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ABSTRACT

This thesis presents a monolithic alumina substrate of X-band microstrip path
antenna for active integrated antenna. Alumina substrate doped with pure gold at high
temperature is a new substrate enhancing the resistivity of the monolithic patch
antenna. This substrate yields good performance for the microstrip patch antenna, and
it is easy to fabricate with the active integrated antenna. In addition, a small antenna
having high permittivity silicon substrate can be applied to monolithic microwave
integrated circuit. Theory and the measurement for the dispersion characteristic of the
fabricated antenna for X-band was shown in the thesis. The comparison between

measurement results and theoretical ones were demonstrated as well.
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a = ' g v vo &
weAnssuganenaaasuiliude o ladad

0371

5UN 3.1 deglasiasiezgiuilaunesd



3.2.1 duUszAnSn1sunsvasaznaunasAi luazgliun

a o

ANUFUNUSIENINTUUTEANENMTUNTVRI0EAaNYRITRTaf1e 9 (D) Tuargiiuiu

Y

a

gamnd (T) wanssaguil 3.2 wudndlefiansandieznounesdnduaisiessivanasd
duvszans msunsidulununsmde Ussuna 2.5x107 em? /sec Agaumad 1,300 aaan
wandoa wuilgumnd 1,100°C 988 D =9x10 cm® /sec ifusfu fefuisannsnniugy
USinaveseznaunesmiuezgiuile 1nen13muaugum)in1sinsuedesnaunatdl N3
WHSURdRERRNNaIAsunsIinlUsgsenIveneu (Interstitial) vesavailiul tnulifiiustla
q Snfvernauvetezaiiun fuwandlusud 3.3 fu Shsnsunsedindaziganindnsinisuns

Y U

wuun Ul (Sub-situational diffusion) [4], [10]

1400 1300 1200 1100 1000 900

T T
[

F.
]
|
LI
1 /
/
|
|

\Q’ N 4 <z |

P N A N R WA A

10 L1
.58 .60 .62 .64 .66 .68 .70 .72 .74 .76 .78 .80 .82 .84 .86
100/T(°K)

JUN 3.2 AduUsedvisnsunsveternauvedsnYilacig o [10]

nsunseznouvemasand lulusgg iyl szyrevilidnsinissiudinulng

¥
IS =

(Recombination Rate) #A1g3duidunaliergvesniv (Carrier Life Time) fiA1anas u1adi

=

51SennesaIndu Carrier life time killer wagafinanunil ag¥inler Switching Speed s

a1 U

dasgAvgansninihleuntu LagneraedaAduUseAn5UaInIsUnsgeIe n1suns

a 3

NOIADENYINATULINAUFIUTEAYE 1S 92995 TR TN T u T uUssLanaIng wu andds

<3
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Talen @INdTmsuTanes Lag9asTINNeAInealuuag 9 LWudu dmsuinerdnusile

Wawnhundugiuvesoinie

© O OO o O OO
© O O O o 0 /O O

O"O O O\ O ONO Q
DEADNATI0

DeADNDZall

00 0 0 ™o 0 0o

JUN 3.3 NsunsvateznoumasiinlUstseinesnayargiii [4]

1022
As
102 YL 1 -
fg‘-ﬂ-a ~P
10%° st
1 Gm“_L1”_-:::: Sn
Z s,
£ al - NS
S 10" Al -+
~ / Ny
5
¥
@ o)
% 10t S~
= s Cu
<, / \
Bi k\
10"’
{0t _f?\\k Au \
0 'I.Il \
S e
10" =

1400 1200 1000 800 600

TEMPERATURE (°C)

