AN
GRTRTRRY

1N e LTAs RATUARANITTIAILUY T urAdansineiineaunsd
srunaFuaraethdyguiidesiutesasemadsaromaUaunlamosen S, (dB)
Buwazdlothlufinnsanludureumwesnisuunfsuuugunsuindsnudadunuusey
fandluszurufon? sdsliidutuuiangasfianiansidfifesns meisededuurfnviing
panLuUAgnN1TUIlATsET g Intalululnassuius s ld s i vk uasyisusy
Andeuiluin [22 - 251 MseENLULTLIALNLAZeUFA A INANANEIAAY 4 TiAa
8 GHz WulwHuazy puliuuIe 170 x 170 x 0.1 114.% lagidanlassasiaduianvindined
Tassadangemalilulnassuusaiiiuduasyioundandssgui 3.17 (n) msfmuasiuni
YosangeInARNw AT WAy ouTivinzaulfnneATy [36] SaufumsUSugusszving Z,
AUANANLETIAALTIANLE 8 GHZ (0.2664< Z; <2.00) Ingldanusussasung Z; s 10, 30,
50, 70 wa 90 uy. NMU3UsEHY 7, denasan Sy (dB) finevausinnuiffianiinseungy
AuAnT1anamInsg U lusZUUWLANAWIMAX hay UWB Ao Aisvayving Z; windu 50 ua. 3
Pannudldnudesas 144.22(2.25 - 13.86 GHz) dmiunansuiu Z; fiszerduiineasiden
fio searving 70 . T9smnuildaudesas 141.95(2.38 - 14.02 GHz) Wagszegm1a 90 N,
fnanmdldnuosas 14334 (234 - 14.18 GHz) fs3Ufl 3.17 (¥) wmmaifiansaninen Z; 7
swuy 50 wy. Sanunzaniigaidesiieidlerhnisfinnsanadnneeeuusznousiudu
wuIAsnIveNeRsEeEing Z; AAigareiisrayving 50 uu. FalArdnsnisveneieduggn
Whitu 8.20 dB famnsnsfl 3.5 Bnviafiefinsaniissegvinsesaeamaiuagiioud! 2, fia 70
1. kay 90 uu. dmarevIAnaesiuTIgaeeInalivuailvgmulue Wehluaiisaie
dwmansenuseldautszanmuuaiufifads
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- | . 170 mm lL

170 mm R

-

—r — Uz

| “Cstom 4

(n) Tassadeanganalululnassuuniuguavhsuruilgnunuiuisuas oy

10

-30

— —Z1=10mm —wuy]=30mm ——Z1=>50 mm
o— 71 =70 mm - 71 =90 mm
-40
2 4 6 8 10 12 14

Frequency (GHz)
() NANNTINPBILUU Sy; (dB) MbeannsUsUSEEY 2,

JUN 3.17  1A59a919uagNanT59IABILUUAT Sy (dB) vasangenialalulnassuiusiugy
dwdneuldanusuiuiulruasiey

A15199 3.5 MsUSesuisunsususEee Z; vasdangannidlalulnaszunusiunuldausiuny

WHUEZTIOY
e PTIEA TV EAT L f- BW BW gain
Z; (W4.) (GHz2) (GHz) (%) (dBi)
50 8.05 2.25 - 13.86 144.22 8.20
70 8.20 2.38 - 14.02 141.95 8.03
90 8.26 2.34 - 14.18 143.34 7.80
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NNSEIBHUEETeuLN g usInAvaenalululna ssuiusmAvlTaus Ay
L UAST OULNLASIERNATIAT Sy (dB) wazAILSITUAA LTS (VSWR 2:1) wuliase1nie
Fanainnuniiauauisesas 140.17 (2.32 - 14.18 GHz) u1nniraseinialululna
srunuildlildnusmvwivasioudnluiosas 2.88 figui 3.18 Fstluuliufiaenndos
AufuAusetuaduis (VSWR 2:1) fagudl 3.19 uaznsuiuifislaseaiisangoniadie wiy
avvioudsnaliAsnswenofiudaiuie anlassadrsansernealululnassunusaudunuuiien
shsweneads 3.01 dBi wazdleusumulassaddounuazyiou nulndlasnsvesiade
it 8.20 dBi Aniduderay 63.29 figuUil 3.20 FesreaziBending q wanafamsned 3.6 way
nmsifinsiuaztousinanlifinansenuiudenudlduresasenmaisenuuy

10

S11 (dB)

— —iunuarviau

—hiduWuarviau

-40
2 4 6 8 10 12 14
Frequency (GHz)

JUM 3.18  wan19tUS oUW UNAN1TI180I4UUTBIAT Sip (dB) Ann1sUsuiiulaseasig
ANU9INFANIBLNUAZNDY

— — AMsAaadHa

VSWR
[ V]

2 4 6 8 10 12 14
Frequency (GHz)

UM 3.19  wansiaesuudl VSWR a1nnisuiuliinlassainangenniemeusuas ey

r



14

— — pam3saaed lufiuevazion

12

| — mamsdnaed Nuruazviou

10

Gain (dBi)

2 3 4 5 6 7 8 9 10 11 12 13
Frequency (GHz)

5UN 3.20  wansiUIguifigunan1snaeawuy gain (dBi) angemeiinsuTuiiausuasioy

a = = | A 1a v a ! v
M99 3.6 Naﬂ']iLUﬁEJUW]EJUEﬁEJ@"IﬂWﬂINIiﬂ‘Wﬁi%uq‘Ui’JﬂJV]NLLag‘lﬂJﬁJﬂ"ﬁﬂiULW@JLLN‘HE‘%V}@U

drganAlululnaszuIusa f- BW BW gain
THUTIUNUBHUEL DY (GHz) (GHz) (%) (dBi)
Taiflueuasyiau 7.89 2.36 — 13.42 140.17 3.01
TwHUAEN DU 8.05 2.25 - 13.86 144.22 8.20

Li‘famdawmmiﬁmimwamiﬁi’waaqLLUULLUUEUmiLLNWﬁNmﬂJaJ TAsedsa
awonalululnaszuvsai inisdiuiislassad e uruasiou nuImuusUnITuR
WU UANUATIT U 2,85 GHZ, 8 GHz tay 13 GHz Tuszuvauuniuazssunu
AUNULmAn %QflLLUUEUM?LLE\{WE‘%J\‘]\‘HHLLUULﬁ]”l%ﬁ]ﬁﬁﬂﬁ/]’]x‘]‘l?lgﬂ 3 270 LLamé’qgﬂﬁ 3.21
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150 180°

(n) szanvawliih () FPUNUAUINLLLNAN
JUN 3.21  wansilSeuidisuwuugunsalwindenulussunvauliihuagauiuniongn

MnUsdvdsuiiivesasenidlilulnauuussuiuimguiivassiugidnd iy
fideddldimsfnuimunsosoniledisysyansamynasnunmsannisneuaussAmiae
wazAndiseAvsnsdeu Wesesiunmsldnulussus MIMO UWB Tasfansluguuuussan
sufumaiiavesmaiiansienzsesganAsisUULRILLNG 1L Hetisann1sneuausa

a

whanavlilaTeendn £2 ns wasmailanisinnatuussanvinlianArdudssans nns
dsrhuiiAndnin —20 dB Tnouanslaadumeus el

Tuduvesnind sdusenuuvlassadeaigernalululnauuuszuius1ugy
?Lwﬁamﬁuﬁwﬁuﬁ‘i%’ﬂﬁﬂﬁﬁﬁmaquﬁ'aqﬁmuwaﬁzmuﬂiﬂaﬁLﬁugﬂﬁtwﬁamﬁuﬁwﬁgqaméfm
LLam@quiJﬁ 3.22 (n) lagd@1nnsndwas 2 a1 Ae A1A27UA1N Ws WagAIAINNETT L AT
PONLULILNANUT RN BIMAs I ETNAIsieng Tnen1sasaatnite Ws AAmintu 6 s, wén
AenUSuIuInAIANET L AU 1, 2.3 Way 4 i, RlfainnnsUssanaAInaums (3.15)
[ToadunsUSsuIfsuNanISsaRILUUNUITIAIANINNA We WINTU 6 13, LaZAIALE)
L Winfu 3 1. danasinliiein 5,1 (dB) ApUauedpImRRTian nanAeAsouUAqNALATLT L

Yovay 128.18 (2.81 - 12.86 GHz) Wanswaguit 3.22 (1)

L*
6 —— ]
Ws z

yg—bx
¥

(n) angonmalululnaszuuniusUavhguuininsUsulasas
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S11 (dB)

60 4 — W5= 6 mm, L6 =1 mm W5= 6 mm, L6 =2 mm
—— W5=6mm,L6=3mm —— W5= 6 mm,L6=4mm
-70 .
2 4 6 8 10 12

Frequency (GHz)
(1) @1 Sy (dB)

5UN 3.22  wans9aeuuan Sy (dB) vesdmeenmielululnaszuiuniugudmas Weusu
Ws ey Lg

DIANANNTTNADILUUNUIANATANISLNYRINOILABITEUIUNT 1R TIAD IR fagy
71 3.22 (n) demarensiasundasad Siy (dB) Wanseudldnunianndeau Suhnsens
AIMesuAeIiuULIELUN I NAT AR sRIUBnATY [20-25] azgniiansanainawisiiies 2
AN A AN W, tagAIaEend L, Wit BetinnsasAiaanuning W, T3mwindu 5 .
LA oNUTUILIAAIAIINETY L, Aaus 0.5, 1, 2 Uay 3 uil, nM15iouifisunan1ssiassuuy
WUTITAIALNGIE W, 19917 5 Ul BASAIATINETT Ly WIRY 2 uy. dewalian Sy (dB)
maUaummamqmws’m?{ﬁiﬁi’fﬂummﬁqmLLazﬁﬁdem?{ 139.57.% (2.70 - 15.15 GHz) uan3
faguil 3.23 (@) way e ndTourisunalassasasaseinialululnaszuiugingy
AARU AN E RN AR EUTUNT IR MRS SRS NTA9A9AE 128.69% (2.69-12.40 GHz)
LLamé’quﬁ 3,22 9 ulF NS E AN NI ST UIUNTIIR 9L AINATAUATIR U T LUN VDS
aga1nFINNILUULINANTUS YA 7.6 LLaméﬁ’agUﬁ 3.23 (1)

¥
ey ,

43 3.,

(n) angomalululnaszuuniusUavheuuininsUsulasasie
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10
0 -
10 -
]
e _20 -
wn
-30 - ; :
—— W6 = 5mm, L7 =0.5mm
W6 =5mm,L7= 1 mm
40 =
—— W6 =5mm,L7= 2 mm
—— W6=5mm,L7= 3 mm
-50

2 4 6 8 10 12 14 16
Frequency (GHz)

(1) A1 S1; (dB)

5UM 3.23  wan1sdnaeakuuAn Sy (dB) vesansenialululnassuiusiugudiviey weudu

We ey L7

i ONANNITIADIMUUNITADUALBIETUAYINAR WG 2.70-15.15 GHz (139.57 %) \ile
UUAATIFRANANITINADUUMTNDUALDIAWUINIST (Group Delay) wuinfiaud 9.21
GHz TIn13UNT9VIANUINEAT 2.52 ms LiAunndr £ 2 ns s?iau‘ﬂuﬁWmﬂﬂ'jmmauﬂ’aﬁ’mmq
nawesaeeIMALUUIMAWUTIIzh lUszendlduTussuulale fagui 3.24

Group Delay (ns)

— HAMI1a09

3 ! ! !
2 4 6 8 10 12 14 16

Frequency (GHz)

5UN 3.24  wans9aeluUAmYIIaT Group Delay
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91n3U7 3.24 ATedaldhmsirsziaumuuiuiaziianianisinaveanssuai
Aud 9.21 GHz wuhilAmmmunuiulagiiansnsinavesnszuaiiiedesiigaludiuves
FIUNNS 11U IENEINARANIRIFUT 3.25 Feldimadanisionys et druunndsnuves
ageImALiieanA NsRoUAUBIATMLIA (Group Delay) Tnaldinadianisionzsazugneas
fiasuresasanieiiontisannsneuaueIriana) (Group Delay) Tnsfidrsunisiwis
S04 flagUil 3.25

(n) HEn19nTstaveInTewa (V) ANURUIBUUVDINTE LA

JUN 3.25  wansdaeawuuANIILLLaEiAnIn1slvaresnsElanaud 9.21 GHz

W7 W
gl | I

1. Ug» J 1.

(n) Awdsuiuih (v) zsesguile A) L1E38I5URNeAS
(Original) (I Shaped) (Arrow Shaped)

5UN 3.26  nseaniuulasEi UL NAN YRR

NnlassaadunindsnusUamasaiiuiiguil 3.26 (1) dhanvhmseegsesgusile
fifanunie W, Svuiamisnienm 3wy, wagdanuen L, WIenenientn 4 uy. fagud
3.26 (3) Mnturnseesesglandsufiianuniie ws fvuiemnanenin 7 uu. uaxd
AINETI Lo YUAMIINIENI 8 21al. FagUTl 3.26 (R) NANNSIIADIWBINSBUALDIAML SN

TAU08n71 12 ns ¥2981UAIND 3.1 — 10.6 GHz WAAINALA YU AU 12 GHz 1S
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MOUALDIAMUINIA -1.3 ns ewnsasgUaumdsunsuauaslutenudiuazy19aud
= @ ™
NANNNTGA FeguN 3.27

3 —
, : — — — Original (i)
i i ' — — — I Shape (ii)

2 : [ S Arrow Shaped (iii)

Group Delay (ns)

3

2 4 6 8 10 12 14 16
Frequency (GHz)

JUM 3.27  Kan1591a09n1sISEUIgUAIMEINIAIYEENEINA 3 LUY

YN1TIATIZIBALNITAUARAIAIUAUTLL ULALAANIINT INavBINTEUaNAINUD
3.10 GHz, 7 GHz wa¥10.60 GHz AIUAIR U NUIMIFILE1UAIND T AUNUIBUULAL A
QI é( 1 dl U 2 dl
nunsavesnssiaiunTuludmieziosguanas fagun 3.28

() NEAN19N15L1aUDINTLRANANND 3:10GHZ (1) AUNUILULUBINTLLATNAND 3.10 GHz
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. A/m (log)

(n) AEN19N5LaveINTERaNANLD 10.60 GHZ () AL AU WU UUDINSERENAINND 10.60 GHz

JUN 3.28  wan1sTaeILUUATIIIILLULaE AN raraen LA

MNHANTTTIABILIUAIIIML LR AN 915 IMAYeInzuaL RN ulud T
\nedesggnasuansiaguit 3.28 Mandnthy nuinaduRumuduuudinviinouauosunud
wauni1asaus 141.62% (2.70 - 1515 GHz) ﬁ‘i’qgﬂ‘ﬁ' 3.29 WANISIIRDIUUUAN S1y (dB) VDS
amoomalilulnasyunuugUamasLuansfssU 3.30 feinlifaenndestufuduseiu
Sasrdrundudsuanifegui 331 ’LumuﬁuaqmamimammumqmaL’Jm (Group Delay) 93
muim*mﬂﬂ’151,611'1.,,5awdaﬂﬂiuumNamammmmwmﬂﬂuLﬂu 42 ns AABAYTISAINLA 2.70
~ 15.15 GHz 93auanadsg Uil 3.32 wagluduemasiastAidnsnuens a3 - 16
GHz fiednveneiade 3.30-d8i ithilupunnsgiuiifeanis wansagui 3.33

0

A

s

U1 3.29  Tassaavesanenmilululnagudmdesiiuddunuuiifen
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S11 (dB)
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— HamIdaoa

2 4 6 8 10 12 14 16
Frequency (GHz)

U7 3.30  WAN391ABLUUAN Sy (dB)

4.0
— Hamsdiaey
3.0
=4
Z 2.0
>
1.0
0.0
2 4 6 8 10 12 14 16

Frequency (GHz)

JUN 3.31  WaNS9Ia0UUAI8AIIEIULTIUATULY VSWR
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Group Delay (ns)
o

— HamM$91a04
-2

2 4 6 8 10 12 14 16
Frequency (GHz)

UM 3.32  WaNS9I@0UUAIMLILIM

5.0

= b
o =

Gain (dB)

N
(=]

— Hamsdiael

1.0
2 4 6 8 10 12 14 16

Frequency (GHz)
5U 3.33  wansinaasluuAIdnsveny

nansT1ansUUATSE Avandiiug vasdoormalilulnagUdivasyiiuiuuy
wodduanssnmldainauntsd (3.18) thandanadeauuuudsandardsini 0.5 a
msguA AN AT fwuaddlundnfufiddingy 0.0020 maeng AL 2 - 16 GHz vl
awoImasaesivhauldegadudassdedulddwmansenudetuiliiAna sz ansam
geanilothluldnuuansdsguil 334 [31]
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(3.18)

£ £ * * 2
p.(1,2,4) = ‘S11S12 +81580 + 51355, + S14S42‘

X ([1 B (Sl 1811+ 8155, + 81355, +51,5, )

|
—_

i [1 i (S11S12 +81,85, +81355 + 51454, )

0.0020
— Hansdang
0.0016
=
w
]
£ o.0012
(=]
o
=
2
£ 0.0008
%)
E
=}
“  0.0004
0.0000 —/\/\‘
2 4 6 8 10 12 14 16

Frequency (GHz)
UM 334 wan1siaekuuAdlseAvsanduius

NATANBIFYUUUNITINEIWBINALDIETIA VLYY 1x2 WuI1N15195 MUy
A1801NARLLUIR R IA 907 [30] ‘ﬁﬂmﬁuﬁaﬁaﬁﬂﬁ’lLLUﬁﬁﬂﬁuﬂﬂiSQﬂﬁisﬂuﬂﬁaaﬂLL‘U‘U
msmmmlfuuLLmﬁwéﬁ’Uﬁﬁmeam%mmwuﬁ%mﬂ 2x2 #aguil 3.35 Teazidunlasaing
A1891N1ARDIYUINAIAIINNTILALATIAIINEID (W, WNAY Ly = 80 U1.,) baZIALSEILUULA?
SUFIENINITEIEMIAITTY (Wa WU Ly, = 12 3080) Wuiadaseansnsagviou fagy
7i 3.36 Faluwltufigenndostuiuausiiusnsaiuaauils (Voltage Standing Wave Ratio :
VSWR) fs3Ufl 3.37 Fsmseunquaaentunuidldery 310 - 10.60 GHz
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5UN 3.35  angoinmalululnasuamaeyiuindn 1 BesLuuRImIn 2x2

Sq1 (dB)

— Han3vIaed

2 4 6 8 10
Frequency (GHz)

U7l 3.36  wan13d1aeLUUAY S (dB)
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— Han13v1a03

VSWR

’\___,,/\

1.0

2 4 & 8 10 12
Frequency (GHz)

Ul 3.37  sansdasauuud VSWR

TudureimsimnsasomaARlEmsies s inau Ul g A nyaududmwa
vilA1 Mutual coupling faunin -20 dB nasag A NAlFIL 3.10 - 10.60 GHz é’aiﬂﬁ
3.38 wazAduUsrans anduus envelope correlation coefficient iinanaUuAUBIUDYNTN
0.002 mnmsmmmiuammaw 3.18 mnanmuuammmmaﬂ‘m 3.39 Tudrurein15inna

yaaauASnseIeRIuAANE 3 = 12 GHZ Sdade 338 dBi iulunuuiasgiuiidonis
WaRaagui 3.40

10 4 B SRR SRR S S S S 1

.7 [ AU S SO RSP RO AN

S11 (dB)
&

1 [
=
o=
<
<
<
<

— HaM31a03

2 4 6 8 10 12
Frequency (GHz)

JUM 3.38  NaN159180 U UUAENUSEANENN AU Sp1 - Sae
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0.005

0.004

0.002 4

0.001 4

Envelope Correlation Coefficent

0.000

0003 4

— Hamsdand

N

2 4 6
Frequency (GHz)

JUN 339 wan1sTaesuuAmdIUsEAvsanduius

6.0

4.0 4

Gain (dB)

3.0

2.0

1.0

— HaNMINavd

4 ' 6 8
Frequency (GHz)

5UN 3.40  WanNSII@RUUAIAIIVEY

dIUgANINITHANIITNABUUUTUNTUHNEI91Y (radiation pattern) UadangeINA
TululwauuuszuuislaeEufinnud 3.10 GHz 7 GHz wag 10.6 GHz wuinangernasinisus
wasuluguuuuauuli (E-plane) lngiidnwarsunswindsunuuseuiianisluszuny
Wfen FAaguil 3.41(0) wazgUuuALINWIMAN (H-plane) SUNsWHNS s uLUUToUTiamisly

FLUAEYT FagUT 3.41(3)
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0° cooooo 7 GHz —— 3.1GHz

oz — 10.6 GHz 0 000000 7 GHz
0 oo 30° aB —— 10.6 GHz
o 300
i “l0aB ™ 3 S v A
g g\&% 5 SfodB R
60° 3 20d | 60°
g 60° 20d 60°
A
3paB Oj ! 30/4B {
o -~ o ] 4
%0 3 %0 900 H 900
: )
3 !
120° ) 120° 120° YA 7 o/ 120°
N 5 4 (d )
z b 5o 05T
g Y ool 150° s 150°
X
180° i
(n) S¥UU E (V) S¥UU H

UM 3.41  wan1siaesnisiSeuiisunuugumaurndsnulussunvaunuliin

1 o/ v v =%
3.3 MseanuUUswAUNIsUTugulasasaiganialulasansy
dmsunisesnuuulassasianeeimielulasansuluguuuvanyieliuufinunainua

N133ATIENINTEBNRUULALLATIATIARINIATURDUN 1 Uag 2 Faduanga1n AN Fwu

Y] o a a A v g Iy 3 i ) & A ° Ay v
wasudugvamdsuiudnduvan ulddsenousay dnguszasdiiiediaigeiniadilaun
Uszendldausiunsaniundsaulniuuulanes lastirgduuulaseasiesiudndanugy
a A A v oo ) = ) v & ' = =
ddguiludnuunvsudsunuusunisudwa s ulmduiuusauiianislussuiuinense
11¥ANANIMINADINIT depInIAd UL LUl anwalzLanalafeg Ui 3.42(n) Inelaseadie
angoIN a1 UL UTAN U0 Ha FRE AATlaBiane3n (&) Wi 4.4 TAmunuIveIwiy
NOIUAIVBIANYDINA (Eane) WAL (fgrouna) 1IN U 0.035 Uu. TAUNUNYDITANFIUTEY (hrpe)
WINAU 1.60 1. N159RNBULLASIAS19EI8DINIAAINITAAIUIMLAAIENN 1A 3.19 kA 3.20
[26] Y11n08nwUUI LT UAITIRlATIsnATALauANND LN WAnINA 1 (Electromagnetic
Band Gab : EBG) kUUABNLIA [33] 1NN IU8I8U09a1891M1A SNEMEN1TIAIMNEY EBG
= & ' A A v v 'Y o/ e Y] P
PUUULNUFUANA YU TEINADUTOUMIAIDINTIALVUIINING 3x3 A3gUN 3.42(T) Lazn13m
ANTOIIN ¢ TEMINHULUUABNLRFUAMABLINTaaNNT0AWINATENNTST 3.21 [33]
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Feed Point
¥y

-

Front View Front View

Patch Microstrip

for b 5 Patch Patch Microstrip Thickness
plox
tgromnd

PEC Ground Plane
(n) awanelulasansy () wei EBG 3x3

Substrate

Via Substrate PEC Ground Plane

JUN 3.42  lassainauanuduimaniiiia (EBG) wuuneniin

2
W:%(‘%;lj (3.19)
L=049 % (3.20)
8}‘
gLluéT L, (3.21)

nsdrassuvulaseadreasenialulasaniuduuuy faguil 3.42 wudden
duuszAvsnsazyieundu S;,(dB) wiriu -12.65 dB fagUTl 3.43 (n) Andufiuaudiviniy 49.85
20.93Q wardnsveWiniu 7.56 dB Fsludiuvesuauninududndnlnd (EBG) wuuneniin
(3x3) @ansadmuhAAIN LA NNE LAY W, = L, = 28.46 w31, (0.035) ua
aanIndmnA3Al r 1301995893EUNUNTNATIRR Via Winfu 1.46 3. (0.012)) fagudi 3.43
(n) Tuduvesnsusugumszogialunsinansvesisiu (EBG) tilevnAn Reflection Phase #if
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flgnitnsefiuguanudldom 2.456Hz faguil 3.43 (0) TaeiFuannisusuguAtANeIAAY
0.245)< Legs <0.326) 0 (FUFUINAT 30 131, 35 U3, WAy 40 . FaguRl 3.43 (1) Feazdana
AeA1gnsIvetenuluniefe 7.86 dB, 7.91 dB uag 7.74 dB d1du 31nN15UTUUNUIIAN
Reflection Phase Aifflanluszegmaiiy Less iy 35 ua. Sailudnatesinessming
WA ¢ NNAU 6.54 1L, LagA1nITINITVLIUWNAY 7.91 dB FudnTuanangemeiiosiaiien
fio 7.54 dB Amidutenay 4.67 Wevhnsdmnauaumnuiwimanliin (EBG) $1uru 8 usiu
yiliifvurnnnuninauazAILend 120x120 a2 @a3uil 3.42 @) wazludunisusingzans
fiemsvesansonmialulasaniy anmnsadannlddsguiinmeanumuiuiureanszua fagui
3.43 (m)

3 : ; : ! :
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e T S R E
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¥/m

100
90.9
81.8
72.7
63.6
54.5
45.5
36.4
27.3
18.2
9.09

(M) ANAINUAUILUUUDINTZ LA

5UN 3.43  wan1sdnaewuuadudseansnisasvieu A1 Reflection Phase wagiAN19AINY
VUUUVDINTUA

nafiuAndnsensliundeluliiulasadeasenmandaihnisuiuialasatie
LUULaUAD WAL (Electromagnetic Band Gab : EBG) wuupeniiin Tudiufiaesnis
fidelddenlinsmadanisuiuiislassainafounteiianiiensosgusile dguil 3.44 (n)
nsoenuuulassaiswiueAtanssgnaiuunnuiangusosin FrRa A lndidnn3n (s)
WU 4.4 AN VR UHUNBIANTBA180INNA LAY 0.035 Ui, dAunu1vedian
§1U599 (hese) WINAU 1.60 1. soALULARINAIH 0 2.5 GHz Tumsusugulasaadiadl
ANNIIITLMRTAIAIUNTIIVBIRH YA YA W, AU 1530 34 (0.01254) A1AI1UNT19UDS
YBIINA g; WU 3.67 4. (0.0314) AIAINNENIVRITAN Ly AU 61.22 1. (0.51) Wagyinnig
UFuAIANIENIIe s L, Nddnadonsiialsyansomaesadnsweneuniian dasuann
N15U3UAIAUETIAG UAILA 0.424 4 < L,<0.4844 fififninifu 51.91 ux. 55.71 1y, uay

59.26 1yl. lngn1sUSugundIRauniigane L, Wiy 5571 wa. lnggaiunisesnwuui

Fudeulsuguirsuarivuiaiidnnzinsanisesniuuusiusffanuuinmiusnaaudeiivug
laiiAu 054 Feaerliansnsadeiundnulfivgn Tassadsusueivaniiugiuasiisuuuy
1AIBUNTUUUY LC cﬁ’ﬂgﬂﬁ 3.43 (¥) anansasIuIunIAInNT UTLle (Permeability : )
wavan neaNduing (Permittivity : &) 16 Saainns 3.22 uaz 3.23 [33] Farngandntuasd
AnansALiNlndaud MENZ (Mu-Epsilon Near Zero) utailu 2 dnwasg e wuudl 1 Anduay
iilndauddaazeenlinauunsnszaeriiuls uazuuud 2 suduuindhlndgudassimih iy

' v
a o N A

fuianazvieulastaiweueftanmidenldluaideilidonaunuui 1
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3 | G §
—x
(n) whweddan 1 waa () Waoa LC

3UM 3.44 lassasrunueiian 1 wad uwavguuuuling LC

PR (3.22)
" jkd 1+,
o n (3.23)
" jkyd 1+ v,
1o v, ABS), +S,
k, PRw/c
S,, Ao AmduUsdnanisazNiaundy

< 1

Ao AnduUsEaNSnITaIRIu

K2

Ao A159FYRIANUD
A9 ANANNUIDLENYISA

o U R

Ao ﬂ’J’]JJL%’]‘UENLL?N 3x10°

lud1uveIn139a0HUBATANLARIFIFUN 3.45 L anARINAYInAIUYIUTY
wazanmeennid1lndrudls FulauauiRwuunlrafuatisounsnszaerululafinaniuny
\899INAENINEBLLATATIAINYIUTNYDIA Permittivity & WazA1 Permeability g2 1Uuuan
o v 1% ¢ Y - = DX @ a o v o g & a 4o o A
Mdnlndauduansiagun 3.46 Jedamaliiandinarsviiadvimiiiduniuiiiasviouniu
vndunazdwiupiuusdy Juinlaintaguisiidudosinumavanududivaniuiuuy 2
1R [33]
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5UN 3.46  WaNsTIaeuUveINUeAian (n) ¢ uay (V) u

NHANITIIABINUUVBINLUBATAN 1 19Ad FagUT 3.5 NUIINTTAIUUY 2x5
danasiorsnsverglunsuinszaigminian Tnslassasauiueianiilddnnaivuindinm
nauagAAueiniulassaieageIniane 120x120 un.? Feilszeyvinsuesriauning
W, Wiy 24 un. (0.196 A) wagAInwel L, Wi 60 uu. (0.494) FagUil 3.47 s
Aurnazeenuuuylldlassaisraiiusue Afaquidnnandla fagui 3.48 msdning
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Superstrate

Patch Microstrip
Antenna

EBG Surface

JUN 3.48  lassaiwangenialilasansusuiuuninisusuiiulasaing

i :i(¢PRS+¢EBGj (3.24)
Zrissos
il A = ANSYEYMNIURIANYRINASYMINAULN DN TER
[ =@anud 2.45 GHz
¢ = AmAnusweas 3 x 10°

B = ANNAVDINTA VIO
b = ANNEVOILAUANINDMNLAAN LW

Tudu8In15uns n52970a8 U g Al 1l er1usanas Tnefiasanen
permittivity & wazA1 permeability 24 éﬁ’amwﬂgﬂﬁ 3,49 Yndiaenafinud 2.45 GHz 910
M5SIaDIRATUN UG NTEaEvetPauLIuE Nl Fh Ui Ina sas A nAAuEETouLa LTI
voeraw lunsaldnauudmdnlwihasins nszareluniaiiame x ieaiulnuainanlsdi
annsoldlailaostnunlnanlserdululaeed

Inualwanlsiduseuaulnia TE éﬁgﬂ‘ﬁ 3.50-(n) nanstudalnanlsiedulniudued
fanazgnasamiuuny y sedurd uwimdnind Famsnszatluiianig x auwliiinves
averndlulasansunszangluamuny y sy Tnaalnanlsd TE asfliamzauuwvin
wittu Sefignudnwasfuieduasiiou uandlddesuila.51 (1)

Tvualwanlsieduszuruiivan TM §a3U7 3.50 () Tnelassainsvosudiueiianas
Qﬂﬁgqmmmm x Wiy Fadurduudwmanlning wnsnszaelvlufien y Tuaunuladneg
wnsnszanglumuuny y satuiiamisveddnailsd PRS Seiiamzaunaluin lunsdinns
unsnsEEYRInduaInTadseenlUINuNueATan izl nduaziounduiitosninnunln
alsiwdussunulaih TE wandldfaguil 3.51 @)

Tulviug TE vesanwainialalasansuiildlunisimlinisvenesnsnveneszaznig
seinsangeInatuLRisTowmes inueAdy A4 g‘uﬁ 3.51 () wanalsiufienisnszane
aunlndvedivun TE nMsunsnszareraudsazilani Tnefifluil dunsudansdsnnuduves
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madlniirgeandanseualnihgananaigeniAaunsadeinueeniuiuuuvesuwiulangla
= I3 v FRY) dil’ a 1 12! | 1 1w d'é a 1 [ 1
WigwantoslnanuNuRIvbN Ul AN TIdINanaAInT1veeNANIAILYINAY 6.83 dB wazludiu
vodluua TM §UN 3.51 (1) NMSUNINTEAEAFULHBONULAANIN Teazdunninninuduves
nszualiihgeananunsadeeananaisenadulugrnuuureHueftan luianiafesiu
Taga1nluus TM #9nand thandmsieinasenissasdaInNus9nauauaLs oLy

NISASVIOUAT gy, WY %c WUNANVOUNANITALIDUVDY gy, Al 155° ua ¢y, e

3J3JL‘U‘L! 0° @NS'U‘Vl 3.52 VISJﬂ’]ﬂ’J']ﬂJEJ’]’JF"lau"ﬂ’]ﬂﬂ’]i’ﬂﬂiu YEN1TELVIOUVDY ¢EBG AonT1venelu

Y

ﬂ’]iLLNﬂiSfﬂ']EJVl@lﬁ?!G] 10.09 dB wumismmiawaummu 26.36 U.

Transmission

PRS

_.;;-wm—-w—«wwwwc-l\l

=X

'y

"Hr Wave Propagation

Reflection

JUN 3.49  msunsnszangdusdmaniitiifieniusiinans

Rectangular
Patch Antenna -

— H
| Slot — T —
]

— Polarized
— Direction

Direction — of PRS and
of E-Ficld — E-Field
h {

¥
-—-.._ —
.JT__ \\_ Al,a-ha.. X
ZAT TEE

I’ul arized Direction of PRS

) mualwanlswduszunulad TE (@) Tnualwanlsiedussununidindn TM

UM 3.50  msdaeanganatiuwsiuLsigiumes
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Sloted PRS

Regtangular patch

(n) Trualwanlsiedussunulnil (TE)

Sloted PRS

Regtangular patch

@) Tnalnanlsiedussuiuwsiuvdn (TM)

JUM 3.51  wan13dnasawuuAirn A unwiuvesnsealvaalnan lsiedussuulniy TE
warlnualnanlsigtuszuivialivan T™

200
™
£ 100
=11
*]
=,
2
Z o0
=9
=]
(=]
=
2
E -100
------- PRS
—— EBG
-200
1.0 2.0 3.0 4.0

Frequency (GHz)

UM 3.52  WANS9Ia0UUANSEEYNTASIOUYBILNUBATA EBG Wag PRS
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° v | oA Ao

1NNTTINBIHAVBIABN T8l UNITUNNTEAENANIEA 10.09 dB NTlATEEENT
AeVIoUWINAY 26.36 1Y, IINTLELAINGT UIUNIATIENTLEEVBNATUNEN TEELNANER
iielvinseumrqunisidauatduinis@nulussezysuguauinug1Inau 0.04a< h<0.81
A A v =2 PR A A~ = '
AouAUIN 5wy, ulUdis 100 uy. TnguSuAiAuginduiafiay 10 uy. lewinssesen
ANNYTIARUAINAIUUILAINAADAISN VN TALRUNINNGN 31NNITUTUTZHENUITEHENN
aa a o AN W Y I Ao o P
Afgafe 10 uxl. FallA18RIINTVEEFEAMIAY 11.97 dB 9 ANV NANAAGINNTIEN
3.7 Wlp9nTeuevieTenIaIseINIAf Uk U ATanlygunind1eiumindy 0° unige
A1UNTOUARITANIIAUNUIRIYBIAENITTRBLUULATIET Wang oAl lATanSUS U

saaa

Wi EBG uazwsuaifanfiauysalnan wanssisgui 3.53 A18ns1veneuazA1mnsilinesnangs
NN15UFUIUUARIIINNTIN 3.8

818
n7
636
545
455
3.4
23
18.2
9.09

5U# 3.53 HANTINADILULTIANNANUAU YUY BINTEULE

AN5199 3.7 A9RI1veN8vtagaInIalulaTansSUSAUTaTIaauANL ANl (EBG)
waraNanUTusTEEYNg

sragvinesendnglulasansuivaiaan ANDINI1VENY

5 . 11.70 dB
10 aa. 11.97 dB
20 u. 10.83 dB
30 da. 9.88 dB
40 . i Atelle
50wy 9.79 dB
60 1. 10.36 dB
70 4. 10.34 dB
80 . 10.31 dB
90 u. 10.29 dB
100 . 10.28 dB
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dl 1 o U d‘
A13199 3.8 ANTUINAILUTHY ] VBNEANYDINANDDALLUY

FLUs ANYNNY YU
w ANAINNINBsE18e1INAlulATERSU 37.54 314,
W, ﬂ'wmmﬂ”iwuaﬁugmsaqszmmsﬁ@msrmmﬂlmimam'%ﬂ 120 1.
W, ANAIINAINIVBILHY EBG 28.46 131
W,  sgeg¥9gn width of slot PRS 24 3131,
Wi AIANNINTeeHHLa A TEn 15.30 3.
L ANAINN IR E18D1NAlUlATERSU 28.93 w1l.
Lo AIAINUNTIINUDS 120 w3..
L ANAINYNIVDILAY EBG 28.46 113
Lp  3588119509UHU PRS Dy PRS 60 33l.
Ly A1IANNENUBIUNUDNIER 61.22 3.
L, AIAINENIVRITOILHUDATER 55.71 4.
Lege  AIANUNINGB4 Via Wi EBG 35 4.
I3 AIAIINNTINTZIINLAY EBG B9LHY EBG 6.54 313,
g1 AIAIUNTIUBITDIUNUDT T2l 3.67 all.
toe  ANAUMUIVRSENERINANILATERSU 0.035 w4

taound  AIAURUIVBITZUIUNTIIN 0.035 w.
Rera  AIAINNUIVDILNY FRE 1.6 11l
h ATAIUNINTEMINEIEDINNAD LAY PRS 10 1.

WUULRNZRIANGAIFUR 3.54(2)
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Lﬁamdaufqmﬁwmmwﬁ 3. JUMTRNTNINANITI 188U ULUUTUN I TWANE 1911
994 lassaseangemealulasansd W‘udwLLUUEUmawiwé’ammhaEhumm?{ﬁﬁmu 2.45GHz
wudraeeaniadinsusndeuluUsuuauinliia E-plane) Tnedanvaen1suind LUy
LA AINANIS éﬁ’agﬂﬁl 3.54(n) waggUwuvaunwiian (H-plane) Ineddnuyansuang 191U



0 —— Simulation
300

270

(n) 521U E

JUT 3.54  mamstassuunsiUSeuiisusuugunsuindsaulussuuaunung

S —
PL(((CCEOPINN)} ¢
AR AYARRAR
T—_0——F
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uni 4
ANSNAFDUEI8DINA

4.1 uni

unihiauensmadeuasanmalilulnauuussuuTngUAmasufuifignadieiu
pamnimesdeineg flfoonuuuliluunil 3 mmeaevazimunsveulInvesLITEAe
Sdawmu?{mmmmgm IEEE 802.11 b/g/n 2.45 GHz (2.40 - 2.48 GHz) 1%331U IEEE.802.16a
5.20 GHz (5.13 - 5.35 GHz) WA 5.80 GHz (5.7 - 5.9 GHz) ANNINIFIU WIMAX IEEE
802.16e 3.50 GHz (3.49 - 3.69 GHz) agn1unmIg U UWB IEEE 802.15.3a (3.1 - 10.6 GHz)
sufslénnaeueduuszaninisasioundu (Reflection Coefficient : Sy (dB)) ANSATIAIY
wseRunduila (Voltage Standing Wave Ratio : VSWR) ﬂ"@u'ﬂLLmusﬁauwmﬁﬁmé’uﬁuﬁ‘ﬁu A
dnsweedldannaiinuszansamidednasldauswdudiuasiou wazuuugunizus
NARUAWERU

4.2 n1nadauda‘gaInd
421 mveasuasonAllulALUUIEUIUTINGURMAENU

nsvagevangenIAlalulmauUUsTU U INgUAMRENRUANAIgUT 4.1(n) 1z
Fonldinsesiinszilasetng (Network Analyzer) u E5071C fagud 4.1() Tnsdrduusnsi
nsTarduUszans nsazvieundy (Reflection Coefficient : Sy (dB) faguil 4.2 wazan
§n51d 1T uAd ull e (Voltage Standing Wave Ratio : VSWR) m“agm‘?i 4.3 Wi a1un
\Wisufleunan1ssaatuuiunanIsInas muinaeeniaiivasanudldauiesay 144.27
(2.14 - 13.22 GHz) ATOUARNAINIATETL WLAN/WIMAX Lay UWB TneilovinisidTeuiioy
naiinldduilrnlng femanssigeauumaiisesns é’agﬂﬁ 4.2 uaznafidaaunanadue
Fuavsannsed 4.1

Fow

(n) @A (1) WPIDIIATILILATIUE

sUN 4.1 angomalululnaszuuniusUdvhsuiuiiiasiaseinseilaseg



-10 -\/_\

S11 (dB)
S
-
{
\

]
e
-~
\

/
!
/
\
X

— — Han3dang
— HaMS5IA39
-40 - -
2 4 6 8 10 12 14

Frequency (GHz)

U 4.2 msSguiigunan1sdnaedluuiunanTinasavesd Sy (dB)

— — HAMINAY

— WAMIIND

VSWR
)

2 4 6 8 10 12 14
Frequency (GHz)

UM 4.3 msIguliigunan1sInaeanuuiuRanIsInasarasn VSWR

M1519% 4.1 MaUSguiguAnaliRvTeman13IaRILUUAURANTTInS

d1ea1nd AUANANY WUUAINT WUUAINT
(GHz) (GHz2) Sovay
HANT5INABILUY 8.05 2.25 - 13.86 144.22
NANISINDIY 7.68 2.14 — 13.22 144.27
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MnMIaUsufisunanssiaesuufunansinaeesinduyssaninisasiioundy
S11 (dB) uazAShsduLsITuAAus (VSWR) famnsnadt 4.1 wudrrsmnuiliaudaud 2 -
13 GHz nadwnsaladalndlAsaiu esnmsadsaeemadunuulfindesinusiuisasiuid
daanngsdvilinisaiaagoinimisivuinlassaiisaiseiniansenuieonuuuld
p¥ntuthasenafiaamageuiiofinsannimevauasanuit 2 - 13 GHz lunsd
LINNAITUHALIATIENABUNUAUTBUNN InEIUTUTIEUNAN1TINTTINALHATIABIUUULERAS
Flagudl 4.4 () AuransiaaSadeguil 4.4 (@) sawfseduionanisiSeuiisulusasanude
P1571991 4.2

S-Parameters [Impedance View]

0.75 L 13
|

—— 51,1 (50 Ohm)

(N) NAN1TT1RMUUAIBU RLAUTIUNA

P 511 smith (R+jX) Scale 1.000u [F1]

(e

(1) NaNTINATIABUAUAUTIUNA

=p.