'
aa

3UN 3.4 Solid Solubility ¥esa1stasvilasig 9 luergiurdmsualedinggUaa (Solid

a ol a1

Solution) veesrlueaiiunvzilAgegauszunns 107 aznow/au.wu. [10]

a

3.2.2 SEAUNAIUYDIDEABUNDIAN Mazaliun

Y

Wialiueznoumeiluergiiunziinsedundanu deep donor level lngazagivile

91AUAULAUD (Valance Band) 0.35 eV uaziin deep acceptor level Tauaumuil
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(Conduction Band) 8431 0.54 eV dwmiiuszaundsnuvemasiilusygiiunfianiigeing g
[4], [10] wansldisagud 3.5

e o o o : Ee
N B
0.54 eV N,
o 0'0 O 0 o O 0 — — =
L12eV Acceptor
* 0,90 000 0o o =
g Donor .
P

sUTl 3.5 lezunsussiundanuresergiiufignunssdsenesme s

TugnsNaihydae uiignuns g oz AoNNBIAALAAILADTLTUITZAUNG LA

ANUNTOMIANUAUUUYDIDEADUNBIAN M UTAL AUl F9dUNT

2 —
N, = (”oo + 1, +iJ {1 +exp (MJ} (3.2)
n, kT

N, AUAUURIUAUNEIAN

Moyt AURUILUUYDIDLENATOUNBUNTITLNIVIDIM

Ay ANANUILULYOIBIANATEUNGINITUNTNDIAN

n, L ALV UYRIAAUNIBUTSUEN (Intrinsic carrier density)
E, o 3eiUnaaulsulemesdn (Acceptor-level of Au)

E.  :szdunasll (Fermi level)

k - Anrsialuanguyl (Boltzmann constant)

0 : AUAIUNTUNRINITUNTOEABLNBIAT

3.2.3 ﬂ"lﬂﬁﬂﬂfmuﬁﬁumwﬂma“aﬁmﬁanLtwiﬁqaaumawaaﬁﬁ

1 a

Tuergiivhelnduilegnunssemosdagilididnaseuselusaunianhanasily
ixéﬁ’uwé’wmﬁ Sudn (Deep Acceptor Level) maaimmummmﬂﬁumm 0.54%0.02 eV
videnandnifonilsife Sidnmseulunauthazgndu (Trap) Feseiundassmudfu (acceptor
level) N 139aLE (Compensation) YinlwanuiudianasousinaianasiiinAuiunIu
%aLﬁusﬁuLLasﬁNma (Life Time) vosnmzaranas WeriulSuaesneuvemesdlviuniu

= v a

avyhlisyaundanud Sudndsuauunnneiazsusidnnseudase Tuwauanudhldieurun

Y

aatuadunavilidfidaanusumuaziaguaunaisluduniudn (ntrinsic Type)
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naueeuAe AuantRuIIENIsvemesRluilearaiiul ndwnfiivesney

NI e E A 17 ot PR L o N PR N U U BNV IR Y SO

3.3 M3IANslinasvasisngusesezaiullaunasan

o 1A

3.3.1 Mydadifianuduniy
nsiaanfidaanudiunudunismiSinaesseuaisiiefiegluiloarstugiuses
vioamonasideninadlulmilusraiun (Uunuaruvuwiviniu exsen/au.aw.) T

nduduiuesneNansided i (Donor, N,)) wiodnuiuezmouansiielsu (Acceptor, N, )

'
= = o a

IoNaNBNUENLINAD F1UIUVBINIVLDASE (Free Carrier) F9AADINUILBANATOU (N ) WAL

v (%
= v a

198 (p) DaveAnTUNSIINIANAITIIOLAT L91EUNTOAIANIAIAN 9 Wwiaduld Taenis
Taaranuid i uioluntsasesdudruarinaanudunuliifaee sasi ity 9
nade ANt iniavidudiunduresarinaaa uduniu asiugils p (Rho) 1du

ddnwallansaipusm ez Aniaaudum Ul waaz e
o=1/p (3.3)

wenvniaA N ulilidna il astuegiudiuviurediannseutazlaadass
Uszalui1vesmavvunardaife ¢ Tafia1 1.602x107"° aasuy wazdeduey fu
ANEINITOIUATISATOUNVBINING BUTNIENIT ARG (1) fatua1amt Ty