U

CaN

4.4  n5WIBUIEUNENIIINABILUUAUNANTTINTTIVRIABUNUAUTDUNA
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M13197 4.2 NMSUTEUNEUABUTLAUTBUNATDINANITIIADIUUAUNANITINDT

AuA (GHz)

NANIS1809UY (Q)

NANT5INR39 (Q)

2 6.85 +33.16 21.36 -j18.95
3 82.02 -j19.99 92.18 -j11.14
il 35.93 -j23.07 30.25 +j2.30
5 40.22 +9.01 51.73 §16.55
6 49.66 +j17.53 41.92 +j14.45
7 49.20 -j29.29 49.86 -6.56

8 47.06 +j21,02 48.84 +j10.17
9 51.92 +j12.54 53.60 +j2.65
10 52.23 +j6.33 43.31 -j12.87
11 65.36 -3.07 55.84 +j11.68
12 42.30 -j30.99 47.34 -j13.61
13 35,21 +j27.32 38.98 +j6.24

INNSUTHUTEUA BT AUB BUNATENIIHANITTNA0 MV TUNANITINIT Y29
ANUDLENUAIA 2 — 13 GHz Wanananansni 4.2 dunaladnAduiiwauddunsduuildull
TuiansfeifullolnsUasuslasalnud WeRarsuilusvazdeanuinAduilaugianu
fnveglugiausenna 5 - 10 Q FaArpnuennsenny Wuraunifinnsiudsuulaed

q' ° a o ‘:4' a a4
G e H IRV etV T B R T 7T Py TR o R o e 5o e FATRI LA PR

AMSUNIINAFOUNITINAITATIVI NS VREILDINIFLIUIINYININTANFAIEIHDINAA D

fufieyinsagey muualianseinamnidwimmtmdusiisulazaiseiniadnaandai

Y A & v 1 [ P Ay [ o = = [y o
i uids Asgui 45 nanisuadauiinainnisiagniluwSeuiisuiunaainnisauiu
ADATINIVYEIIEFNNITNTASRIUTDINTA (Frils Transmission-Equation) wandlansannisi
(4.1 -4.5) [26]

hﬂF}._.\ SRl
-~
N Network Anlyzer Rx
[ R les
E e
x IE == 55K

NINAADUINAENI VI8 VR gIN Al ILINALUUTEUUT IS UAMA g LR LA
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(G0t )dB - (GOr )dB - %[20 log (#j *hasy~h r(dB)}

_ 2Dy
)

R

loss = 2010g(47[7Rj

P =P+G +G —loss

G=bw+E—R
2
e (G,), A9 ANBRIIVEVBIAEDINAGILES (dBI)
(Gy,) s A9 ANBATIVEILVDIAIEDINIFATUTU (dBI)
P filo AMAINNASY (W)
P fio AnradasTndids (W)
R Ao ANSTELYINY (33L)
A Ao FeueTIdY (1)
D Ag ANAINUNIENARYREIEDINTA (Bil.)
loss A ANORI N ZNA YRN8 N (dBm)

N19UT U EUATB ATIVENE (gain) T893 NHANIFTIADUUUAUNANITIAT NG
ANUALTU 2 - 13 GHz F3ANTNEeaAvesAI8aNA - DI 3.4 gu. A1ideauids
() wihiu 0 dBm e8ig1Is. R 111AU 100 93, HINAMINAFBUAITUN 4.6 uazaan131ail

4.3
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Lo — ™

Gain (dBi)
w
£
\
)
/
\
\
/1y

1 — — Wansoaeg
— WaMIINA39

2 3 4 5 6 7 8 9 10 1" 12 13

Frequency (GHz)
sUN 4.6  nswIsuifigunan1sinaeawutiuranisinaTvesrdnveny

A1519% 4.3 N1SUSHUEUAIDNSIVEIEVDINANITINADILUUNUKNANITINDS

AUA (GHz) NaN1331889UU (dBi) NAN13INV3Y (dBI)
2 3.21 3.01
3 2.67 3.14
4 3.56 3.24
5 4.08 Bl 3
6 3.68 3.39
7 3.05 3.27
8 278 3.03
9 3.32 %515
10 3.30 3.45
11 3.19 3.49
12 3.09 3.21
13 3.22 2.86
ARy 3.21 3.19

NHANSIUTOULTIBUAITUN 4.6 waEAIn13199 4.3 NudHanauaueIyeaudly

IUAIE 2 — 13 GHZ 9999M51U8189981891NIANIARINS I INALNALALINUAD NANITINAaDY
a0 W a I . [y a a1 o PN T W .
LUULANDASIVEELRABWINAU 3.21 dBi LAZKHANITINDIILANDATIVYNLLRAYWINAU 3.19 dB
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Mntduhnsiiesgsiuuusunisundanuvosaseinialudisgiuaudldon
2.45 GHz, 8 GHz way 13 GHz szurvaunulniiwazszurvauuwingn maIeuifisuna
M3 uULazHanTInaTereaLuUUNTUHNE I LuanalFfagUT 4.7 - 4.8 uagdmu
YoyavosdindundnuanineaziBondsmssil 4.4 - 4.5

—— Simulated-co —— Simulated-co
W ewuEs Measured-co 0°  esmes Measured-co

— et —

P 0dB . —— CUross-PPolarization S 0dB ""m\ Cross-Polarization
T o~ 307

— Simulatedco
0e veees NMzusured-co

- 0 di ., — Cress-Polarization

(A) AU 13 GHz

sUN 4.7 mswSsuifigunanmsiaesiuuiunanisinaseveaiuugumsusnaesnulussuiy
aunalvivi

M13199 4.4 wuugunisuendsuluszuvauulngi
wuugumsurnwasuluszuruauulni

Agegnvasdyamuiianud fnAuwan AMUNS1eEARuATIREq
(GHz) (846) (8461)
2.45 114 120
8 53 100
13 119 94
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— Simulated-co

----- Measured-co e

S, — Cross-Polarization =
iy, 107

—  Simulated-co
cames Mensurel-co
.. — Cross-Polarization

(1) ANUD 8 GHz

—— Simwlated-co
ammme Mensured-eo
= Cross-Polarization

180
g—» y () @uD 13 GHz

UM 4.8 nmswSsudigunanisinaniuuuiuian13ina3svetiuusunisuinganuluszuy
AUNLLLLERN

a 1 [ 1 =3
19199 4.5 LL‘U‘UE‘Uﬂ’]iLLNWﬁN’]usluig‘lJ’]UﬂU’]lJLLJJL‘Viaﬂ

wuugUnMsuRngaulussuuauuulvman

AU (GHz) amAunAn(a9A) AIN3NEINEUASIFES (936)
2.45 0 360
8 0 315
13 0 355

Lﬁaﬁmmmamiuﬁa‘uLﬁa‘uLLUUEUmsLLNWé’NminNmﬁwaaqLLUULLazmi’E’m
959 Y98 uANNATRIY Y 2.45 GHz, 8 GHz uay 13 GHz wudnﬁazmuamﬂﬂﬂ'}ﬁqugﬂms
L d M duluUaeIian1e wasszuvauINwlmanilvuuzunsuna s wduiuuseu
Femsluszunuiien druvssdiraundnuas miunisdirduniaidasiielndidssiusts 3
g uddlassainsasonaduuuiufuuusUn s snumuna s uiidenis widmy
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Ygymeugu 8 GHz uag 13 GHz Lﬁ’e]flf\]’]ﬂﬁ@%’]ﬂ@ﬂﬂﬁ’?ﬂ‘ﬁﬁ@ﬂﬂ@QﬁﬂﬂﬁluhjﬂiaUﬂthu
NG 6 - 13 GHz
4.2.2 mimaa‘uawmmﬁimiuiwaLLUUiszi’ngém?{auﬁuﬁ'ﬂﬂﬁmuéwﬁ’uLm'u
gvviou
nan1sianadeuaisoimalululnauuuszuiudwgudma suiudildau
SAuuRuazTouLansdIFUT 4.9 (n) MBLA3ealiaT1ilasene (Network Analyzer) Ju
E5071C ﬁ’qiﬂﬁ 4.9 (v) Lﬁaﬁmsmmamﬁm%aLLa“mamiaﬁaaawaaaﬁwé’mﬂizﬁméﬂﬂi
dzvaunayu (Reflection Coefficient : Syi1 (dB)) mw‘w 4.10 WarAISAIIEIULSITUAA Ul
(Voltage Standing Wave Ratio : VSWR) GN'i‘Lh/] 4.11 W‘U’J’]ﬁﬂ&J@’]ﬂ’lﬁM‘dNﬂ’J’lMﬂ?’mﬂ‘fjQ’l‘u
winiuSesay 136.74 (2.35 - 12.51 GHz) ﬂiaUﬂqmmwumwmigwuwmaamilfzjummﬂumammﬂ
Funuufisaldlausuiinlaseaesusuasiou 10831 88nHanT NI asNaN1TINaa WU
wansldwansnsd 4.6

(n) @1ge1ne (1) 1ATDIATILILATIVY

JUN 4.9  aevomdalululwalvussuiusiugdavaeuiuialdnusiuiuusuasiou

-10

S11 (dB)

— — pamsdaog

o )
— HaN133INVI

-30
2 4 6 8 10 12 14

Frequency (GHz)

UM 4.10  MsLUSguLfiguNanIsaeuUAUNaN15In93999A Sip (dB)
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< 1
2 7
g /S
- -~ 2
2 ) ", =, e
7 TR ~ et N
1 e,
— — Wamsdaed
— HAMTIADI
0 : ‘
2 4 6 8 10 12 14
Frequency (GHz)
UM 4.11  MaUTBuliigunanisINaealuuAuUNaN1TINasa09A VSWR
M13197 4.6 N5LUSEUIBUAMANTRYRINANITTNRDMUUAUNANITINDS
= o ia ¢ fa ¢ v
pEGHEER ANANES (GHZ) | wuuadan (GHz)  uuunidedi Sewas
HANTINADIUUY 8.05 2.25 - 13.86 144.22
HAN13INA34 7.43 2.35-1251 136.74

oV IRINTIINaN15TIaBUTULAYRANTT A9 SresmduUsE AN M TasTioundy
Si1 (dB) wazAS R Id@IUNSIFUAA UT S (VSWR) F9a1357991 8.6 WU31929A210d 199U v o4
angomAansasesiunisavulussuudeaslans WLAN/WINMAX was UWB léusnanisia
FSafiAdannnasianInuulsEInnsaray 5.47 1099101590 UUTE I YT 0N WA T
fuaneemdldidenduanszezinniinals 7 GHz Ssdsmalilumisaudimuaziaanmias
Lﬁmﬁmmmﬂ@mLﬁmsﬁu%mamqﬁLﬁmﬁfué’ama&ghﬂmﬁaau%’ﬂﬁ Tnasessurrsnmudldnuniy
wmsguifinun wansdigud 411 andulutunoudaluyiinisiesginavosAndufiuaud
Suwmimmmmﬁ 2 - 12 GHz wamaaﬁ’waaqLLUULLamﬂﬁﬁagUﬁ 4.12 (N) LALNANITINDTILARS
1é’§1’qgﬂﬁ 4.12 () ﬁm%’u%’ayjaﬂaamﬁamaqmﬁ%ammmmLLamqiﬁLuWWiwqﬁ 4.7
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S-Parameters [Impedance View]

—— 51,1 (50 Ohm)

£
N

Y,

W
X

a

BuNLAUGDUNA

I.a

(A) WANISINABILUUAN

M 511 smith (R+jX) Scale 1.000u [F1]

TPEBURUAUTBUNA

a

[

(¥) Wang

ca

SHUTBUNANITINADIMUUAUNITIATIVDIAI DUNUAUTDUNA

1 a

a

[y

[y

=]

=

UMl 412 nsw

q
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M13197 4.7 NMSUTEUTEUABURLAUTBUNATDINANITIIADILUUAUNANITINAI

AuA (GHz)

NANIS1809UY (Q)

NANT5INR39 (Q)

2 20.50 +j51.56 11.01 4§37.04
3 100.27 +10.27 91.86 -13.28
4 44.31 -j34.56 34.63 -j21.17
5 41.24 +0.72 38.07 +j7.31
6 36.32 +]37.77 45.98 +)16.38
7 65.14 -j18.48 58.03 -j29.94
8 36.46 +)6.42 26.77 -.29
9 51.92 +j12.54 48.44 +j20.21
10 60.62 -j14.60 55.65 +]9.74
11 31.04 +j2.04 66.05 -j2.36
12 67.29 +j10.96 44.46 §31.42

dofinnsaunnanisiiasuuulaznanIsin3awesAdufiuaud unnfinnsed 4.7
NUINTIANULANAIYBIABURRAUTYIAINA 2 — 10 GHz 1feUszanns 10 Q wazY9ANE
g9 11 - 12 GHz Aannuuana i ud udszangs 20 © msianislduund fusenine
mEJmmmt,agmadqﬁszmmmﬁ'qaL‘flummaLﬁmmﬂﬂ'wmm&nmﬁﬁﬁé@luﬁwmmﬁqaLﬁalﬁ@
Aanaianenenmiiesantovagdsmanomduiiaugosnsin Tudiunsidunisitausnis
Answinan1TInT3uasnEnIEemuUTeiAsnIvenatiliannnvadeusU-dedyannves
a1 In1AaRaid (Two-Antenna Method) fivimtidiidusafunassds uandlddeguil 4.13
Tneldtaunisnisdsdyarnuesnsd (Fris Transmission Equation) 3e1uanuA 1L ol
\Wisuileusaaunsd (4.1 - 4.5) [26]

UM 4.13  msvaaeuinA1dnsvengvesaiveinelululnawuussuus i suavaeuEuinlg
NUTMAULHUaETIOY
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nsIguiguNan13IaILUUA UNaN15INA39aeA8nI1vEe 1AvinIsiatsan
YU lEY 2 - 13 GHz ¢e3un 4.14 Taeilaranuninegeanvesatgeinia D wiaiu
20.5 w31, AMasUAgs (P) wirdu 0 dBm s¥gerna R ity 100 3. wudndns1vengann
[ a A 1 a A . = Y v < K (% a
HaN1TInvsedlAnatien 7.46 dBi Faanwalatarudumdiiavimisd 4.4

14

12

= ——

o
\
N
/
i
\
\
A
\
\
T
J
|

/
\

\
/

6 Pl mik -7
Vs S
4 | ] 4
— — pamsiasy
— HAN I3
2
2 3 4 5 6 7 8 9 10 1 12 13

Frequency (GHz)
UM 4.14  M3USuLiiguNanIsINaBILUUAUNANITINATI09ANT VY

A1519% 4.8 N1SLUSHUTIIUAIINSIVYNBVDINANITINADILUUNUKNANITINDSI

ANE (GHz) Nan1591a9uy (dBi) NAN159A239 (dBi)
2 6.34 5.3
3 4.69 6.55
4 5.87 6.47
5 5.44 6.87
6 6.73 7.43
7 9.16 9.54
8 11.78 9.92
9 8.9 8.71
10 9.19 6.86
11 9.82 1.26
12 9.64 7.59
13 9.45 7.12
Aade 8.16 7.46
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NNISLUTHULNBURNANITINADILUUAUNANITINASIVDIAITNTIVYY (gain) 429
AR UG 2 — 12 GHz §am15197 4.6 wuin navsaesdiAlndlAeafuditaenanud 2 - 9
GHz wit1anud 10 - 12 GHz flAdnsvenefiunnnefulszanas 2 - 2.5 dBi 1esantagi
Flnssadasennainisnevaussaudlutiaiinananas seliasnsve1eaInn1s TR
S3efiantosnitnaannissassnuulutisanudsingtn

dMTUNANITIATIEINITUTEULTBUNANTITINR0ILUUAUNANITINAS VB UUFUNS
WA NTI91URT 29 NE AT 2.45 GHz, 8 GHz way 13 GHz ludessyulufsuusyulu
aumiv\lﬂﬁmmsmamsmazLﬁamlé’ﬁagﬂﬁ 4.15 UATAI5197 4.9 VUTEUIUAUINRLIAEN
ansouanITaziBonldfisuil 4.16 uagmeeil 4.10

ococco Simulation-co
=== Measurement-co
—— Cross-Polarization

cooco Simulation-co
=== Measurement-co
—— Cross-Polarization

60° B(§, 60° 60° 8 20 dBYE 60°

90°

90° 90° 90°

120° 120° 120°

1508 150° z o
y 180° 180°
y

(%) ANAE 8 GHz

ccoco Simulation-co
0 === Measurement-co
T —— Cross-Polarization

(A) A3 13 GHz

UM 4.15  msidSguifigunansinassiuuiunanisinaseveauuugumsuanasulussuiy
auulndin
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M1379% 4.9 wuusunisusndsanuluszuuauuliih

wuugUnsusinasuluszuuauai

AuA (GHz)

anmauan (agf1)

v o n:l' d! o o/
A1UNA19a1AAUATINTAY (B9F1)

2.45
8
13

3
0
0

26
37
16

cocco Simulation-co

=== Measurement-co

Cross-Polarization

cooco Simulation-co
0 - == Measurement-co

- Cross-Polarization
300 7 NN 30°
/
( -10dB 1
/
60° 60° 60° \ 20d l 60°
X 7
30%4B
N
90° 90° 90° = 90°
z 120° 120 z 120° 120°
g—’ o g—’ y 1500 150°
180° 180°
a a
(n) AUR 2.45 GHz (1) AUD 8 GHz
oooco Simulation-co
0° === Measurement-co
—— Cross-Polarization
_lod
3002 s 30°
-10dB
1 \
{ \
60° 20 di 7,60
\,
4
- 308 1
X
90° = 90°
120° 120°
z 150° 150°
; > 180°
y

(A) ALA 13 GHz

UM 4.16  nsSeuiiguranIsIaeILuUiuNan1sInswetLuUsUNMsuEnasuly ssuy

AUNULILTAN

118



a 1 [ 1 =3
M1919N 4.10 LL‘U‘UE‘Uﬂ'ﬁLLNWﬁ\N']‘lﬂ‘lJiBU']UﬁH’]ﬂJ bbILVARN

wuugUnswindsuluszuvaunauiign

AMUE (GHz) A1ndundn (aeen) AN 1981AALATIAEY (2967)
2.45 0 22
8 0 51
13 34 74

MNHANTINADIUUULALHANTIARTvBILUUTUMIUHNE I U WAE 2.45 GHz,
8 GHz wag 13 GHz ‘W‘U’J’mLLU‘Ui‘Uﬂ’]iLLN‘WﬁN’m‘Wﬂﬁ’]ﬂJEJ’]‘Llﬂ’l’]imLUULLUULQ%/-UWWWIN‘VN
ssuvaulihuazausuimgn FaguTl 415 uay 4.16 \llefinsandrdundnuazaiiuniig
Snduessidesdunlduldluiiamaietuste 3 gumnud widmudagmsugiu 8 GHz
uay 13 GHz Wesnndgymvssmsiniiviesesiundulsinseunaudunuigs 6 - 13 GHz

4.23 msUszgndldausievesasernalululnanuussunumgUamaouiudle
NuTINAULHUaEIoU

MnMIINAFURmaNtRae 9 gesarseniafnaruiuililivsiy

AuaNURv0Iag0INANaT 1911307895 uY29A2 0 E I uvesszuud eansliane
WLAN/WIMAX wag UWB 5 378d dbatnlaseasrsangeinialululnauuussuiusiugy
Awdenfiuinuulassadadenafinuiurgieunindadlundomatain PVC filuuin 215
x 180 x 5.4 3> Ka3Uft 4.17 9nduhndesiifiansornmanisluiludadsldanuazaislus
91A1THALUBNDIANT

UM 4.17  msAedsanganATuiundesanasin PVC
n1suszgndldnuaigenalululnanuuszuuswsuamasuuin ndnsusuig

uHuaziouNUssTlundeswataiin PVC tatastudaaneeinia saufugunsal Access Point
Ju TP-Link WDR7400 1 laiSU5890118195574 WLAN IEEE 802.11 b/g/n 2.45 GHz (2.40 -
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2.48 GHz) IEEE.802.16a 5.20 GHz (5.13 — 5.35 GHz) Vw1 vJ usimdsdayaynas WiFi LUgs
aun$vlwudvie Apple u iPhone 8 Plus vivthildusndudnyaa MnwhnsIeszeinIg
Tanavesdygalaslusunsy test speed Wi-Fi ﬁu‘%ﬁ’mﬂﬁﬁmﬁmmm%uLmaﬁﬁmﬁmm‘%a
Tutlagtu feguit 4.18 Tasnsmeasuazutseanidu 2 daw il

gl 1 myianavesdnaalasaseinalylulnaifiauniugunsal Access Point
Fe¥alugiunnuiion 2.45 GHz uageumNigs 5.20 GHz faguil 4.18 (n)

dud 2 mﬁ’mmamaaé’mmmimmammﬂiu‘luiwaLLUUizmuimgﬂﬁmﬁwﬁuﬁﬁﬁ
finsusufinusuagiiou Ul 4.17 dufndaunuaeeimaiiieandugunsal Access Point
yhmsinluguaude 2.45 GHz uagguauige 5.20 GHz fagUl 4.18 (v)

Apple iPhone 8 Plus

/ ) 2.45GHz 5.20GHz
Access Point TP-Link WDR7400 B . Rx
(n) Minaaeuldnulswasaeoniallulnanfaiugunsal Access Point

U TP-Link WDR7400

Apple iPhone 8 Plus

2.45GHz 5.20GHz
Rx

Access Point TP-Link WDR7400

() ManegeuldnuaswesagomeallulnaiuussuusnguamdsRui Nl sUTuLiy
wuagiaudnfaTIniugunsal Access Point Su TP-Link WDR7400

JUM 4.18  msnedeuUszgndldnuaienialululnaiuussuiusuuamasuiudindnng
USuiiiuuruagyiou
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N15IANAAMNAINNNTYBUABF Y IMUBIUNTAl Access Point HIUaNEDINANIEDS
susuuiilananasludaaunsnlnudie Apple su iPhone 8 Plus Wisaasgnuaiudinnfe 2.45
GHz wanafagui 4.19 (n) Wagg uAUDgs 5.2 GHz Uansriaguil 4.19 (1) suaey

= Channel Graph < o = Channel Graph < o

All = Best Good Weak All = Best Good Weak

2.4Ghz ~ sGhz  ~

Channel Channel

* TP-LINK_F1BO -38dBm (CH 13) ® TP-LINK_5G_F1B0 -49dBm (CH 53)

()] B (3 =3

= () a)e = =
Channel Interference Signal ' tails

Channel Interference Signal WiFi Details

() NUNIDUEAPINANAZDUNAINND 2.45 GHz (1) NUNFDUERINANAZDUNAINND 5.20 GHz

5UN 4.19  uenwdindudmSumsmegeudayaas Wi-Fi 91n1ad 2.45 GHz wagadud
5.20 GHz

@ v o L 1 a & Ao [y A ida A
ANWULANNLINADUFINIUNITNNINAABULUIUILIUNUNLUY 2 aNBUEAD VLZLIlIﬁQﬂG]

o

9219 Wunsmageuusnunlanitwas wuuiideninve Wunismeaeuludienasnindany
AUNITIEUITY BuvisvndeuaulInARsiIn TIANavIdaalatvansanAlululnan
a (% L4 o v ~ v v PN ! [
Ansnugunsal Access Point 693U% 4.18 (1) Han15IndaIauUUNFINAYINe NUI1N55Y
dygaunanud 2.45 GHz Sudyaailussevasan 60 was dariidevesdygiauvinty -75

[

dBm wagfimud 5.20 GHz Sudmainiluszezasan 40 lwnT denaavesdyaraviniy -87

v o U
o

dBm d@wsunsalnmegeuiadyyialuuliddsiening wuaniianud 2.45 GHz Sudegia

A

o 1 o

lusgerasan 200 wns TAasuedayaauvaiu-87 dBm warAA 5.20 GHz Sudtyeyal
Tusvezgegn 80 wns dAmasesdyamuwhiv -81 dBm

dmsunsnagevdind 2 vmsianavetdyainiivaisenalululnauuuszuu
SwgUamasuiuifidnnsuiuiinwsiuassiousiudugunsal Access Point AUl 4.18 (@)
dnunznsindyarauuuiidefinuang nuiinssudyaiadannug 2.45 GHz Sudyaaly

g7

JrergEn 60 AT AMasvedyy vy -72 dBm uaziAad 5.20 GHz Sudayaadly

AR}

3282a9ER 60 WNT ARSIV IuIAY -82 dBm duTunITinnadeUdy e N

Y 9 o
o

lufideAnuenuianfinaud 2.45 GHz Sudgralussozasan 400 lwns dANaesdaye

LT o o
U L

WU -82 dBm wagiia1ud 5.20 GHz Sudgealuszezasdn 100 was daA1Adauesdayeo

LT o o
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o

WU -73 dBm evinisiSeuiisunanisianuainlunsalddsnavinsssus Su-dedye e
o o W Aoy & al' d' ] Y a Y 1
AMasduninlaanaIseInAvidesil A 2.45 GHz wag 5.2 GHz dalnalAueiuueg

v
=< IS U

Hanunanatedulunsalliddefiavanedl AUl 2.45 GHz @1wo1nANas 197U dsvezsu-ds
dyaralalnanings 200 was @uil AN 5.2 GHz fAsssiazamasdgyaalnalass

L‘,e

<

1 ! = ! Y v PN
ATRN € Feanunsananamlanm1s1ei 4.11

a9t 4.11 MTIANANTUVBIHYYIUNINTFIY WLAN IEEE 802.11 b/g/n

anpormelilulnainnaty agonAlululng
gunsal Access Point TGN o
i 245 520 2485 520 245 520 245 520
UE“UE‘N (GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (GHz) (GH2z)
YTty : : : :
o faafnvng LuifiEsinvng Hdafing laifiFsinvng
(dBm) (dBm) (dBm) (dBm)
10 m 29 43 4 22 29 27 20 17
20 m 55 B peEEERXIIXeq 37 99 24 22
40 m 72 -BARSEAEREEGE 60 59 33 -29
60 m 75 g 53 67 712 82 -39 35
80 m ! . R B - - 59 .56
100 m . . 81 ) - . 64 T3
200 m ! z .87 . - - 72 -
300 m d A - . - . 79 -
400 m . - 3 - - . 82 -

MM suuLitensUiugulassaswae s sesgUilouusEuun1Id
lfemniwesinganiigaimaisaseimalslulnanuussuuimsudmaoui ua
thluwSeuisuiulassa¥iseneainialuanddedn [7 - 201 uay [37 - 41] dwiuuszgndldau
Tugumnuduouniieds (Ultra-Wideband : UWB) AINLINIFU IEEE 802.15.3a TLeRLPRHS
3.1 - 10.6 GHz wismswSpuiiieuliiu 2 nqu As nquanideiuludureinsigzsoias
navaFuTifundsumieszuunsdtsansiuiligunssanu A sunaggunseaie
29nay [7 - 14] Lﬂua";umﬂLm'é’awuﬂﬁwﬂuﬁm%qmiU%’U@juﬁﬁ%umau%’wé’famazﬁamm
MiAdenand 2 Fadumamedearmsivaduiiduindsnuna sruiunsdisaesiiud
Tdsusutiula [15 - 20] uaz [37 - 41) SedwmaselassadansonmAnaududounarsUuuy
vnslassairsvesasoimaianugsnlunsiluaiisaiuans 91niina1unaiseinia
Tululwadunuuiiinaueiiu ffefnineuided (7-20] Ae Maswadrsasenmafivuadnn
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nsUSuuiteendiies 3 JunaulaziventumuAULMIAYBNLALTNI19NINNTN9UATY

il
71 [37-41] Fadayadind1ausalanannsnan 4.12

o = a Aav W ' a o A Yoy
M1919N 4.12 ﬂ']iLUiEJ‘ULVIEJ‘UQ'TU'J"QEJﬂUa']EJ@']ﬂ']ﬂINIuIWﬁLLUU?SU"I‘U?QNEUaLMaEJNN‘HN']&LGU

PUNIUAULHUFETIDU
MUY YUIAVBILATIFS 9@ DINA LLU“LJG?JWVT mmﬁ
(MT19xexgs) () Jovay (GH2)
(7] 32x22.5x0.8 130.90 3.80 - 18.20
(8] 30x30x0.764 136.19 271 -14.28
[9] 19.22x36x1.6 136.13 2.85-15
[10] 20x18x1.6 T 35 380-8
[11] 30x30x0.764 110.56 3.09 - 10.73
[12] 30x32x1.6 i1 W B 2.60 - 9.10
[13] 14x18x1 125.12 2.95 - 12.81
[14] 16x24x1.6 3.14 3.50 - 10.90
[15] 34x40x0.764 89.4 3.09-12
34x36x0.764 121.99 297 - 1226
[16] 34x36x0.764 4.03 279 - 11.25
34x36x0.764 68.62 258 - 5.27
21.07 7.64 -9.44
[17] 304x34x0.764 4.81 2.78 - 13.38
[18] 20x24x1.6 4.87 240 — 2.52
111.76 3 — 10.60
[19] 43.9x50.13x1.58 101.96 2.50 — 7.70
[20] 20x32.4x1.6 145.60 1.70 — 10.80
[37] 34x34x0.764 12199 297 -12.26
[38] 40x40x0.8 146.91 2.28 - 14.90
[39] 28x34x1.6 5.76 2.36 - 2.50
59.89 3.45 - 6.40
[40] 38x45x0.764 162.52 2.49 - 24.09
[41] 12x30x1.6 112.97 2.90 — 11.50
U7 WEJfT 34x34x0.764 144.27 2.14 - 13.22
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4.3 aeemalululnanuuszuusmsuAmasuiudldauluszuu MIMO

431 msnaaevaeeinalululwanuuszuiudangudmasuiuildauluszuy
MIMO

nsnageuaseMalululnauuusTUIUsINgUAIMABLRUI 3R 4.20 (7)

wwdenlfiedosiinszilaseing (Network Analyzer) Ju E83638 fsgufl 4.20 (1) Inedduusn
yan1sTad1duusedns nsazoundyu (Reflection Coefficient : Si; (dB)) Lt 81131N13
Wisuifisunanisirassuuumsiasnanuianseimaivasaudldiuaseuaquaumnsg
IEEE 802.15.3a (3.10 - 10.60 GHz) uanafagudl 4.21 uazmsianavesadnsweneiinaminiu
i1 4 # uansdasuil 4.22 nafitauuanadurdiauiinmed 4.13

(n) aeanelululnaduLuy (@) 1AFDIATILILATIVNY

UM 4.19  inSeslianesilassthonarangeiniakilulnaluussunuiiuguamasuEuih

S11 (dB)

e ‘ __ Sy:mamsdiaes
! 3 S5; :HaMI I3
i 1 T SsHamIIneie
-60 T R S P R e oo bl
: : S41 :HANTINDIA
So4 :HANTINDIY

-70 -
2 4 6 8 10 12

Frequency (GHz)

UM 4.21  MslUSeuliigunanisiaeluuiuNan13ina3aveee Si (dB)
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Gain (dBi)

Wanisdaoy
Nan13IN034

-

Frequency (GHz)

8

10 11 12

JUN 4.22  M3UFBuLiiguNanNTIsINaBILUUAUNANTINSIY09ANT 1Y

M15197 4.13 MsiIguiguANaNURTINANITIADILUUAUNANTINTI

ANLANANa (GHz)

#gend on31veny (dBi) WUUAINN (GHZ)
NANTTIABILUY 7.35 3.99 2.70-12.00
AN8eINART 1 6.83 3,38 2.60-11.06
AN80INARIT 2 6.58 3,38 2.49-10.67
aneenAsaf 3 6.92 3.38 2.65-11.20
aN8eInAGT 4 6.98 3.38 2.87-11.10

Tuduvedlassadaroinieiviomsufunisdanaduuudainluguuuuaming
3x3 yililaAmduUsEanS Mutual Copling uiainmsSeudisunanissiaaswuunisIana
fanduuszans Mutual Coupling UDIAN Syg, So1; Sa1, Sar a1z Sas flA@1ndn -15dB naanvas
A A U 3.10 - 1060 GHz E‘Uﬁl 4.23 §adInanan Envelope Correlation Coefficient
(ECO) fiAnadelaiiu 0.001 gﬂﬁ 4.24 gunserwnnldsannis 3.18 warludumdnsvey
\ndeiAnadawintu 3.38 dBi inaud 3 = 12 GHz YwmAUsEansan Tnefinnadsdyaio
{If1& 0 dB (P) wazaneeINANES AVt URTURSs (P) 9nmsUSeuiisunanis
T1089LUUAUNANTINAS swasAUsEANS Anaesagendlululna wulndiarussd@nsnan
1nni1desas 85.70 Gedymvedd1Useansainvesaigeinianinindesay 100 1ed9n

Uymresmsinnviesdesiunaulinsounquetuanudgelugannud 6 - 12 GHz
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- —— Sy :Hansa0s (R
= 60 Sz4 :H@NITUIAD
—— - Sy :HAMIIADIA
—--—- S :HaMSIAD39
70 : o
S :HAMITAD3A
S43 :HANTINDIY
80 :
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Frequency (GHz)

5UN 4.20  mswIguiiigunan1sinasaLuuiuranisInasavesan Mutual Coupling
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HAN13INDII
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UM 4.21  mswIguiiigunanisiaedwuuiuranisinasavesen EEC
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Efficiencies (%)

100%

20%

80%

70%

60%

500 |-

40%

fan1Iv1a0d
HanN1IINDIY

4 6 8

Frequency (GHz)

10 12

UM 4.22  msdIguifigunanisdnaeuuiunansinasavesAsednsam

dMTUNANITIATIZINTUSEUBUNAN5INR0LUUAUNANTIRASIVBILUUTUNNS
LAWAIULIANUD AT 3.10 GHz, 6.85 GHz kAL 10.60 GHz TUABDISEUIUABUUTLUY
aulniranunsonanssivavidonlansuin 4.26 kaza13199 4.14 VUSLUNVAUNLLLLNEN

AUTOLANITIEaUBUALARIFUN 4.27 wagas N 4.15

60°,

cocoo Simulation-co
0 -—= Measurement-co

90° &%
120°

z

b

150°

cooco Simulation-co
=== Measurement-co

0°

180°

(n) A3A 3.10 GHz
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180°

- Cross-Polarization —— Cross-Polarization
TS~ 0B o 0dB >
X 30° 00 TN~ 30°
-10dB D -10dB
N
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Y
120° ° o
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v
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oo 150 Z 1505 A e — = — 150°
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oocco Simulation-co
0° === Measurement-co
—— Cross-Polarization

JUN 4.23  nswlSguiigunanisdnassiuuiunan1sinaswedwuusunsuingsuluszuny
aunuludh

o L w o’
M19190 4.14 LL‘U‘UE‘Uﬂ'ﬁLLNWENQ']HIHi%U']UﬁU’W@JLLEJL‘VTaﬂ

wuugunswsindsulusuvauILwiman

AINULTIENARN VDI YY1 0T AIPAUNEN ANNTNEIPAUATINIA
AMUA (GHZ) (23A7) (GNGR)
3.10 99 90
6.85 24 63
10.60 57 134
oocoo Simulation-co cooco Simulation-co
O T e betasaion I Cropotmisation
300 30° 3027 30°
-10dB // -10dB \\
60° 204 60° wlf 20d B\ 60°
B : B §

000 |: 900 90° it \" 90°
‘\ \ ,/
120° 120° 120° Uiy 7/ 120°
z z . ///

150° 150° 150° g, ~150°
y y =
0° 180°

(n) AAE 3.10 GHz
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oooco Simulation-co
0° === Measurement-co
—— Cross-Polarization
30° \ 30°
N

-10dB A

\;
60° 20d 60°

90° 90°

120° 120°

z

g I . 150°
y 180°

(A) AU 10.6 GHz

JUT 4.24  msid3pufisunanissiassuuuiunanisTaasswesuuugunisun naseuly
AUNULILUAEN

a 1 [ 1 =3
19199 4.15 LL‘U‘UE‘Uﬂ’]iLLNWﬁQQ’]UiUi%H']UﬂU']&I bbILVARN

nuugUnsusndsulus i vauILwiman

mmmaqaqmmmé’m@mﬁ AAAUMAN AU dIAAUAT IS
AR (GH2) (GNGR)) QNG
3.10 0 90
6.85 21 43
10.60 62 148

91NHANNTIIABILVULAYHAN 13I8 UTFUNITUHNA IS UE1UAIINA 3.10 GHz,
6.85 GHz wag 10.60 GHz W‘U’J'WﬁLL‘U‘UE‘Uﬂ’]’iLLNWﬁﬂﬂﬁuﬁgﬁﬁﬁmﬂﬂuﬂﬁﬂmﬁLﬂﬂLLUUi@UﬁﬁV}Nﬁgﬂ
szunuausliihuazauiulingn fagun 4.26 Lay 4.27 WeRiansandrduvdnuazauning
SmaunTadrsiiunltulluiiamadetiui 3 Guand

31NN159180UUkazdIa3 1995 9nu31 TAsedas 1eangenialululnagy
Amdeuiiud FuslewFeuiisuiulassa¥vaisenelusnddon [42-50) dmiuuszgndltay
Tughuruduaunineds (Ultra-Wideband: UWB) sssnmsgiu IEEE 802.15.3a Tuszuu MIMO
gafiva9mnud 3.10 - 10.60 GHz Tnauisei naauuidonlusuvedlasadaves
AU INATYUIALAN LLm'é’qwuﬂwﬂué’wumamwaﬂ%’uguﬁ%’u%wmasﬂu’umauLLazﬁh Envelope
Correlation Coefficient (ECC) fidnadsunnda 0.001 wansien1sneil 4.16 Tnsaneeniai
thiaueazilan ECC adelaiiu 0.001 Fatfosniynauideiiinn [42-50]
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o = a YY) | a o Y]
MN19190 4.16 ﬂ']SL‘UifJ'UL'V]‘EJ‘UQ']U'JQEJﬂ'Uﬁ']EJ@']ﬂ']ﬂIlII‘NI‘WﬁLL‘UUigquS'JQJEUﬁLﬂaﬂNNUNW