A157148711 FuER LA lAUENANT

O =qun+qu,p (3.4)

el u, way 4, fie AuAdesivesBlannsouLAzlen My

n WAy p fip ANuMUILULBIanasauLaylaaluansietitn

drwsuansiainiein 7 waz p s1deuAnEwErEaILInluansisT T uRe
3i8nnsounazlsanuddiu dunvrdutesdsine leawazdidnaseuluasisnthvingy
wagil fendladesundsldinunfnAuIn

Fauasiulainsannsamunmatrt i ldlee Saanfidannuduny d
Huewesunisivaveanszualitii uasviliAndussiunnasontaniu q a1 p Fadivahe
Juleviu-lgudimns (Q-cm) 7 ansataelalaeldindesilolnsnessilnsu (Four Point

Probe)
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A5 09N aAINAINNeUTTIAATLN UAIIUAT1UNIY (sheet resistance) TagwNUA Y

wanwal p, Sedivheduleviusedvdsndna (Q/o) vlisawnsansuAmiinnm

AIUNIY P = p, X ALK TD P = p, X1

<
<
4
<
e

Xj

5UN 3.6 n13nenaa L unIulagIsisnoeilnsy

(%
Y

Wsadlnswesrinsutiazusenaumedulany Faduddlniiied Feazvinsanniudy

528% S 1 9 AUAIFUN 3.6

U

acll v

< O o8 1 =2 Y o Y a 1 I
LUHMNA UL NANAIUULLNUNANBTFNUN LLa’JﬂBUVLUEJﬁV!’]IMLﬂ@ﬂigLLa | 1‘mamuwu

Y Y
A 1

lavgiegIuuengn Ae LN 1 uwaz 4 nszuanindndagyliiiaussdunnasen (V) Ju
sewinstvendulangauluy
MIMATAAANUAUNIU (p) METTRINA1T YW InveLHUNENaNsAsIleTn

ALADILAMNYIMLATNINNUINNITE eI ARasyey S 1uLed

3.3.2 I9AIAMUAIUNIULHY (sheet resistivity p,)
Tuansisrhdnazdnaifdiaue 9 udunesnaliaguraiagnisunsansionu

aseazadlulinsananaunu BAldiuLNgnse Insneerilnsu lngasilnsuvenssua 1

A wardmIuiausaiudn 1 4

Y

gnaugIudmsuNIsAWINMINITIAANUIU LAY AfD
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p,=F*(V/I) (3.5)

TeA1va9 F* a1u150919emlaainmisnei 3.1

sodlnswasriinsu nevrluazidunuudady vuneanuIndulnsusiad 1alukun
a Y} | | < oA ) vy o v ' |
WU 528811958 INNIUINNAUAD S Tnelukdltununutsenii 0.1 S Lasuaunig

ATLNINATT 20 Wwes S udd p, MlAaIN
p, =453V /1) (3.6)

M15199 3.1 A1 correction @NPSUINSNBENLINTU LB I IMLNLUY

Correction factor F'* for thin
Current probe Voltage probe
layer
1-4 2-3
(7/In2)~4.532
1-2 3-4
27z(ln4—1n3) ~21.84
1-3 2-4
27(In3-In2)~15.50
2-4 1-3
27r(ln4—ln3) ~21.84
3-4 1-2
(7r/ln 2) ~4.532
2-3 1-4

BAO1INL T UAIDENNNUILAZVIUTIININTLNINNTT 10 1N TaLED
p,=2zS(V/T) (3.7)

dmsuansfsifiinnunuYesEnsdelviniunaen E1MIAISIMIIUAT P, NEINITE

QLNANAUAIUNIY (resistivity p,) el
p = pStF(S) (3.8)

do W Aepuviunvedudy wag F(S) 1u correction factor Wie ¢ lailadiAntios

N11A1 S WNUn FaAaN1sarlaaInans19919a19d

A15197 3.2 Correction factor ¥84 p il ¢ lidesnin S 1N

w/S F(S)
<04 1.0000
0.400 0.9995

0.500 0.9975
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A157199 3.2 Correction factor U84 piile ¢ Lidesnin S w1n (si0)