4 1ASIES19VUINVD S . o -
. AND M58y UsEAnsnn
UIY d@1u91nA ECC . .
(GHz) y 2 (dBi) JoURY
(NN9xe) (LN°)
[42] 2-10.60 44x45 <0.005 3.50 -
[43] 3-16.20 60x60 <0.30 8.00 91.20
[44] 3.1-10.60 32x36 <0.0025 - 60
[45] 3-15 38x38 <0.15 0.5-5.00 -
[46] 3.1-10.60 50x28 <0.12 - -
[47] 3-1-11 40x40 <0.01 1.30-4.00 -
[48] 2.3-13.75 39x39 <0.02 1.4-4.61 -
[49] 3.1-10.60 40x43 <0.20 4.00 92
[50] 2.5-12 37x46 <0.005 4.00 80
AUUU 2.6-11 80x80 <0.001 3.38 85.70

4.4 g nAlulasansy
4.4.1 MaaeuaeINIAlulATan3yU EBG siasiufiuwsy PRS
myiannaeuansemealilasaniy EBG siosaufuusiu PRS fsguil 4.28 iile
fiansanan1ITn9TIazHAn13TIaRIM LB AT NS sagioundy (Reflection
Coefficient : Sy; (dB) F3g3UM 429 Wudramgemaivasmuanudldnuminduiesas 2.86
(2.1 - 2.48 GHz) ATBUAAUANAINASHILAFDIMSIWLIABITUAEaINARILUY T18azLBunNa
nMsinaTauagnansdiaeiuynandldsannsd 4,17

Ul 4.25  Tassauansennilulasansy EBG esafuusy PRS
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Frequency (GHz)

UM 4.26  MsUSguLfiguNaN SRR ULLaYNTIANAYBIAT Sii (dB)

M15197 4.17 MsIguiguANaNURTINANITIADLUUAUNANTINTI

A881NF ﬂ’J’]jJﬁﬂﬁN (GHz) 9519819 (dBi) LUUAINY (GHZ)
J19990a 2.45 11.66 239 - 251
NANISINSY 2.45 11.97 2.41 - 2.48

AMTUNANITIATIZNSIUSEUTEURAN TIaeUUUNAN1TIN39YeakuUzUn1g
LRNEIULIANURRLTIY 2,05 GHz TudeeszuivAauuszurvauy i wasseutvauny
' < a ) = =
LL:umaﬂmmmLLamﬁwasLaaﬂlmmgUw 4.30 Laym13191n-4.18

oooco  Simulation-co
== Measurement-co
Cross-Polarization

oocoo Simulation-co
===~ Measurement-co
—— Cross-Polarization

60° -20d 60°

> =3
90°

90° > 90°

180°

(n) szunuauulndin () STUNVAUILWLLAEN

JUN 430 msidSeuiiisunuuunisuindsulussuvanuliituagssunvauiuuivin
AR 2.45 GHz
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A13797 4.18 wuuguniswindsnuluszuvauuliihsasssuvauuuivan
AUD 2.45 GHz

ANULSIGIEAVIFYINNANNE  S1edumEn ANUNINAIARUATINAS
(GHz) (8371) (83711)
srwvawu il 0 26
1 [3
FPUAWILLLLEAN 0 55

91NHANNTIIABILUULATHANTT AT IUBILUUTUNTUNE U WA A 2.45 GHz
wwdnuugUnsusndseudusuuigasfianeisszuvausivihuarauuusiugn fagui
4.30 dlofinrsandrdundnuazmunideduaiadwsiuuldilluiiamaietudis 2
1UAINLE

TudruveinisTanadunsfuf gandsnunseuansed ldainnisdeaneeinie
AULUVUAUI9TLT B9nT20a (Rectifier) Laz299InTUTIA U (Voltage Multiplier Circuits) #14
Uﬁaﬂlmammiumﬂgﬂﬁ 4.31 YININAABUAINIATNIUIIFY 6, 8, 10 Uay 12 i1 naaud
s38¥ 0.6 1A denaiensFuussiulwiuanign nnmsmageunuIeaTiLsefy 8 i i
AU 2.71 mV Tiusesaulaiiauannin e 6 0 fA1UseaU 2.23 mV 10 111 dausedu
2,63 MV Wag 12 111 dA1useau 2.59 mV iiummegeuianssnutaznszualninlussuu
Rectenna a¢l438msihanserniausiesufusasulasdyanannud 2.456Hz Wuuseiul
54 TnennsUsusyaE T IasaussyeEvna 05, 11502725 Uax 3 LUAS LasiAnensinsaus
111 0°, 30°, 60° way 90° NUIsFETIATaaluMITnde 1 was Ay 45° Feagdauseiud
$ULE 2.82 mV nszua 0,36 mA LasNaas 0.95UW Lansiasnsed 4.19 warlunsdifivhnis
Joanafiszozrinannnin 31 WAENAVINIDIULINNT 90° Azawalin1TInday sy
waznszualnd Ieuatidandn 0.05 mv/maA vihliiedesindmaaliansouanmauutiiae
wansnald Tngnnadadnyana Wik lgunsal TP-Link - 5u TL-WRBBAON Aflealdausialuly

'
I =

UszwAlngaosuAvageInI AU U Aanaslas i Aa sdsdayyiadi -30.04 dB

/ . Multimeter
—_—T Rectification — Voltage and
' Power

WiFi
Proposed Rectenna

UM 4.27  vdenlaezunsuszuunisiiunasuliih
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M19199 4.19 nslSeuiisunuEuTRaINMAUNENIUTDINAN1TINTS

wy HAYDIAINITAN seezlun1sina (m)
LAUNAII 0.5 1 1.5 2 2.5 3

w39U (MV) 1.64 1.85 1.72 1.56 1.12 0.09
0° ASZLE (MA) 0.19 021 019 017 0.10 0.08
WA (UW) 0.31 0.39 0.32 0.26 0.11 0.007
w39aU (MV) 2.53 2.80 2.28 1.82 1.34 1.12
t30° ATzLE (MA) 0.21 0.32 0.21 0.12 0.09 0.08
WAIIU (UW) 0.53 0.89 0.47 0.21 0.12 0.08
U39AU (MV) 2.14 2.52 2.23 1Lyl 1.27 1.16
160° ASEHE (MA) 0.20 0.24 0.22 0.18 0.10 0.08
WAL (UW) 0.42 0.60 0.49 0.31 0.12 0.09
U39u (MV) 2.01 2.12 1.92 1.68 1.08 1.04
190° NTzLE (MA) 0.13 0.18 0.14 0.09 0.07 0.05
WAL (UW) 0.26 0.38 0.26 0.15 0.07 0.05

= -] ¥ a ¥ -] a = Y/
nMsfnensilassaisaineinelulasansudunuy ihudseuiisulaseadng
[y av A J av a a 14 A 1
A801NANUNUINEN [51 - 56] WUINUIET [51 = 54] HuunalaseaswaeenAiannd
80N ANULUULASIITBLde P USRTIRNeAtREN AN AR UL U VN EWeUSZUIM 2 dB
= v A o v " ao U Ay A
AREILEINIARULUUTULEUD TR 1U8N8LINTU. 11.97 dBm Lazauidy [51-56] Saildatdsdn
Usgnisunilalusundenuainaindeniinngenit -30.04 dB Msvegn1s 1 uns wazludiu
NnWITel [56] Felldnsnaeneatand 13,40 dB uifvsliveidanulasaisangeiniaivuind
Tugn1euideviandasaudslugnitaigeinianuiuui diauenie  laen1sissuiiioy
A18991NIARULUUAULATIAT WAT89INIALING1UIE - [51 - 56] WUINE1E0INIARULUUE TR
Sndunilefe TUszdnssungandafesas 95.88 Fadudusyansuniaswnnitnwiden [51-
56] @NUNTOUAAINAFAIRNNTIIN 4,20

A1519% 4.20 NsiUSsuiguwIteiuatganelulasansy EBG mosiunukiy PRS

NUIY A D AP B Jygy U Wasu 9ns1veny UsednSaw
(GHz) (mm?) (m)—" (dBm) (dB) Jouay
[51] 2.45 87x80x1.52 - -15 8.60 83
[52] 245 85x100x1.60 - 20 7.13 78.70
(53] 2.45 18x30x1.60 1 5 5.60 68
[54] 2.45 100x100x1.60 1 0 8.36 40
[55] 2.45 228x304.80x1.52 1 15 9.40 61
[56] 2.45 200x200x3 - 21 13.40 77.20
ALY 2.45 120x120x1.60 1 -30 11.97 95.88
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unil 5
ajUunauasdaiauauue

5.1 #3UNauig

duasunanmaiamlassadisasoinavesuised Fuannndenlaseadig
ameemelululnauuussuumdiiifuindsnusuuuulidudoufesusasadin 3 wuude
sUAwasuiiug sUnay uazgUammden aanmimsuiulassehiliinaianisiezimeauns
fispununsniduazaneidayeyo NaNTIaBUULaENAdeulAsIEdsEEenN AR 3 5U31¢
wuianseinalululnauuuszuungUamdsuiiuine vaussdenmlurig 2.36 - 13.42
GHz awemalululwauuuszuusmgUnaumeuaussionudlugia 2.61 - 13.82 GHz
wavangomAluTulaLUUTEUIUTINTUaumA BunoUAUeian LAY 3.58 - 8.63 GHz
pdu Tnsanseinalilulnanuussuiusangudvasuiluinfinanisnevaussiiigalag
ATEUARNEILAILANNNATTIUTIRBINNSAE WLAN IEEE 802.11 b/g/n 2.45 GHz (2.40 — 2.48
GHz) IEEE.802.16a 5.20 GHz (5.13 - 5.35 GHz) LazANd 5.80 GHz (5.70 — 5.90 GHz) a1y
1199514 WIMAX IEEE 802.16e 3.50:GHz (3.49 - 3.69 GHz) uay UWB IEEE 802.15.3a (3.10 -
10.60 GHz) InuthasemelululnanuussunusmsUdmdouiiuiulasaianduiunis
USUIABULUUTUNSUR NS 1uLAE MINAS AT semadanisifiuuuassiaui
AUNEIVDIRMANG 191U WavinlRUUSUNTUNINE MUY esa8eINIARINLUUTBUAm1a Uy
LU auU s SUS U AguwiuAE e naInmsvnaeunUIasoInAluly
Tnauvuszuusngamasuiuindsmanevauosiennuiifesas 144.27 (2.14 - 13.22
GHz) fld18m31v81810a 8990 3.19 dBi wazdmsvatseimelululnanuuszuiusiugy
Awdsuiiudldausiuiuiiuayiou muiitisneildnuiesar 136.74 (2.35 - 12,51 GHz)
fdnsueneedsfintmu 7.06 dBi AseUARNMINEIATE LTI 2 dau 1nUsEAVBURRTes
awonallulnauuussiivsaugUAmassiiuiing sty §5Tedddvinsinudaunde
goALil LAY TEANEA M IUNITAANNSAB UALBIAIMLNIA s ANdLUTEANS N 3d iy
Tneilingunlassadrsansoinialalulnaloussuiusnguawasiiuisufunsldmaians
WnzIasfiszununadiaaesiiu Wiesasiunslfeilussuy MIMO Wuameemeasuuuud 2
fénwazdumoonmauuuwaiddudansluguiuy 2x2 ses¥udisannudl UWB shemaians

\wnzsesgUgnAsifusndIny demavilidisannisnevauesamiisnayiliidiosndt £2
ns uagn1slmadianisdnnauuussainyilianAnduusyand nsdaudiansiinin —22 de
paonguALAliNuR 3.1 - 106 GHz dwSuasemasUuuugaelduuiAnananxans
Arsdnisoenuuumazaiaase mazuLuul 1 uay 2 iliuszneuianlaefiingusvasd
iWeiflonnuszgndldaudunsdnifiundsay aeenasuuuud 3 esnuuulvineuausiu
g1unmA 2. 45 GHz mseenuuuliimeadansusuiiinlassaiiauuudesinuauuaualud



wimdnliiuuuaenifiaduusiunesuasguavasniniaininineseusiameenmauuuiuning
3x3 warldimadamsifinunueAanguuuulnifisinsiwnzsesguiledmindduszuiy
AuuLingn Han1sadeUNUTUsEAvE N esasoInAudaTweedauRiutunasAnd
wunsldusiuagiiouialy Tasardasuenevesansoiniadianfistuain 3.38 dBi (nedlélaid
msusuifialassaine) (Ju 11.97d81 Anduiesay 71.76 Wefinnsanaudnuvazduniiiy

WASUNUTMITEEYN 1 19T wagdvangonievigy 450 Auwvasiiianasuasiussansnim
AnanmeiiALssAunTule 2.82 mV nsgd 0.34 mA LazAIMENIUTIWIIY 0.95 UW
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Tngs3a 34x34 13° Qnadreanuiuiesfind vulangiusessia FR-4 Aflaanumun 0.764 uy Tngn1silAsiziinazaanuuy

o By - x o . v dad o v
awamAndumshasawvumsauuiwdaliihfelusunsy CsT LwmmﬂmmhNa‘mmammﬂwwqmtwauﬂﬂa‘iw
MYBINARULUY FRINNIRaBURUTIATIETNEE DN ATIn B UAURIR BaAURTlHINlARTER fe anwenimlululnagy
Awideuiludh asaumqIIAIMERILAAIME 2.97-12.26 GHz TASRTIEINLULAINY 4.53:1 Suuugunisuindaunuuseu
- P 4 . i e o o
e Tednsaenandenasedummifildnu 3.07 dBi wazilUszdndmwissasonimnnniidosay 99.63
addny: anwmealilulng, vethafiuszuiusi, a1gannmanuuwzes, auiniidaen
Abstract
This paper proposed the study of the tuning of 3 basic geometric structures of monopole antenna: rectangular,

circular, and triangular shape. The coplanar waveguide fed input signals to these antennas for ultra-wideband (UWB)
applications as the IEEE 802.15.3a standard, which covers the frequency band of 3.1-10.6 GHz. The frequency
bandwidth enhancement technique exploited in this work which is the slotted on the ground plane. All types of
designed antennas have an overall size of 3dx34 mm?. The fabricated antenna structures were on the FR-4 printed
circuit board (PCB), whose thickness is 0.764 mm. The antennas are analyzed and designed by using the
electromagnetic field simulation CST program to optimize to the best structure for antenna fabrication. In the

measurement process, the results showed that the best response, S;; < -10 dB, cover the frequency band of 2.97-
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12.26 GHz, was obtained from the rectangular monopole. The bandwidth ratio was 4.13:1. The radiation pattern was

omnidirectional. The average gain over the frequency band was 3.07 dBi, and the antenna effidency was over 99.63%.

Keywords: Monopole antenna, Co-planar waveguide, Slotted antenna, Ultra-wideband
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Four-Port Rectangular Monopole Antenna for UWB-MIMO
Applications

Watcharaphon Naktong and Amnoiy Ruengwaree”

Abstract-— This paper proposes a four-port rectangular monopole antenna for ultra-wideband multiple-
input multiple-output (UWB-MIMO) applications. The proposed antenna was designed by using step
etching on the ground plane and arrow-shaped slot etching on a radiating patch to enhance bandwidth
and improve performances. The homogeneous elements and angular variation techniques were applied
to reduce mutual coupling between multiple antenna elements. The structural simulation technique
used Computer Simulation Technology (CST) program to analyze the antenna characteristics such
as reflection coefficient, group delay, mutual coupling, envelope correlation coefficient, and radiation
patterns. The measured results were found to cover a frequency range of 3.1-10.6 GHz for UWB
communications. The envelope correlation coefficient for the MIMO system was obtained under 0.001
which is less than the specific parameters of UWB-MIMO antennas. The radiation pattern was bi-
directional. Also, the efficiency of the four-port antenna was more than 85.70%.

1. INTRODUCTION

The world’s first wireless communication system had one antenna on both the transmitter and receiver.
It is called Single-Input-Single-Output (SISO). It had been used since the birth of radio technology.
However, the SISO system is limited in its performances. There are impact systems from interference
and fading, then a system which uses a single antenna at the transmitter and multiple antennas at the
receiver named as Single Input Multiple Output (SIMO) and a system which uses multiple antennas at
the transmitter and a single antenna at the receiver called a Multiple Input Single Output (MISO) were
presented. These had been developed to improve communication performances. Presently, Multiple-
Input Multiple-Output (MIMO) communications system uses multiple antennas at both the transmitter
and receiver. It has significantly enhanced the performances such as the data rate transmission speed,
channel capacity improvement, and multipath fading reduction [1,2].

However, the MIMO antenna is placed in multiple elements together to affect electromagnetic
interactions between elements and high mutual coupling. The mutual coupling influences multiple
elements antenna. A high mutual coupling can lead to impedance mismatches, increase the antenna
correlation, decrease the efficiency of the antenna, etc. In the past years, researchers have studied
techniques to reduce mutual coupling in multiple elements antenna for MIMO antenna. Some
commonly used techniques include electromagnetic band-gap (EBG), inserting short stub, defected
ground structure (DGS), spatial and angular variations, homogenous element, ete. [3-13].

This paper proposes a four-port rectangular monopole antenna for the UWB-MIMO application.
In previous researches [14-20], a rectangle monopole antenna with step etching technique on a ground
plane [21-23] was selected for an antenna structure to design the UWB-MIMO antenna [24], but it
had some parameters that were not acceptable for the slot etching technique on radiating patch with
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arrow-shaped improvement [14]. After that, it was designed into a two-port antenna placed in four
different positions for a MIMO antenna as defined by the Federal Communication Commission (FCC).
The orthogonal position is the best for performance [15] and antenna characteristics [25-28]. The
homogeneous elements and angular variation techniques were applied to the four-port antenna for the
inclination of mutual coupling and augmentation of the envelope correlation coefficient [29-34].

2. SINGLE PORT ANTENNA DESIGN

2.1. Single Port Antenna Design

In previous researches, the radiating patch antenna was designed with rectangular, triangular, and

circular shapes with step-shaped etching on the ground plane to enhance the bandwidth. The

rectangular shape is a proper shape for the UWB antenna for a single port [13]. The proposed structure

of a single antenna was designed on a print circuit board (PCB) with FR4. The PCB had a dielectric

constant value (g,.) of 4.3, copper thickness (¢) of 0.017 mm, and substrate thickness (h) of 0.764 mm.
The antenna structure was designed by using Egs. (1)-(15) at a resonant frequency. The first step

is to calculate the width at W and length at L, of the radiator patch with Eqgs. (1)-(4) for [16,17].
The width (W) of the patch was computed by

T
H 2fr Ve +17 )

The effective dielectric constant was calculated by

g+1 g.-—1 il

T . ’ 2 \/1+2_h ’
W

The fringing fields resulting in the change in length was calculated by

)

v
(eef +0.3) (% + 0.264)

AL = 0.412h = , (3)
(e — 0.258) (T ) U.S)
The length (L) of the patch was calculated by
L=—C _ 9AL, (4)

2fr\/5r»‘ﬁ‘
The second step was to design the feed line. The impedance of transmission line of antenna was

fed by a coplanar waveguide for standard of 50 2 and calculated by Egs. (5)-(12) [18,19].
The width Wy and length Ly of feed line were calculated as

0.07 * ¢
Ve = y 5
' d f?‘\/fcﬁ" (0)
0.3*c
- ©)

Ly = N
! fr/Eef
where K1 and K2 are
(29 + Wy)
—a

L b= )

Ky =

—3, ©
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where

K = s 1—(R)2; 9)

1 K(ky) K'(ky)

=3 [Kf(fm K(m} (10)
ere = L +g(er— 1), (11)
B o 307 y K'(kl) (12)

VEre  K(k1)
By the way, the width W1 and length L1 of ground plan were obtained by Eqs. (13)-(14) [15,17]

0.32%¢
W=, (13)
fr\feeﬁ
0.28+*c
e
Finally, the width and length of substrate FR4 were calculated by Eq. (15) where W, = L, ~
34mm [15,17]

Ly = (14)

Wg=Lg=6h+W, (15)

2.2. Design and Optimization of the Radiator Patch Antenna

The calculated parameters of the antenna design were width (W) 2z 30 mm and length (L) ~ 22mm at
a resonant frequency of 3.1 GHz. The simulation was performed using CST Microwave studio program.
Therefore, in this section the radiator patch was optimized in [20] to enhance the impedance bandwidth
into 2 steps. The first step was fixing the length value, L, to 22 mm and then decreasing the width, W
to 30, 27, 24, 21, and 18 mm, respectively. The comparison of reflection coefficients is shown in Fig. 1.
It was noticed that the suitable width, W, was 21 mm, and impedance bandwidth was between 2.49
and 5.23 GHz (70.98%), but it was not covered in frequency range of UWB as required.

So, the second step was to optimize by fixing the width, W, to 21 mm then adjusting the length,
L, to 22, 20, 18, 16, and 14 mm, respectively. The comparison of simulated results is shown in Fig. 2. It

Reflection Coefficient (dB)

15 S asseaas e b e Ccens S e b
W H :
2 |t i i B e B ]
1= W=2lmm :
i |J | | I W= 18 mm
-25 - -
2 3 4 5 [ F 8 9 10 11 12

Frequency (GHz)

Figure 1. Comparison of reflection coefficients with optimization of W.
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Figure 2. Comparison of reflection coefficients with optimization of L.

was observed that the appropriate value of L was 16 mm, and W was 21 mm. The impedance bandwidth
was in frequency range of 2.77-5.93 GHz (72.64%), but it was still not covered in UWB communication
system as defined by the Federal Communication Commission (FCC) [24]. Therefore, the conventional
antenna will be designed in the next section.

2.3. Frequency Bandwidth Enhancement

This section presents the process for enhancing frequency bandwidth. From the appropriated result
that L = 16 mm and W = 21 mm, it was found that the frequency range was between 5.93 and 12 GHz,
and still got high reflection coefficient. There are 3 steps in order to improve and enhance bandwidth to
cover the UWB. In the first step, observing the current distribution at 9 GHz was needed to be analyzed
as shown in Fig. 3(a). It was observed that high current distributed at points A, B, and C on the ground
plane. Consequently, using the slot etching technique on the ground plane [22, 23] at points A and B
wags presented when W2 and L2 were 6 mm and 3mm, respectively. The presented antenna was shown
in Fig. 3(b) and referred to as antenna type L. [t was observed that the bandwidth was wider in dual-
band frequency at 2.72-7.13 GHz (89.54%) and 7.76-11.77 GHz (41.07%). Fig. 4 shows the comparison

W

Z@»X

Figure 3. (a) The current distribution at 9 GHz, (b) the structure of antenna type L
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Figure 4. Comparison of simulations for conventional and antenna type L

between conventional patch antenna and antenna type L. It portrays that the reflection coefficient was
still high around 7.5 GHz, and impedance bandwidth was not covered in the UWB frequency range of
3.1-10.6 GHz.

Figure 5(a) shows the current distribution at 7.5 GHz, and it was overcrowding at the outer edge
of ground planes. Then the second proposed step was to reduce the current distribution by using the
slot etching technique on the ground plane again at points D and E with W3 of 5mm and L3 of 2mm
and represented to be antenna type Il as shown in Fig. 5(b).

Group delay is one of the important parameters of transmitting time of the amplitude envelopes
of various sinusoidal components of UWDB signals through a device. It effectively propagated delay in
transmitting antenna (Tx) and receiving antenna (Rx) together: the group delay value must be less than
+2ns as a specific for UWB-MIMO antenna [24]. The slot etching technique with an arrow-shaped slot
was used on radiating patch to improve performance in [14], existing when W4 was 3 mm; L4 was 4 mmn;
W5 was 7mm; and L5 was 8 mm as shown in Fig. 5(c), and it was named antenna type ILL [t was found in
simulated results between antenna type Il and antenna type I1I that the reflection coefficients had a small

Y

bt

(a) ()

Figure 5. The process design of the single port antenna. (a) Current distribution at 7.5 GHz. (b)
Antenna type II. (c¢) Antenna type I11.
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difference during the operating frequency range of 2.62-12 GHz (128.32%) and 2.63-12 GHz (128.09%)
respectively as show in Fig. 6, when the distance between antenna under test as transmitted antenna and
received antenna was varied of 10 cm, 20 cm, 30 cm, 40 cm, and 50 e, respectively. [t seems that suitable
efficiency has occurred at a distance of 30 cm, applied for pulse signal transmission, but the group delay
decreases less £2ns as shown in Fig. 7. Etching a copper layer in step shape on the ground plane and
arrow-shaped slot on a radiating patch were used to enhance bandwidth and improve performances of
antenna characteristic as shown in Fig. 8. The homogeneous elements and angular variation techniques
were applied to reduce mutual coupling between multiple antenna elements. The structural simulation

0
5 i i — — - Antenna 2
i ! | Antenna 3

-10

-28

Reflection Coefficient (dB)
e
]

K7 ——

-40

2 4 6 8 10 12
Frequency (GHz)

Figure 6. The comparison of reflection coeflicients between antenna type 1l and antenna type LIL

— — - Antenna type Il ; Without arrow shaped
Antenna type 111 ; Arrow shaped

Group Delay (ns)

-3

2 4 6 8 10 12
Frequency (GHz)

Figure 7. The comparison of simulation for group delay.
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Figure 8. The prototype of single port antenna structure.

technique used CST program to analyze the antenna characteristics such as reflection coefficient, group
delay, mutual coupling, envelope correlation coefficient, and radiation patterns. The measured results
were found to cover a frequency range of 3.1-10.6 GHz for UWB communications.

The proper size of an effective antenna are with the following parameters of the reflection coefficient
values and bandwidth: Lg = 34mm, L = 16mm, Ly = 14dmm, L = 13mm, L = 3mm, L3 = 2 mm,
Ly = 4mm, Ly = 8mm and widths of Wg = 34mm, W = 21mm, Wy = 3.2mm, W} = 15.1mm,
Wy = 6 mm, W3 = 5mm, W) = 3mm, W5 = 7mm and g = 0.3 mm, respectively, as shown in Fig. 8.

3. TWO PORT ANTENNAS DESIGN

3.1. Element Spacing and Placing Position

The single port antenna was selected at the frequency centered at 6.85 GHz (3.1-10.6 GHz) to design the
array with antenna ports (1 x 2) for supporting the UWB-MIMO systems. The signal was transmitted
by multiple elements of antenna which was generally supposed to be independent. The mutual coupling
and isolation are significant effects for individuality between antenna elements. Therefore, the distance
between antenna elements must be analyzed. In [25], the distances between antenna elements of A/2,
A4, and A/8 were studied. It was observed that the distances of A/2 and A/4 had low correlation
coefficient. For a narrow spacing of A/8, the overall correlation coefficient was the highest. In previous
researches, there were many techniques for reducing mutual coupling and enhancing isolation such as
electromagnetic band-gap (EBG), insertion of short stub, defect ground structure (DGS), spatial and
angular variations, and homogenous element [3-12]. In this session, the homogeneous elements and
angular variation techniques were applied to improve performance of a UWB-MIMO antenna. So,
the two-port antenna was optimized maintaining the same dimension structure without inserting any
addition structures.

In [15], it was designed by placing a rectangular patch antenna with four different angular positions
as shown in Fig. 9. The appropriate distances between ports were considered based on the value of
mutual coupling. The mutual coupling was observed by correlation coefficients of S5, and S;5 which
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were not more than —15dB as a specification required by the UWB-MIMO antenna [24]. The aim is
to design a compact size antenna. So, the distance (d) of the edge of each antenna element should be
equal to A/2 (0.5A) as shown in Fig. 9. Fig. 10 shows the comparison of mutual coupling of the spacing
adjustment, d, of the two patch antennas whose orthogonal position is the best of mutual coupling as
shown in Fig. 9(b). When the distance was varied from 0.50 to 0.40\, 0.30), and 0.25), it was observed
that between port 1 and port 2 of each antenna could not be set less than 0.25), because the antenna
structure would overlap on the ground plane and form a high mutual coupling as shown at point A of

d=0.54 d=0.51
— —
T . T T
] | | I i
\ 4 K 4 .
b E I i :> Port 2
¥ ! % | X
" o | e I ' $
z@=X Y ze »Xx z@ >y
Port 1 Port 2 i
I i
W
(2) (by
d=0.54
F— b Port 2 d=05A

E;

i .
PO

Port 1

%5 By gl
A ; ;

Z e X PAC = b 8 FAL IS

W

(© (d)

Figure 9. Placing the patch antenna in four different angular positions: (a) Side by side, (b) orthogonal,
(¢) parallel and (d) front by front.

5

Mutual Coupling (dB)

= = - Side by side position
: Orthogonal position
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r ] 4 6 8 10 12
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Figure 10. The simulation mutual coupling of four difference angular positions when d = 0.50 A.
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Figure 11. The simulation mutual coupling effect of orthogonal position when d is varied.

Fig. 10. After adjustment, appropriate value of d was 0.40\ at 6.85 GHz. If it was more than 0.50A,
the dimension of antenna structure would has a larger size. Fig. 11 shows the simulation comparison
of the mutual coupling results of four different angular positions (seen in Figs. 9(a), (b}, (c), and (d)).
The simulation of orthogonal position achieved the values of mutual coupling lower than —18.88 dB.

3.2. Measurement and Simulation Results

The single port antenna was fabricated on the printed circuit board FR4 with a dimension of 34 x 34 mm?
as shown in Fig. 12(a). The orthogonal position of two ports antenna was fabricated with dimension of
34 x 80 mm? as shown in Fig. 12(b). Consequently, the measurement results were achieved with Network
Analyzer (IE5071C). The comparison of simulation and measurement results of the reflection coefficient
is shown in Fig. 13. The measurement results of the single port antenna were obtained in a frequency
range of 2.72-12 GHz (126.53%) and two-port antenna at portl of 2.84-12 GHz (123.45%). The mutual
coupling of the two-port antenna was compared as seen in Fig. 14, It was found that the measurement
results of mutual coupling were less than —22.5 dB.

The envelope correlation coefficient (ECC) is very important for MIMO communication systems.
ECC (pe) is related to the correlation between the antennas, and it affects the Signal-to-Noise Ratio

(b)

Figure 12. The fabricated antenna. (a) Single port antenna and (b) two port antenna.
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Figure 13. The comparison of simulation and measurement results of single port antenna.
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Figure 14. Comparison of simulation and measurement results of mutual coupling.

(SNR) of the system. The value as required for the UWB-MIMO antenna must be less than 0.5 [26].
The value of ECC can be calculated from the S-parameters [15,24, 25] using the following Eq. (16).
The comparison of ECC is shown in Fig. 15. The measurement result of ECC is lower than 0.001. The
measurement result of group delay is good, lower than +2ns as shown in Fig. 16.

b ’(1 —|Sul* - |5'21|2) (1 —|S2l* — |512|2)’

|51 81 + 5755 |*
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Figure 15. The comparison of envelope correlation coefficient (g, ).
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Figure 16. The comparison of group delay of two-port antenna.

4. FOUR PORT ANTENNA DESIGN

4.1. Four-Port Antenna Design

Finally, this paper proposes the four-port antenna. It is designed by placement difference without any
structure between ports [9,10, 15, 27]. In [13], the two-port antenna with orthogonal position produces
the lowest mutual coupling and ECC. Then, the four-port antenna is redesigned. The dimensions of
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Figure 17. The fabricate prototype of four-port antenna.

fabricated four-port antenna are W, = L, = 80 mm and d;, = d, = 12mm as shown in Fig. 17.
The envelope correlation coefficient (p.) of the proposed MIMO four-port antenna is calculated
from multiple elements of antennas from S-parameters using Eq. (17) in [28].

N 2
D SinSng
n=1

N s
IT -3 st
k=(i,j) n=1
Using Eq. (18), the envelope correlation coefficient between the antenna elements i and j in the
(N, N) MIMO system can be calculated. When i =1, j = 2, and N = 4, the envelope correlation of

(17)

pe(i,j,N) =

Table 1. Comparison of reflection coefficient.

Port Simulation Measurement
Frequency (GHz) | BW % | Frequency (GHz) | BW %
1 2.70-12 126.53 2.60-11.06 123.87
2 2.70-12 126.53 2.49-10.67 124.32
3 2.70-12 126.53 2.65-11.20 123.58
4 2.70-12 126.53 2.87-11.10 117.88
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Figure 19. The measurement results of mutual coupling.
four-port MIMO antenna can be defined as Eq. (18).
2
pe(1,2,4) = |57 S12 + S1oSaz + Si3532 + S1ySue|” x ([ — (51151 + S1aSm + S13S31 + 1450
-1
%[1— (871512 + 572822 + Si3532 + 514542)]) (18)
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4.2. Measurement and Simulation Results of Four Port Antenna

The prototype of the four-port antenna is fabricated with a dimension of 80 x 80 mm? as shown in
Fig. 17. The simulation and measurement results of the reflection coefficient are shown in Table 1
and compared in Fig. 18. The measurement results of the reflection coeflicient cover the bandwidth of
3.1-10.6 GHz for UWB-MIMO antenna.

In terms of ECC, the measurement system of the ECC was installed with four-ports of the proposed

0.0040

------ Simulation

0.0035 —— Measurement

0.0030

0.0025

0.0020

0.0015

0.0010

Envelope Correlation Coellicient

0.0005

0.0000 £
2

Frequency (GHz)

Figure 20. The envelope correlation coefficient.
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Figure 21. The simulation and measurement results of the gain.
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antenna to transmit and receive. At that time, the transmission and reflection efficiencies were noted
as Si1, S22, S33, Saa, S12, S13. S14, S23. and S3q. Finally, the ECC was calculated by Eq. (18). Fig. 19
shows the comparison of simulation and measurement results of mutual coupling. It was observed that
the lowest value of the measurement result was lower than —17.4dB and better than the simulation
results. The simulation and measurement results of ECC (p.) are calculated by Eq. (18), and the
comparison results are shown in Fig. 20. It was noticed that the simulation result was lower than
0.004. Also, the measurement result was lower than 0.001. The simulation and measurement results are
3.99dBi and 3.38 dBi, respectively, and the average gain is at 3-12 GHz as shown in Fig. 21. Considering
the measurement results, the measured gain was lower than the simulated result at low frequency due
to the use of lead in soldering the SMA connector with the FR4 plate, so the electrical conductivity
was exacted. The radiation patterns of simulation and measurement results of E-plane and H-plane of
3.1GHz, 7GHz and 10.6 GHz are shown in Fig. 22 and Fig. 23, respectively. According to the results,
it is found that the simulated radiation patterns are in good agreement with measured one which are
bi-directional patterns.

The efficiency of the four-port rectangular monopole antenna is compared as seen in Fig. 24. It

— 3.1GHz — 31GHz
it oo GHz e o000 7 GHz
= — 106 GHz e DB~ m—106GHE

Figure 22. The radiation patterns of simulation and measurement results of E-plane. (a) Simulation.
(b) Measurement.
= 3.1 GHz

00000 7 GHz

— 106 GHZ

Figure 23. The radiation patterns of simulation and measurement results of H-plane. (a) Simulation.
(b) Measurement.
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Figure 24. The simulation and measurement results of efficiency.

can be observed that the measurement of efficiency is more than 85.70%. It is acceptable in the UWB-
MIMO antenna. The measurement system of radiation efficiency of the antenna was set up with a
tapered slot antenna to transmit the signal with transmitting power of 0dB (Pt), and the proposed
one port antenna acted as the receiver (receiving power: Pr). Therefore, the antenna efficiency can be
calculated as follows, and the radiation efficiency in actual operation is always below 100% (0 dB). The
antenna efficiency was measured in the chamber room by feeding some power to the feed point of the

Table 2. Comparison of efficiency of the proposed antenna with the previous researches.

Frequenc; Antenna Isolation . Efficien
Reference Band (GHZ) Ports size (mm?) (dB) ECC | Gain (%) i
29 2-10.6 4 45 x 45 > 17 < 0.005 3.5 -
30] 3-16.2 4 60 > 60 17.5 < 0.3 8 91.2
[31] 3.1-10.6 4 32 % 36 > 20 < 0.0025 - 60
32 3.0-15.0 4 38 x 38 >15 <0.15 [0.5-5.0 -
33 3.1-10.6 4 50 x 28 18 < 0.12 - -
34 3.1-11 4 40 x 40 > 20 <0.01 [1.3-4.0 -
[35] 1.77-2.51 4 120 x 60 13 < 0.248 3.2 5
36 3.1-10.6 4 100 x 100 > 20 < 0.1 - -
37 2.3-13.75 4 39 x 39 =22 <002 |1.446 -
[38] 31106 1 40 x 43 20 <02 4 92
[39] 1877 4 81 x 87 > 20 <01 |4848 -
[40] 2.5-12 4 37 x 46 > 20 < 0.005 ! 80
Proposed 2611 4 80 x 80 —17.4 < 0.001 | 3.38 85.70
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antenna and measuring the strength of the radiated electromagnetic field in the surrounding space. A
good UWB-MIMO antenna must radiate more than 80% of the energy fed to it [15].

The efficiency of the four-port rectangular monopole antenna is compared as seen in Fig. 24. It can
be observed that measurement of the efficiency is more than 85.70%. It is acceptable in a UWB-MIMO
antenna. The envelope correlation coefficient for the MIMO system is obtained under 0.001 which is
less than the specific parameters of UWB-MIMO antennas. The radiation pattern is bi-directional.
Also, the efficiency of the four-port antenna is more than 85.70%. In Table 2, the summarization of the
efficiency property of proposed UWB-MIMO antennas is compared to the previous research.

5. CONCLUSIONS

A four-port rectangular monopole antenna for UWB-MIMO applications is presented in this paper.
The proposed antennas were designed by using step etching on the ground plane and arrow-shaped slot
etching on the radiating patch to enhance bandwidth and improve performance. The advantages of
using the arrow-shaped slot etching technique are: reduced group delay in sending pulse signals making
it more efficient or more accurate, and it reduces the distance classified to less than 0.50\, which
decreases to 0.40A, at 6.85 GHz. The homogeneous elements and angular variation techniques can be
applied to reduce the effect of correlation between multiple antenna elements keeping the dimension
structure unchanged. The proposed antenna was designed by placement in the orthogonal position. The
measurement results found that coverage of the frequency was in the range of 3.1-10.6 GHz as defined by
an FCC for UWB communications, a low mutual coupling of less than —17.4 dB, the envelope correlation
coefficient less than 0.001 in the specific parameter of UWB-MIMO antenna, bi-directional pattern, and
an average gain of 3.38dBi. Also, the efficiency of the four-port rectangular monopole antenna was
more than 85.70%. The benefits of the above mentioned antenna can be used to communicate with
wireless networks on the human body to find abnormalities in the body or to detect various diseases
within the body using frequency waves or medical devices that need precision in surgery or being 100%
accurate. It can actually reduce the time of operation and in finding the position of moving objects
with accuracy up to a centimeter in a hazardous area or a chemical area, etc.
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Abstract

Lip reading is typically regarded as visually interpreting the speaker’s lip movements during the speaking. This is @ task of decoding the text from the speaker's
mouth movement, This paper proposes & lip-reading model that helps deaf people and persons with hearing problems to understand a speaker by capturing a
video of the speaker and inputting it into the proposed model to cbtain the corresponding subliies. Using deep leaming techndlogies makes i easier for users to
extract a large number of different features, which can then be converted to probabilities of letters to obtain accurate results. Recently proposed methods for...
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Abstract Detection of brain tumars in MR images is the frst step in brain cancer diagnosis. The accuracy of the diagnosis depends highly on the expertise of
radiologists. Therefore, automated diagnosis of brain cancer from MR is receiving a large amournt of attention. Also, MRI tumor detection is usually followed by a
biopsy (an invasive procedure), which is a medical procedure for brain tumor dassification. It is of high importance to devise automated methods to aid
radiologists in brain cancer tumor diagnosis without resorting to invasive procedures. Convolutional neural network (CNN) is deemed to be one of the best

machine leamning... 2 More
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‘CMC-Computers, Materials & Continua, Vol .68, No.2, pp. 1565-1574, 2021, DOI:10.32604/cmc.2021.016635

Abstract Analysis-by-synthesis linear predictive coding (AbS-LPC) is widely used in a variety of lowbitrate speech codecs. Most of the cument steganalyss
methods for AbS-LPC lowebitrate speech y are speciically designed for a specific coding standard or category of steganography
methods, and thus lack generaization capability. In this paper, a general steganalysis method for detecting hies in low-bit-rat speech
under different standards is proposed. First, the code-element matrices corresponding to different coding standards are concatenated to cbiain 2 synthetic code-
clement matrix, which will be mapped into an intermediate feature representation by utilzing the pre-trained didionaries. Then, bidirectional long shortterm

memory... 2 More
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CMC-Computers, Materials & Continua, Vol.68, No.2, pp. 1575-1593, 2021, DOI:10.32604/cmc.2021.015625