WS F(S)
0.555 0.9948
0.625 0.9896
0.714 0.9798
0.833 0.9600
1.000 0.9214
1.111 0.8907
1.250 0.8490
1.429 0.7938
1.667 0.7225
2.000 0.6336

3.4 a3l

Tuunfiilunisfnemgefuasndnnisvesnisunsesnaunasdiukiundnezgduila

wanspnduUsEansnisunsvamasAluesalitl karsERuNEN YL naNneIFiluaraliul
iaLAneYAoUNeIRIAtULHUNAN 02 aTIUY AaDAIUNNATNARYBIAIINAIUYIUYDIDERHIU

Y

gAUNsSMENeIiUTans lngedunisinnasiieuiuauduiusseninenselanui sy



unil 4

N15ILATIZALLAZNITDDNLUY

4.1 na1u

AMFIATIEREANgaINALUU bl ATERS UL UANN50YIberanedd Jausazisaylvnanis

a

Aaszinuana1anueenly laeisdeuldduninae I5uvudiaosatedsdyyiu

a

(Transmission Line Model) kuud1aada13f (Cavity Model) kazn1353tA31siA2835 luLuua
(MM) G eluanerfinusatuliasiiunnsitasevinuatdivesaigeinianlaainnisasng
arwemaskuLuvlilasansvuuiangiusesergiiilaunasdn ludimifeiiunisande

Y991ANFINTOY BUNABUTUAUTY §nT1VeN8VRINEDINA ABAIUAMANTRLUNITUNNTEINY

[
I a - Y

AR Daki11383Asevissuwuusassavdsdyanutuduitnisfiazainuazdienenis

v
S v 1 ovoaA a 6

AT waralaann1sessineIitduindudanuianainegin Weldiasey
A o 1 a [} e’./j o aa a '3 ad [ = I I3
argenanyinuluguaudgs 9 Aun1sdnIsnsiasies 2 Ssvaenlddninasdu

'3%'ﬂ’13‘17'iﬁ/13¢'13ﬁ3ﬂ7ifj@
4.2 ANSIATIERAYRUVINADIAIR

TunsesiziaisannFkE LU UlulATERS UMgkuud1aaInIin [6] Hu 1ASIas19v09

a 1

anvonAurusuulilasansUinanstilugun 2.1 aggnivansaninfisnvasdupinnians

Y

a a 1

[ o a i ~ V1 1 o v = =
adanp3nussyegmely Awuanddusuin 4.2 uasieliderenisianudiladadisum

FIgnUaaeumewiudni inineuuLLagmuE daaudmniulzgnlndeuie

Y

o—S

1 3

N IAUN UL MANT T aN12TA2995 huuTaalaglddmsuni1snarsanauuLlianwasy
auulniinglunin AnlusdsuisaAnsuusUNsuLEnsEa1eaay unnduiuaud

ey ¢ v
LLagﬂ'ﬂquﬂiisﬁLLuuwsUa\iaqEJ@'V‘I'WTVL@

l— W —>]

e e o e o o et

JUM 4.1 n1sunnIzaneUsEuarAuIL LN sElauLNuaga1nalulasansy
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doasoniauiuuuulilasaniugnnsedu aununeluaifazuinssasoonlumumiiives
AR YilARUszquInIz e UURFIULLLAEAUA DI BIN AT SUHUADIN A
sudfdthduiiduszuunamdde Ui 4.1 duneldndvszgiadu 2 vin Feassi
ThAnusafsgadmiuuszisnsiiadu uazifaussndndmsuussaiidusiafiondu use
wad g liszaianisad eufviliiAeeunuuduvesnseua  J, waz J, @0
Fruuumazduasosuasonafuanduzu 4.1 nslavesnszuatuasiindugudd
FrututesuHuaEeInia deiliuuudassnnifvewidsd 4 fuflauniduiunaneuin
frvhuslmdniiauysal Tnsaunliuduinihuaskdusindniitedon afinogilidnsgade
nFsuuazduinudvesmeenafiutsiuusiuiity naonauatinidasladidnaineg
meluilliansoudinszaenduls

Tnssadlperiluvesasanniausiunuylulasaniuiu shandrunrnumunvesian
FIUITBIDAMNNINVBIAUAIBIN AT ATRENIN é’fﬂﬁ'juﬂ?{uﬁLﬁmﬁuﬁfuavﬂmﬂgaejmdu

[y

03 miaﬂ@amﬂmmﬂumﬂ‘mm 621\‘1L‘U‘L!L‘VW]Nm/ﬁ/lﬂ‘mﬂ'm@’]ﬂ’]ﬂLLUUU&JUiuﬁ‘VIﬁﬂ’]EJﬂ’EJU%I’N

¥ ¥
=

@ aﬂ’umwaﬁmﬂwmimasmuﬂawammmmmmammm‘m F9lvaneluan AL

dsseualulun T wihif

JUN 4.2 lassafamasuiadinvesangeinialilasansusuamasaruen

AuANvazvaaumgluaIn a'mwamiéiﬁaawwml,mai (Vector Potential) %3
zisaRoulusng 9 muﬂuamﬂug‘dﬁ 4.2 A3 L“mumwa15m’1°d3mmm&1m&11uumu
agema fataggruvesimmsiiledidnaindu &, Tneiidndnamesamnsomlfainaunns

AAUANIL
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VA +k4. =0 (4.20)
sagldnananvosaunslusuinluify

A = <A1 cos(k.x)+ B, sin(kxx)><A2 cos(kyx) +B, sin(kyx)>
<A3 cos(k.x)+ B, sin(kzx)>

(4.21)

lnedl k., k, uaz k. Aeovuneiavmdu (Wave number) AMSLUILAY X, y LAY Z ANUEIAY

N5 neazUasauINnsluaIfdazdeennuaveulIavesaun i LazaunN Ll Lran

[ ¥
= v v 6w

ada v 6 s v
Melupif Geazdunusiudndames Ax PNU

N\ / /4
E == T4 H. =0
wue\ Ox
2
- =04 N\ (0.22)
! g Oxdy Y ou bz
2
sl b= 104,
& ouE 0x0z U Oy
Tnsodudouls
E,(x¥'=00<y'<L0<z'<W)
SR ] 0 L Z <M= 0
H (0<x'<h0<y'<L,yz =0
ol 4 ) (0.23)
=H, (0<x'<h0<y <Lz =W)=0
HZ(OSX'Sh,y'SO,OSZ’ZO)
=H (0<x'<h,y'<0,0<z'=W)=0

Yudnwal () 1wy x', v ey 2 Wsuanrinduauulwdnlniihfied nneludesladidn
U i 2

a

#50
lagn1sldid eulvveuivnn 71 E (x'=0,0< )y <LO<Z<W)=0 uay

E (x'=h0<y <LO<Z<W)=0%%lp1 B =0 uaz
k =— m=0,1,2,... (4.24)

ludnwagaieiu Weldeulvveuwnii H (0<x' <h0<)' <L,z'=0)=0 udz

H,(0<x'<h0<y <Lz =W)=0 2lsi1 B;=0 uaz
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k=% p=012,.. (4.25)

wargavne lnensldleulvveuun H (0<x'<h,)'<0,0<z'=0)=0 uay

H (0<x'<hy < 0,0<z'=W)=0 ¥lain B, =0 uay

k, =— n=0,12,. (4.26)

a

lunanaglaiguuuuresindnnmes 4, meluainde
A== cos(kyy’)cos(kzz’) (4.27)

logil 4, unuvuiavesduusgdnsluudag map lue ninglavndu & , k, uay k,

LN

k= (m_”j m=0,1,2,...
h
nw

kﬁ(?l n=012.1 m=n=p#0 (4.28)
pr

k =| —— 3 20,1,2,...