Abstract Fuzzy C-means (FCM) is a clustering method that falls under unsupervised machine leaming. The main issues plaguing this dustering algorithm are the
number of the unknovn clusters within a particular dataset and initialization sensitivity of cluster centres. Attificial Bee Calony {ABC) is a type of swarm algorithm
that strives to improve the members' solution quality as an iterative process with the utiization of patticular kinds of randomness. However. ABC has some
weaknesses, such as balancing ion and explaitation. To improve the fon process within the ABC algorthm, the mean arficial bee colony

{MeanABC) by its modified search equation that depends... » More
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Machine Learning Techniques Applied to Electronic Healthcare Records to Predict Cancer Patient Survivability

Omela Bardhi">", Begonya Garcia Zapirain’

CMC-Computers, Materials & Continua, Vol.63, No.2, pp. 1585-1613, 2021, DOI:10.32604/cmc.2021.015326

(This article belongs to this Special Issue: Al loT, Blockchain Assisted Intelligent Solutions to Medical and Healthcare Systems)

Abstract Breast cancer {8Ca) and prostate cancer (PCa) are the two most common types of cancer. Various factors play a role in these cancers, and discovering
the most important cnes might help patients Iive longer, better lives. This study aims to determine the variables that most affect patient sunvivability, and how the
use of different machine leaming algori assist in such predictions. The AURIA database was used, which contains electronic healthcare records (EHRs)
of 20,006 individual patients diagnosed with ether breast or prostate cancer in a particular region in Finland. In total, there were 178 features for BCa and 143...
2 More
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OPEN ACCESS ARTICLE
System Performance of Wireless Sensor Network Using LoRa—Zighee Hybrid Communication
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‘CMC-Computers, Materials & Continua, Vol 68, No.2, pp. 1615-1635, 2021, DOI:10.32604/cmc.2021.016622

Abstract Wireless sensor network (WSN) is considered as the fastest growing technology pattern in recent years because of its applicability in varied domains.
Many sensor nodes with different sensing functionaities are deployed in the monioring area to collect suitable data and transmit & to the gateway. Enstring
communications in heterogeneous WSNSs, is a critical issue that needs to be studied. In this research paper, we study the system performance of a
heterogeneous WSN using LoRa-Zigbee hybrid communication. Specifically, two Zigbee sensor clusters and two LoRa sensar clusters are used and combined
with two Zigbee-to-LoRa converters to communicate in anetwork managed... > More
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CMC-Computers, Materials & Continua, Vol 88, No.2, pp. 1837-1658, 2021, DOI:10.32604/cmc.2021.016467

Abstract Over the past few decades, face recognition has become the most effective biometric technigue in recognizing pecple’s identity, as it is widely used in
many areas of our daiy lives. However, it is a challenging technique since facial images vary in rotations, expressions, and iluminations. To minimize the impadt
of these challenges, exploting infomation from various feature extraction methods is recommended since one of the most critical tasks in face recognition
system is the extraction of facial fealures. Therefore, this paper presents @ new approach o face recogrition based on the fusion of Gabor-based feature

extraction, Fast Independent Component Analysis... > More
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CMC-Computers, Materials & Continua, Vol 68, No.2, pp. 1661-1672, 2021, DOI:10.32604/cmc.2021.015874

Abstract Existing studies have challenged the current definition of named bacterial species, especially in the case of highly recombinogenic bacteria. This has led
to considering the use of tional procedures to examine potential bacterial clusters that are not identified by species naming. This paper describes the
use of sequence data obtained from MLST databases as input for a k-means algorithm extended to deal with housekeeping gene sequences as a metric of
similarity for the clustering process. An implementation of the k-means algorithm has been developed based on an existing source code implementation, and i
has been evaluated against MLST data. Resuls... > More

ews:566 § Downloads:424 [ Download POF

ARTICLE

Multi Sensor-Based Implicit User Identification

Muhammad Ahmad”, Rana Aamir Raza’, Manuel Mazzara®, Salvatore Distefanc®, Ali Kashif Bashir®, Adil Khan®, Muhammad Shahzad Sarfraz, Muhammad
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CMC-Computers, Materials & Continua, Vol 68, No.2, pp. 1673-1602, 2021, DOI:10.32604/cmc.2021.016232

(This article belongs to this Special Issue: Emerging Applications of Artificial Intelligence, Machine leaming and Data Science)

Abstract Smartphones have ubiquitously integrated into our home and work environments, however, users nomally rely on explicit but inefficient identification
processes in a controlled environment. Therefore, when a device is stalen, a thief can have access to the owner's personal information and services against the

stored passwords. As a result of this potential scenario, this work proposes an automatic legitimate user identification system based on gait biometrics extracted
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Abstract In this paper, the design of a resonator redtenna, based on metamaterials and capable of harvesting radio-frequency energy at 245 GHz to power any
low-power devices, is presented. The proposed design uses a simple and inexpensive circuit consisting of a microstrip patch antenna with a mushroomike
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Abstract: In this paper, the design of a resonator rectenna, based on meta-
materials and capable of harvesting radio-frequency energy at 2.45 GHz to
power any low-power devices, is presented. The proposed design uses a sim-
ple and inexpensive circuit consisting of a microstrip patch antenna with a
mushroom-like electromagnetic band gap (EBG), partially reflective surface
(PRS)structure, rectifier circuit, voltage multiplier circuit, and 2.45 GHz Wi-Fi
module. The mushroom-like EBG sheet was fabricated on an FR4 substrate
surrounding the conventional patch antenna to suppress surface waves so as
to enhance the antenna performance. Furthermore, the antenna performance
was improved more by utilizing the slotted I-shaped structure as a superstrate
called a PRS surface. The enhancement occurred via the reflection of the
transmitted power. The proposed rectenna achieved a maximum directive gain
of 11.62 dBi covering the industrial, scientific, and medical radio band of
2.40-2.48 GHz. A Wi-Fi 4231 access point transmitted signals in the 2.45 GHz
band. The rectenna, located 45° anticlockwise relative to the access point,
could achieve a maximum power of 0.53 W. In this study, the rectenna was
fully characterized and charged to low-power devices.

Keywords: Metamaterials; energy harvesting; rectenna; Wi-Fi; partially
reflective surface; EBG

1 Introduction

Energy is one of the factors that affects human life and helps humans live comfortably.
However, energy loss is a significant problem and has a severe impact on the economic and
social development of many countries [1]. Today, humans have access to alternative energy sources
in various forms, such as water power [2], biomass [3], wind power [4], and solar energy [5].
Another exciting energy source is that generated when an antenna is used as a frequency receiver
with a rectifier to convert AC to DC power [6,7]. Radio-frequency (RF) waves are generally
spread throughout all regions of a country and is continually used in the form of electromagnetic

This work is licensed under a Creative Commons Attribution 4.0 International License,
@ @ which permits unrestricted use, distribution, and reproduction in any medium, provided
BY the original work is properly cited.
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waves, such as waves from FM radio, digital television [8], mobile phones [9], and Wi-Fi wireless
transmission systems [10]. Several researchers have been interested in improving rectenna system
efficiency, as shown in Fig. . The development process of such a system can be divided into two
main parts.

The first part is the antenna, whereby most researchers have designed the antenna structure
with a directional radiation pattern. The advantage of such a radiation pattern is that it can
directly receive all of the energy in one direction at the front of the antenna [11]. In collecting
energy, antennas with omnidirectional and bidirectional radiation patterns are significantly less
effective [12], meaning that the energy obtained is split into several directions.

WiFi
2.45GHz

)
T

\/\ Antenna
Rx
RF to DC DC Voltage LCD
(—=| f—=]

Rectificr and Current Display

Figure 1: Process of ambient radio-frequency energy harvesting

Therefore, relevant research has focused on combining an antenna with metamaterial of the
EBG, which may improve the efficiency of antenna gain. An EBG metamaterial sheet has a
multitude of structures according to mathematical shapes, such as rectangles, circles [13], trian-
gles [14], I shapes [15], hexagons, Y shapes, and plus-sign shapes [16]. From this point of view,
many researchers have established new structures. Examples of additional research that has been
developed include following. (1) The mushroom-like EBG sheet for the installation in an antenna
is applied in a square multiple-input-multiple-output (MIMO) system with a combination element
that increases from 5.3 to 8.3 dB, a 63.85% rise [17]. (2) A complementary split-ring resonator
antenna combined with a square grid structure in a Doppler radar system increased the gain
up to 11.3 dB [18]. (3) The gains of a triangular antenna for wireless communication at the
low-frequency band of 3.5 GHz and the high frequency band of 5.8 GHz are usually 1.95 and
2.16 dBi, respectively. This gain could be adjusted with an artificial magnetic conductor, which
increased the triangular antenna gains to 9.37 and 6.63 dBi, respectively [19]. (4) A rectangu-
lar microstrip antenna of 7.45 GHz frequency increased the amplification to 12.31 dBi when
combined with a circularly polarized (CP) plate [20]. (5) Researchers developed a structure with
metamaterials laid in more than three layers and three dimensions that is called an I-shaped
antenna; it is used in 5G applications at the 28 GHz frequency band. When tuned with a
dual-band slotted printed circular patch, the maximum gain was 8 dB [21]. (6) A horn antenna
used in 5G applications at a low frequency of 2 GHz and a high frequency of 3.5 GHz when
tuned with negative-refractive-index metamaterial (NRIM) achieved maximum gains of 8.1 and
8.93 dB, respectively [22]. (7) A 9.5-13 GHz rectangle microstrip antenna, tuned with chessboard
polarization conversion metasurface, had a maximum gain of 13.4 dB [23]. (8) A 37.5 GHz
rectangle microstrip antenna, tuned with a printed ridge gap waveguide, had a maximum gain
of 23.5 dB [24]. (9) The efficiency of a rotated Y-shaped antenna, including a mushroom-
like EBG, with a directional radiation pattern, was improved from 89% to 94% by using a
slotted EBG ground plane. The antenna gain increased to 8.91 dB at 38.06 GHz for a 5G
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cellular communication system [25]. (10) The gain increment was further studied using a 3.6 GHz
microstrip patch antenna to install a 4 x 4 metamaterial surface on the reflector plane layer. The
resulting antenna gain of 2.76 dB was enhanced to 6.26 dB when the metamaterial reflector plane
was augmented [26]. (11) In addition, the stub tuning technique was used to improve antenna
performance [27]. (12) A T-shaped microstrip antenna was designed with three stub shapes. This
antenna efficiency could be increased to 52%-72% with a maximum resonance frequency gain of
3.9 dB at 3.25-3.65 GHz for use in future MIMO 5G smartphones and technologies. From all
of the aforementioned research, there are advantages in increasing the efficiency of the gain from
4 to 20 dB. However, there are disadvantages in terms of increasing the efficiency of antenna gain,
leading to the complexity of the antenna structure. Many tuning steps therefore must be applied
to increase antenna gain.

The second development part of an antenna system is focused on electronics circuit design
rather than on the antenna structure. A full-wave rectifier circuit and a seven-times-voltage-
boosting circuit has been designed. In this design, the system efficiency increases by 18.6% at
—50 dBm. The advantage of this approach is that it can increase system efficiency by not
requiring the receiver antenna to be 100% energized from the transmitted antenna [28]. This
means integrating antennas in one structure with rectifier circuits, which reduce cable losses. The
reduction of losses can improve energy converter efficiency by up to 83% at —15 dBm [29].
A wideband stacked patch antenna [30] is composed of a double layer of a substrate to expand
bandwidth with parasitic circular patches to increase the directional gain to 6.7 dB. The antenna
was designed to connect to a HSMS-2850 rectifier circuit diode. The measured peak efficiency was
63% with an input power of 0 dB. The advantage of a wideband stacked patch antenna is its low
profile. However, the gain is low, resulting in a need for high input power. A bridge rectifier circuit
design with a harmonic rejection filter was fabricated on a FR4 printed circuit board (PCB) and
an interdigital capacitor capable of boosting the power conversion efficiency to 78.7% at 20 dBm
with a rectangular double-layer antenna with a gain of 7.3 dB [3]]. An antenna designed with a
dipole antenna structure using a vapor-conduction technique combined with a coplanar strip-line
to help adjust the impedance to suit energy harvesting had an output gain of 8.6 dB. Moreover,
an AC-to-DC power converter is essentially a half-wave rectifier.

The DC-bandpass filter used in the present work consists of a Schottky HSMS-2852 high-
frequency diode together with a capacitor. This filter acts to protect the power from the microwave
to the reflected load, which can convert 83% of the power at —15 dBm [32]. A monopole antenna
with square grooving helps adjusts the impedance match between the antenna and the full-wave
rectifier circuit to transmit maximum energy. This achieved a gain of 5.6 dB. An output power
converter of up to 68% at 5 dBm [33,34] was investigated in a study of a square 2 x 2 array
antenna combined with the technique of adding a fine-tuned I-shaped stub, which resulted in a
high gain of 13.4 dB and was able to convert energy up to 77.2% at 21 dBm. Another study
examined an I-shaped monopole antenna utilizing the triangular grooving technique on the ground
plane and the I-shaped reflector combined with a full-wave rectifier, which resulted in a high gain
of 8.36 dB and could convert power up to 40% at 0 dBm [35]. From all of this research, the
reviewed antenna structure can increase the gain efficiency. However, there are also disadvantages
in the ordinary rectifier circuit, i.e., full- and half-wave rectifiers. The voltage received from the
signal is low and it is converted directly into DC voltage energy with no additional voltage gain.

In this research, the two-part development of an RF energy harvesting system from the
points of view of its advantages and disadvantages is proposed. The first part is focused on
a directional pattern microstrip antenna [11] with an uncomplicated structure that was easy to
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adjust and combine with mushroom-like EBG metamaterial [16]. Square structure with a hybrid
rectenna [36,37] techniques were applied to increase the gain of the receiver. The second part is to
design the RF conversion circuit utilizing a full-wave rectifier circuit [28] combined with a voltage
multiplier circuit to increase the voltage. This system uses the designed rectenna to receive energy
at a frequency of 2.45 GHz, which is the most widely applied frequency in wireless communication
in Thailand. Analysis of the antenna structure and voltage boost circuit design are discussed in
Section 2. The effect of antenna design parameters and equipment on the voltage multiplier circuit
is discussed in the Section 3. The comparative results of measurement and simulation are discussed
in Section 4 regarding the reflective coefficients, electric field plane (E-plane), magnetic field plane
(H-plane), antenna gain, and energy capture. Discussion and comparison with previous works are
presented in Section 5. Conclusions are drawn in Section 6.

2 Antenna Structural Design and Rectifier Circuits
2.1 Antenna Structural Design

The microstrip antenna structure designed in the present work is a basic rectangle shape, as
shown in Fig. 2a, which had the advantage of having an uncomplicated structure. It was easy to
design with a few fine-tuning points. The electromagnetic wave was spread in a specific direction
to cover the area as needed [11]. The antenna structure was designed and fabricated on a PCB
made of FR4 substrate. The advantages of this PCB are the following. The structure is strong
and not easily broken; it has the form of a thin sheet and is easily accessible in Thailand. It
is generally used to design, develop, and build antennas [11,12]. PCB FR4 substrate maintains
constant electrical conductivity throughout the sheet. Therefore, the measurement results were
close to actual simulation results. The selected PCB FR4 substrate has a dielectric constant (e,)
of 4.4, the thickness of the Cu sheet of the antenna (fg) and the (fgumg) i 0.035 mm, and
the thickness of the base material (iFps) is 1.60 mm, as shown in Fig. 2a. The designed antenna
structure has a width W as calculated by Eq. (1) and length L as calculated by Eq. (2) [38]. In
this paper, the design technique for the optimization gain of square structure microstrip antennas
applied to fabricate the antenna was combined with mushroom-like EBG technology [16]. The
EBG plate was positioned around the central radiator as a 3 x 3-type array antenna in which
the function of the mushroom is to cover the spread of energy on all sides, as shown in Fig. 2b.
The g-gap space of the EBG structure can be calculated by Eq. (3) [38]. One writes

Afer+1 —172
W:E( ! ) 1 )
L:O.49(j£_), )
g=Lgpc—Ls. (&)

Metamaterial with an I-shaped slot structure was chosen to improve the structure of the
antenna to increase the gain, as shown in Fig. 3a. The main advantage of this metamaterial
structural design is simply to tune the resonance frequency. The unit cell (I-shaped slot) on the
metamaterial measured 0.54, which provided the best energy transfer. The equivalent circuit of the
slot is the series of L and C components, as shown in Fig. 3b. The appreciation of permittivity
and permeability is calculated using Eqs. (4) and (5) [38].
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Figure 2: (a) The microstrip antenna structure based on rectangle shape (b) the g-gap space of
the EBG structure
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Figure 3: (a) Unit cell of I-shaped slot and (b) equivalent circuit in LC model

The structural design of the metal sheet was done on FR4 substrate. After structural adjust-
ment, the width parameter of the metamaterial ¥, was 15.30 mm (0.01254) and the width of the
gap g; was 3.67 mm (0.0314). The length value of material L; was 61.22 mm (0.51). Adjusting
the length of the gap, L), affected the gain, beginning with the adjustments on the wavelength
04245 < Ly < 0.4845, which were equal to 51.91, 55.71, and 59.26 mm. The most effective tuning
was Ly =55.71.

Both L; and Ly values had features approaching Mu- and Epsilon-Near-Zero (MENZ), i.e.,
MENZ material. MENZ is classified into two types. The first type is a negative value approaching
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zero, which allows the wave to propagate through the metamaterial structure. The second type is
the positive value approaching zero, in which the metamaterial acts as the reflecting surface. In
this case, the conditions of permittivity and permeability are positive values that approach zero.

Consequently, this metamaterial structure served as a reflecting surface that partly reflected
the waves and partly transmitted waves through it. The metamaterial was designed to be a two-
dimensional (2D) wave band gap by combining the antenna structure, as shown in Fig. 4. The
height (i) between the radiator and metamaterial sheet can be calculated by Eq. (6):

21— V]
£ ——
’ jkgd 1+wn ’
N 2 1-n
‘urm_‘ft’igd1~|>'r'1-J

where

“)

(3

vy =81 + 811,
v2=25821 -8,
ko :cu/c,

and Sp; is the return loss, S»; the mutual coupling, o the radiation frequency, d the dielectric
thickness, and ¢ the speed of light. The aforementioned height is caleulated as follows:
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Figure 4: Prototype antenna structure

2.2 Rectifier Circuit

The electrical energy stored from the RF signal of the frequency band of 2.45 GHz is the AC.
The full-wave rectifier circuit converts AC to DC, which, in conjunction with the Cockcroft Walton
voltage multiplier circuit, increased the voltage. Diode HSMS-2850 [32] is a well-known diode
used in voltage multiplier circuits of high-frequency energy-storage systems in which the diodes
are attached in bulk to increase the voltage, as shown in Fig. 5. A microcontroller (PICI6F877A)
was used as the processing unit to measure and display the rectenna power and voltage values, as
shown in Fig. 6a, and a C language program was used to control the LCD screen display (16 x 2)
to show the results. The PICI6F877A microcontroller has the advantage of being able to measure
a minimum power of 0.005 uW, which is better for showing on small-scale values than a typical
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digital meter. Usually, the efficiency value obtained from the receiver part’s power-measurement
results can be calculated by the following equation:
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input
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Figure 5: Connection of prototype antenna to rectifier and Cockeroft Walton voltage multiplier
circuit

@ b

Figure 6: Rectenna power and voltage meter. (a) PICI6F877A microcontroller, (b) voltage
multiplier circuit and LCD

3 Design Results
3.1 Simulation of Antenna Design

First, the design parameters of a rectangular microstrip antenna at 2.45 GHz were calculated
using Egs. (1) and (2), as defined in Fig. 2a. It was found that the width (W) =37.54 mm and
length (L) =28.93 mm had S| equal to —12.65 dB, as shown in Fig. 7a. The simulation results of
impedance and gain were 49.85—j20.93 @ and 7.54 dBm, respectively. The design of a mushroom-
like EBG with an eight-element square structure to lay around the radiator is shown in Fig. 2b;
The mushroom-like EBG parameters could be calculated using the width (W) and length (L,)
of 28.46 mm, which was 0.035). The shorting post diameter connecting the EBG patch to the
ground plane at the via point was 1.46 mm (0.012%), as shown in Fig. 2b. The model used to find
the distance at which to place the EBG patch to obtain the best reflection phase value responded
to the 2.45 GHz frequency band, as shown in Fig. & At the beginning of the tuning process, the
length Lgpgg (wavelength of 0.245% < Lpgg < 0.3264) was adjusted from 30, 35, and 40 mm, as
shown in Fig. 7b. After this tuning, the gains of the prototype antenna with metamaterial were
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7.86, 7.91, and 7.74 dB, respectively. These results show that the best reflection phase was achieved
at Lppe = 35 mm. This value was used to calculate the distance of the gap (g) between the
EGB patches, which was found to be g = 6.54 mm, and the magnification rate was 7.91 dB. The
antenna gain with metamaterial increased by 7.91 dB (4.67%) relative to that without metamaterial
(7.54 dB). Eight mushroom-like EBG patches measuring 120 mm? x 120 mm? in width and
length, with shorting posts, were emplaced around the microstrip antenna, as shown in Fig. 2b.
By inserting these eight mushroom-like EBG patches, the radiation pattern covered all useful
directions. Observation of the electromagnetic near-field distribution resembled a mushroom, as
shown in Fig. 7c.