; (W) 2 J

lagdl mon,p Wudaaufinantdininundie Auen wagags ogluwuiwny
[

X,y,2 9mandu waslialuduaunives 4/2 wenanil k,, k, uag k. dsaansavili

aglusy
Y Y

2 2 2
ot 47 (% (Tﬁj (% K=o (029)

[J

ey ¢ o %
ﬂ'ﬂﬂﬂﬁigﬂuuumsﬂaﬂﬂqﬂm ']‘WHWI@Q']ﬂ

~ 1 ﬂZ EZ ﬁ2
(fr)m””_Zﬁ us\/( h J +(Lj +(Wj (420

vdsniuunuAves 4, aduauns E,, E, uaz E, agldd
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2 12
E :—jMA cos(kxx’)cos(kyy’)cos(kzz')

X nmp

wus
E = —j@A sin(k x')sin(k y')cos(k z')
y wue nmp x y z
E :—j@A sin(k x')cos(k y')sin(k z')
== e e S y : (4.31)
H =

H, = K cos(kxx’)cos(kyy')sin(kzz')

y nmp
7,
H_ = s A k. x")sin(k, )’ k.z'
== nmpcos( X )sm( LY )cos( .Z')
7,
A | A ¢ o v A ¢ 1 = o
e luandniAnudslakuuianan 1513ghemIuaNaslowuuyinou lund ol
AU slanuuiaigasagbiduluanan dmsvarseinialulasaniuiid h<< L uaz
h<<W @1 L>W >h wedadunnudsan (ueavian) fe TM,,, F9a1udsiowuuils

7N

(4.32)

(= T Tar
AN R e/ OB LCEL

Tagd v, iuAiarisivesuaslueinieing wed L>w>L/2>h azdulua

M, Toemaadalawuunlaainaunis

1 v

= = g (4.33)
(fr)om 2W [ e ZW\/;,,

01 L>L/2>W > h agdulun TMY, wnulun TM, laguinaudslawuuyile

1NFUNTT

(f) 1 % (4.34)

020:L ,Ug:L\/:,.

§1 W > L>h agldluandndu 7MY, Tnemaiud Slowuwildanauns 4.14
wugd w>w/2 > L > h wdulunfiaewdelun TM, 91fuaunisfl 4.12 nsusnszans
vesaullwilusundudanuveundindndmsvlun TMS,, TMS, , TMS, waz TM,
mudunandlugui 4.3

nniildnanuimunaraudlilifinaioninauunbdmuweuresaiingslalden
Henuauaduiisansaund Seeunsiildnunavesauansiaiuldnanuuwdanouniiis

aunis 4.5 dmsuluandn TM,
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J ad a ' a o« a aa 07
wuudIaeIn13fszuesangeinianuululasansuindu arsladidnasnd dud
aunulnlinfauysailuuUneg iuuukaraua1e duBn 4 auimvie Jeegiudiasgnln
doudsritauuuingn Faudnaudesidudinsiifiansuknszateady Asiunisay
MAUMUILYUNTEILE AzABsAnlaliowdtarsiinaeiiegusiamzniglauiuiniisnuuy

LdHD

ey £rL

L
o
SIS Ar A
W L/ f— W

(a) T™T, (b) TM ¢

Rl
)

() TM g5,

JUN 4.3 Tnssasvesmnudmvivaweinidlulasassusuamaesiutg

NS kinguiauuutingn (Huygen’s theory) %mmsﬂLmuLLsJuéf’;ﬁwﬁagjﬁmuu
dreaunuiLdunszualiia J, iR muuvesunudat (Tasundanunuiuiy
nszualndin J, sgdrslaududiaime weiluiiiaglinamie) wasdudrate 4 druasuanddd
meAnuruILiUnsELElnin J, waganuvuiuuauuudvan M, é‘fum@ﬂugﬂﬁ 4.4 (a)

Tned
J =nxH (4.35)
WaY

M, =-nxE, (4.36)
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=

WeosnnargenialulasaniuiisnsdinveiniugewionunIeAeud ey Ay

= U

J, Megiuunazdatesniliadiviv J, fegauans Jsauudlad J, danduauduas
arlaithunAn Fehliauuwiminiuinavey dufaain J, Sandugud (viediadesuin)
v | v A a 1% v & a - = PR s v =

My dewaly J; NUshueudn Jainanauuuimvanianduguddn duiuasivdeany
M fegamutndlasseuveswuudiassandauintuiliiluaue duwanduguil 4.4 (b) a1n

nslangudua (Image Theory) azlain
M, =-2AxE, (4.37)

N

souduToUNAMUT TR TLHN s wRanllue A Awandluguil 4.4 (o)

(6)3,=0, M, @resz1nuanan © M, Tagliifiszanuafan

JUN 4.4 anuvukiunsELaaNysalinung 4 vasngainialilasansusudvasuruin

[

lukuudiaesnninazuesatgeinialulasanivituIsuiaioudyesineyiudig
Tneseusts 4 duvesrdn Inefitesirananiasduiusinsyanenauoenly urtesinais 4
Fodldurnszaeaduldna 4 doe aviliios 2 doavinduiianunsaunnszatenavld diudn 2
th'aQ*ﬁ'mﬁa%Lﬁmmsﬁﬂﬁwﬁ’uﬁasﬁmﬁagfﬁwﬁ’mﬂuizaz W dusn 2 Yesfianunsoun
nszsnduldazogrinatuduszesnis L Saen 2 o1 desurnszatsadu (Radiating
slot) Tnvftszving 2 testiasdiwsiusaiguuiu Fuansfuniiouduniioutas (Transformer)
Fflanudumusn anueves L Uszanadldinviaiu 2, /2 e A, MNeAAINENIAAY

A a o d' ¥ ! i & aa Y Y] d'
Maunstudanaraiieliauinvesorinema 2 Iianwmssiudiy daanddugun 4.3 (a) 910
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1 J & A g Y 1 A o w = 3 G4 3 Ao 1 [y
FB9IVN 2 MUUAILNNTLINYAAUITNIAUANDULUUDLTY 2 DIAUTENDUNNTZULNNIINNY
I
WJu 4, /2

avudliluananatelun1ifdulun TM), ssrUssnevassautuliiiuasy

AUNULUMANITANAIANEUNTT 4.12 U

T !
E =E, cos(zy j

EQ:}%sm(%yJ (4.38)

E=E=H =H =0

gl Ey==jwdy, way Hy=(m/ul) 4, Wnssasisvesauinlniinigluian
' 13 A I Ao 3 [ = ]

FIUTDIALIZINOIAUTTNIUNURNTEIIUAIUAVIFUIUNTNALLEAAINIFU 4.3 (a) B9
Funadins A ULUAINADATINAINE I VBILHNAIEDINA UHdsiAalILaNanINLLIAIY
n319vBILN U801 n15LUE suLUasve R uwuIA Ngald AT ududmiu
angonanilnandilunswinszatgaaulunei il (Broadside)

N13WNNIZAEAA TR IMAaLT DUy nauuA b dulalnaudndn Farnuruiuiu
nsvuadu M wazmalaannaunis 4.18 lneWaisanaugui 4.5 Geasdimiuvuiuiu

1 =3 & 1 | ' = k4 =

nsziaulvinauyanaana 2 589 lagudazsavzlinundng 7 uazge hdsdivunauaziva
= v U O 1 & [ 3 3 = 1o a Aa
Wil Asiusednis 2 Haginsegiluansduuin 2 srusynoudeliuvasiiile (Source) 7ifl
YunkazafeI iU kAN AUMIesTeY L AsuLai I ieaesagwinssatenau
TsAulufiemsusenlss duandlugud 4.6 (@) Fadugduuunisudnsyaieaiiuresusias
sedluszuuawulii (E-plane) dduguwuulussuiuauuwivan (H-plane) ladnuuans
1ilugun 4.6 ()