— Leao= 30 mm
= Lrsg= 35 mm
= Lgyo = 40 mm

Sy (dB)
H b
T
|
Reflection phase (degree)
-3 B
i

| so0 |
<100 |-
15
-150 |-
i I i i 200 s L
48 I 28 34 10 z 3 4
Frequency (GHz) Frequency (GHz)
(a) (b)

(c)

Figure 7: Simulation results of prototype antenna upon addition of eight mushroom-like EBG
patches. (a) Reflection coefficient, (b) reflection phase, (c) electromagnetic near-field distribution
over prototype antenna

The simulation model of a single unit cell for the slot-shaped metamaterial is shown in Fig. 8.
The permeability and permittivity both had a positive value approaching zero, MENZ, with the
characteristic that allows waves to propagate; thus, as shown in Fig. 9, this medium acted as a
surface that partially reflected the waves and partially transmitted the waves. This type of material
provides a 2D electromagnetic frequency gap.

From the design and simulation of the sub-structure sheet structure, as shown in Fig. 2a, the
radiator matrix (2 x 5) layout was tested and simulated in transverse-electric (TE) and transverse-
magnetic (TM) polarization modes to find the best gain received. The structure of the metal sheet
material had the same width and length as the antenna structure, i.e., 120 mm? x 120 mm?, a
width of W, =24 mm (0.1965), and a length of L, =60 mm (0.49%), as shown in Fig. 9.
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Figure 9: Multiple-cell model for slot-shaped metamaterial

The simulation results for the permittivity (§) and permeability (x) at the frequency
(1-4 GHz) of the designed structure are shown in Fig. 10. The slot-shaped metamaterial super-
strate is classified into MENZ values. Additionally, it can be widely used for many applications
for which high-power coherent emission is needed, such as radar, lasers, and antennas. In the
work described in this paper, this structure was applied in a resonator antenna performing as
the upper layer of a rectangular microstrip antenna. Before designing the resonator antenna, the
wave propagation passing through a medium was discussed, as shown in Fig. |1. Whenever the
metamaterial became one of the slot-shaped functions, the reflected and refracted waves of propa-
gating electromagnetic waves passing through a medium occurred. In this case, the electromagnetic
waves propagated along the x direction. Regarding the polarization modes that can be applied,
two polarization modes are possible, as follows.
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Figure 10: Simulated results of slot-shaped unit. (a) Permittivity (§), (b) permeability ()
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Figure 11: Electromagnetic propagation when passing through a medium

A. TE polarization mode

Fig. 12a depicts the TE polarization mode. The metamaterial setup based on a slot is depicted
along the y axis, so the electromagnetic waves propagate in the x direction. The electric fields
of the rectangular microstrip antenna propagate along the y axis. Therefore, the TE polariza-
tion mode can have more magnetic fields of transmitted waves than reflected waves, as shown
in Fig. 13a.

Rectangular
Patch Antenna
— "-I—_
Slot —
— Polarized
Dirccti — Dircction
ircction — of PRS and
of E-Ficld — E-Field
N —— — ’j"
e & *
Polarized Direction of PRS
(a) (b)

Figure 12: Geometries of resonator antenna. (a) TE, (b) TM
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Figure 13: Electric field intensity propagation passing through the medium near-field distributions
of proposed TE and TM modes. (a) TE mode, (b) TM mode

B TM polarization mode

The metamaterial setup based on the slot-shaped structure is along the x axis, so the elec-
tromagnetic waves propagate in the y direction. Furthermore, the electric fields of a primary
radiator propagate along the y axis. Consequently, the PRS polarization direction has only electric
fields in the TM polarization mode, as displayed in Fig. 12b. In this case, the propagation of the
transmitted waves can be less than that of the reflected waves, as shown in Fig. 13b.

From the theory explained above, the wave propagation is obstructed by the metamateri-
als based on the PRS slot-shaped structure along the x and y directions in the TE and TM
polarization modes, respectively.

In TE mode, the slot-shaped metamaterials act as the rectangular microstrip superstrate
installed on an antenna with a quarter-wavelength dimension in the medium for radiating in
phase. Fig. [3a illustrates the near-field distribution of the proposed TE mode. It can be seen
that the spread of waves radiating through a slot-shaped superstrate is small. The red area shows
the maximum electric field strength from the rectangular patch antenna that could reach only
marginally to the top of the metamaterial plate surface due to the impedance mismatch between
the antenna and metal plate mounted along the cross-section. The vellow, green, blue, and dark
blue areas show the decreasing electric field intensity.

However, as shown in Fig. 13b, the wave propagation of the TM mode can be seen to be
radiating very well. It was found that the maximum electric field strength could be exported
from the antenna through the top of the metal sheet in the same direction due to the excellent
impedance between the antenna and metal plate in the same horizontal direction. ¢, f, ¢prs, and
¢ppe are the wave velocity, resonant frequency, reflection phase of the PRS, and reflection phase
of the EBG, respectively. If the reflection phases of the EBG and PRS are 0° and 155° as plotted
in Fig. 14, then the /& parameter is 26.36 mm.

Simulation results of the proposed microstrip antenna gain with the EBG and metamaterial
sheet are shown upon changing the distance between 0.04% < h < 0.8% starting from 5 mm up
to 100 mm in increments of 10 mm, indicating that the gain was most affected in the response.
From this result, it was found that the best distance was 10 mm, which had the highest gain of
11.97 dB, as shown in Tab. |, since the distance between the antenna and metal sheet had an
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offset angle of 0°. The current density direction is shown in Fig. 15, simulation of the microstrip
antenna with the full metal plate (EBG) in Fig. 16, and the best parameters in Tab. 2.
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Figure 14: Simulation results of reflection phases of metamaterials. (a) Reflection phase of EBG
at 2.45 GHz, (b) reflection phase of PRS at 2.45 GHz

Table 1: Simulation gain results of proposed antenna

Distance between microstrip and metamaterial (mm) Gain (dB)
%) 11.70
10 11.97
20 10.83
30 9.88
40 942
50 979
60 10.36
70 10.34
80 10.31
90 10.29
100 10.28

Figure 15: Near-field distributions
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(b)

Figure 16: Photographs of proposed antenna. (a) Rectangular microstrip antenna with EBG
surface and PRS (b) resonator antenna

Table 2: Parameters of proposed antenna

Parameters Size (mm)
W: Width of patch microstrip antenna 37.54
We: Width of ground plane 120.00
W, Width of patch EBG 28.46
Wy Separation width of slot PRS 24.00
Wi Width of patch metamaterial 15.30
L: Length of patch microstrip antenna 28.93
Lyt Length of ground plane 120.00
L;: Length of patch EBG 28.46
L,: Length of slot PRS 60.00
L;: Length of patch metamaterial 61.22
L>: Length of slot metamaterial 55171
Lgpe: Length of patch EBG 35.00
g: Gap between a patch of EBG 6.54
g1: Gap between a patch of metamaterial 3.67
tane: Thickness of Cu antenna 0.035
Lgroung: Thickness of Cu ground 0.035
Jipra: Thickness of FR4 1.60
h: Distance between radiating element and PRS 10.00

10

-10 i

g
=
i — — Simulation Antenna without EBG and Superstrate
a0t — Simulation Antenna with EBG
—— Simulation Antenna with EBG and Superstrate
------ Measurement
=50 T T T T T
L0 L5 20 25 30 35 40
Frequency

Figure 17: Simulated and measured .S}, (dB)
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The rectangular microstrip antenna prototype is surrounded by a mushroom-liked EBG, which
was fabricated using two sides of FR4 sheet with a dielectric constant of 4.3, as shown in
Fig. 16a. In addition, the PRS superstrate was located above the radiating element with a spacing
of approximately 10 mm, as shown in Fig. 16b. When Sy, is analyzed as shown in Fig. 17, Tab. 3
illustrates the simulated and measured results for the proposed antenna. The input impedances of
simulation and measurement results were close to 50 Q.

Table 3: Simulated and measured results for antenna based on Sy and voltage standing wave ratio
(VSWR)

Antenna S11 (dB) VSWR Ziy ()

Simulation antenna without EBG and superstrate —13.84 1.59:1 53.85+j12.05
Simulation antenna with EBG —12.31 1.63:1 69.24 +j4.99
Simulation antenna with EBG and superstrate —12.65 1.62:1 49.85 —j20.93
Measurement of proposed antenna —10.05 1.92:1 47,94 —j25.34

A microstrip antenna was reconstructed from a conventional patch using an EBG surface
placed on a similar rectangular patch to improve directional gain from 7.21 to 8.08 dB. Subse-
quently, when the directional antenna was applied to the resonator antenna by adding the PRS
superstrate, the maximum gain increased to 11.97 dB. When the proposed antenna was compared
with the patch microstrip antenna, the directional gain efficiency was enhanced to 39.76%. The
3D perspective of the radiation pattern with maximum gain is shown in Fig. 8.

Gain = 7.21dB
(a) (b)

Figure 18: 3D perspectives of radiation pattern with maximum gain: (a) Patch microstrip antenna,
(b) patch microstrip antenna surrounded with EBG, and (¢) proposed antenna

Gain =8.08 dB

The results of comparing the measured and simulated gains of the microstrip antenna in
Fig. 16 are shown in Tab. 4. These results tend to be in the same direction with the maximum
gain of 11.97 dB. The efficiency was increased by 39.76%.

The radiation pattern in the E- and H-planes at a frequency of 2.45 GHz are plotted in
Fig. 19. The characteristic of the radiated energy patterns is that of a directional radiation
pattern. However, a back lobe perhaps appeared because the resonator antenna reflected and
forwarded high-power waves. The half-power beamwidth in the E- and H-planes were 54.6° and
54.5°, respectively.
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Table 4: Comparison of measured and simulated gains of various antenna types

Antenna type Simulated gain (dB)  Measured gain (dB)
Microstrip antenna 721 4.75
Microstrip antenna with EBG ~ 8.08 7.19
Proposed antenna 11.97 11.62
z z
= Measurememt = Measureme mt
0 Simulation s

— — - Simulation
- i

(a) (b)

Figure 19: Simulated and measured radiation patterns. (a) E-plane, (b) H-plane

3.2 Rectifier

The DC energy-harvesting measurement from connecting the prototype antenna with the
rectifier and voltage multiplier circuits is shown as a block diagram in Fig. 20. The experiment
was done with voltage multiplier circuits of 6, 8, 10, and 12 times, tested at 0.6 m, which was the
best distance for receiving maximum voltage. It was found from the experimental results that a

multiplier circuit of 8 times yielded better performance than that of 6, 10, or 12 times, as shown
in Tab. 5.

Multimeter
Rectification —= Voltage and
Power

- Propilsed Reetenna

Figure 20: Block diagram of ambient RF energy harvesting
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Table 5: Energy-harvesting measurement results

Distance (m)  Measurement results  Voltage multiplier circuits
6 8 10 12
0.6 Voltage (mV) 2:03 2.1 2.63 2,59

4 Rectenna System Measurement Results

Experiments were carried out on two parameters for receiving maximum energy: signal receiv-
ing distance and direction angle of the Wi-Fi spot and rectenna response. The signal receiving
distances were 0.5, 1, 1.5, 2, 2.5, and 3 m, and the direction angles of the Wi-Fi spit and rectenna
response were 0°, 15°, 30°, 45°, 60°, 75°, and 90°. The best value was at a distance of | m and
the direction of 45°. The results were a voltage of 2.82 mV, current of 0.34 mA, and power of
0.95 W, as shown in Tab. 6. In more than 3 meters measuring distances and the direction angle
greater than 907, the measurement was lower than 0.05 mV/mA, causing the signal meter not
to display on the screen. Wi-Fi transmitter was the TP-Link TL-WRB840N, commonly used in
Thailand, connected to the directional antenna with the transmitting power of —30.04 dB.

Table 6: Energy harvesting measurement results

Angle Measurement results Distance (m)
0.5 1 1:5 2 235 3
0° Voltage (mV) 1.64 1.85 1.72 1.56 1.12 0.09
Current (mA) 0.19 0.21 0.19 0.17 0.10 0.08
Power (uW) 0.31 0.39 0.32 0.26 0.11 0.007
152 Voltage (mV) 1.78 1.98 1.74 1.62 1.24 1.17
Current (mA) 0.20 0.23 0.21 0.15 0.09 0.07
Power (W) 0.35 0.45 0.36 0.24 0.11 0.08
30° Voltage (mV) 2.53 2.80 2.28 1.82 1.34 1.12
Current (mA) 0.21 0.32 0.21 0.12 0.09 0.08
Power (uW) 0.53 0.89 0.47 0.21 0.12 0.08
45° Voltage (mV) 2.54 2.82 2.51 1597 1.46 1.25
Current (mA) 0.21 0.34 0.24 0.13 0.09 0.08
Power (uW) 0,53 0.95 0.55 0.25 0.13 0.10
60° Voltage (mV) 2.14 252 2:23 1475 127 1.16
Current (mA) 0.20 0.24 0.22 0.18 0.10 0.08
Power (W) 0.42 0.60 0.49 0.31 0.12 0.09
75° Voltage (mV) 2.14 252 223 175 1.27 1.16
Current (mA) 0.19 0.23 0.19 0.10 0.09 0.07
Power (W) 0.40 0.57 0.42 0.17 0.11 0.08
90~ Voltage (mV) 201 2412 1.92 1.68 1.08 1.04
Current (mA) 0.13 0.18 0.14 0.09 0.07 0.05
Power (W) 0.26 0.38 0.26 0.15 0.07 0.05
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5 Discussion

The design and construction of a rectenna system using a directional microstrip antenna with
an integrated magnetic stripe design (EBG) plate with a multiple voltage circuit were presented.
The antenna designed in the present work was compared with those designed in previous works
as follows.

In [29], an uncomplicated antenna with a gain of 8.6 dBi for low-energy harvesting at the
245 GHz frequency band was designed. The rectenna in [30] consisted of an antenna with a
directional gain of 6.7 dB at 2.45 GHz. A rectifier circuit with a HSMS2850 diode achieved
low-energy harvesting with an efficiency of 63% when the input power was 0 dBm. The designed
antenna matched the rectifying circuit and eliminated unwanted harmonics, resulting in an 83%
efficiency when using a 1400-Q resistor and converting power up to 83% at —15 dBm. This
antenna design is not complicated, but has low gain and high power consumption.

A rectifier circuit with four switch diodes and an interdigital capacitor was designed to
increase the DC output voltage in another antenna [31] that operated at the 2.45-GHz frequency
band to reduce high harmonic values and had a gain of 7.13 dB, resulting in an efficiency of
78.7% when using 4 kQ impedance with a transmitted signal power of 20 dBm. This antenna is
also not complicated, but has low gain and high transmitting power.

Another antenna was designed using square-shaped tuning techniques to tune the impedance
bandwidth and increase the maximum gain to 5.6 dB [32]. This antenna is compact, measuring
18 mm x 30 mm, with an L-shaped impedance-matching network rectifier to allow the input
impedance to match that of the antenna. A maximum voltage of 3.24 V was obtained with a
load resistance of 5 k€2. Its maximum efficiency was 75.5% in simulation and 68% as measured
with a transmitted power of 5 dBm at 2.45 GHz. This antenna is small and compact, but has
low gain and high transmitting power.

In [33], frequency-selective-surface (FSS) sheet structure techniques were used for RF energy
harvesting with a geometric shape consisting of a sequence of unit cells. The gain was 9.4 dB
when connected with a full-wave rectifier circuit that could convert power up to a conversion rate
of 61% at a transmitted power of 15 dBm. The gain and transmitted power are both high, but
the structure is complicated.

In [34], a square 2 x 2 array antenna designed by adding an I-shaped tuning stub, resulting
in a gain of 13.4 dB, was studied. The rectifier used a serial mounting diode and a microstrip
sheet as a capacitor, which was essentially a DC bandpass filter, resulting in a high RF-to-DC
conversion efficiency of the modified circuit of 80%. In practical operation, a maximum voltage
of 18.5 V was achieved, along with a power conversion rate of up to 77.2% at 21 dBm of signal
power when using 3.5-k$2 resistance. The gain is high, but the antenna structure is too large, i.e.,
200 mm x 200 mm.

The authors of [33] introduced a monopolar antenna using triangular grooving techniques
on the ground plane and an I-shaped reflector in implementing the air-gap technique. A gain
of 8.36 dB was obtained. Combined with a full-wave rectifier circuit, this antenna could convert
power at a conversion rate of up to 40% at 0 dBm at a maximum voltage of 046 V and
convert voltage up to 6 V when using signal power up to 30 dBm. The antenna structure is not
complicated, but has low gain.
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In the method proposed in the present paper, a low signal power on the input power of
—30.04 dB was used, transmitted at a distance of 1 m with a higher efficiency of 95.88%, as
shown in Tab. 7.

Table 7: Comparison of rectenna efficiencies

Reference Frequency  Substrate Antenna size (mm?) R (m) Input Gain Efficiency
(GHz) power  (dB) (%)
(dBm)

[29] 245 RT/Duroid 87 x 80 x 1.52 -15 8.60 83
[30] 245 NPC-F260 110 x 110 x 2.60 0 6.70 63
[31] 245 FRrR4 85 x 100 x 1.60 20 113 78.70
[32] 2.37-2.52 FR4 18 x 30 x 1.60 1 5 5.60 68
[33] 245 Rogers 228.60 x 304.80 x 1.524 1 15 9.40 61
[34] 245 FR4 200 x 200 x 3 21 13.40 77.20
[35] 245 FR4 100 x 100 x 1.60 1 0 8.36 40
Present work  2.45 FR4 120 x 120 x 1.60 1 —30.04 11.62 95.88

6 Conclusions

The method for designing the structure and energy-harvesting circuit for an antenna pro-
posed this research increased the antenna gain, reduced the complexity of the antenna structure,
and obtained efficiency with a multiple voltage circuit. The antenna structure is a rectangular
directional microstrip that is combined with an EBG mushroom-shaped magnetic frequency gap
that can control the radiation direction and a 2 x 5 I-shaped metamaterial, placed at a distance
of 10 mm. The gain increased from 7.21 to 11.67 dB with an efficiency of 39.76%. The entire
antenna structure was constructed on a FR4 PCB with a constant electrical conductivity of 4.3 at
2.45 GHz in a Wi-Fi system. The energy was harvested with a rectifier circuit to convert the AC
signal to DC and combined with an 8-times-multiplier voltage circuit that yielded voltages greater
than those yielded by 6-, 10-, and 12-times-multiplier voltage circuits and increased the efficiency
of the circuit by doubling the DC voltage 8 times. The optimum received energy was at an angle
of 45° and a distance of 1 m. The obtained voltage was 2.82 mV. the current 0.34 mA, and the
power 0.95 W, with an efficiency of 95.88%. The proposed method is more efficient, the structure
is not complicated, and less adjustment is needed.
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Abstract

This paper presents the design of a rectangular monopole antenna by utilizing slot techniques
and reflector for using at indoor and outdoor signal transmission based on WLAN, WiMAX and UWB
systems. The measurement result reveals that basic monopole antenna has an operating frequency
range of 144.27% (2.14 - 13.22GHz). It has an Omni-directional pattern, an average gain of 3.19dBi. Then,
using a monopole antenna with a reflector, it has a frequency range of 136.74% (2.35 - 12.51GHz). The
radiation pattern is direction antenna with an average gain of 7.46dBi. In the addition of a reflector, the
gain is 57.23% greater than the basic monopole antenna structure. We used the TP-Link WDR7400 Access
Point. It was found that the antenna can transmit the signal at the low frequency 2.45GHz and high
frequency 5.20GHz as standard.
Keywords: Monopole Antenna, Slot, Reflector, Directional, Omnidirectional
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