ANUVLILLUNTERARUYAd IS UTeS 2 SaauuUBY o lagnilsayiessnn L uavas A

a Y

WAARIgUT 4.7 AeUANUMUIL NN SELAULNITSARZ ALY UIALR I ULASITIAN 1R 591

1% 1Y) =

T auuuinsyatelagsewisanstnazluinansdvauindy o lussuivaunuusingn

v '
v v 5

| e~ | ¥ v a ! o ° = v v v o a
PHUULN D709 Y AIIVIUNULLWAA1INY 180 Fazluinarsiunvauiudu 9 Tuszuiu
auuininmie feazlanansluni1siesziaaly NNSERNNTEANEVDIAUINIINKLINY 2 AuTlay
AN v A A ) v a Yy A N v o o | N o T '
fetesunndlaieununtadn 2 AUV AITUTINIENraItaNsenI1 “Iaanliiin1sw

n3g18”

[

WOMNTUANTEBVBIEUINANUARETBY BUINTINLULTUNATINAINDUTIVUIR 2

£
= a

239AUIZNOU Fawsaresdusznaugnunuiieses aeuseuraiddanvazilulunugaunf
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UM 4.5 seadmiuuinszieaduvesaisenalilasansusUdvasuiuiasnseua

wilanANLS

\ AY

7 VA4 L LV VI Tt 777777777777 777777777777

z

/
LSS

(a) 32UV E (b) =V H

3UN 4.6 wuugUluszunuawulihuazawuwivdndmiuunulilasanivsonfeanasiia

A04509

JUN 4.7 avunuidunsviavusesliinswinssneaiudmsvaenialulasansusy

AAUURUEN
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UAZEINITANINITLENITABYesEUINlA lngeFuR LI ALMBS (Array factor) @1%5US 2
999999N15kHNTZANUAAY NSHNNTEAevasauNlin luszeslnaanusazsasausanle

lngofuAIUIL NN SELARNYaAINANNTT 4.18 a1unsaideuladn

E ~E,~0 (4.20a)
—ik,r in(X)sin(Z

= _jW{SmgM&()} (4.20b)

r X Z

Tnefi
X £ %siné’cosqﬁ (4.20c)
kW

== "2 cost (4.20d)

nsalieugveTanguTeiaAleen o (k h<<1) aun1s 4.20b wanaunie

. (kW
S it sin > cosf
E, =—j—=2 sinf (4.21)

? r cos@

Toedl V, =hE,

a A ¢ s o o = s aa a o
G]']QJ‘VIQH{]LifNGUE]\‘]EﬂLiﬂLWﬂLm@iﬁqﬂiUﬂsm 2 99AUTLNOUNUVUIALALLNELABINUING

WAUMIBIZELNN L, 9UAANINUNY Y

(AF)y = 2cos(k”2Le sin 95in¢j (4.22)

Tae@ L, \Juaimngnvszdnsuanuaunis 4.3 seduaunlninsmdniuses

@04 (@wsuanganialulasansy) Ao

E =

ity . :
= 2k hWE,e™’ {sin@ sin(X) sin(Z)

}cos(k”Le sin «95in¢j (4.23)
Z 2

nr

Tnen

X = k;h sinfcos¢ (4.23a)
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kW
7= "2 cost (4.23b)

dwsunsdifl & Tendesann q (k,h<<1) aunis 4.23 azanaaiy

Q

. (kW
AV o sin 5 cosé i L
Ej~—j— sin@ cos[#siné?sin(ﬁj (4.24)
r l cosf 2

Tl V, = hE, \Julssiiunnasonssningsed

drvsvdatgeinidbulasans luszuiv x—y(9=90°,0° <$p<90’, uay
270" <p< 360°) Wuszuvawulnih dwsulussuiuil aunmsdmsumauiuiuinsyane

PNAUNTT 4.23-4.23b 9anaIURD

Jsin(k”h cos¢j
—Jkor
E =—j2k"WV"e 3 cos k“hsinf/ﬁ (4.25)
¥ r 1 k,h 2
) cos¢

STUNUAUNLNLANYRsagaINAlulATERS UARTEUNU x—z(¢ =0,0 <6< 180°)

LAYALNITANMSUNITLNNTLANBUDIFUILNNENNIT 4.23 — 4.23b zanaady

. [kh . . (kh
ok WV 6 sin ~ sin@ |sin 3 cosf
E, e ND5T ind (4.26)

.= sin
Y koh sin@ kA cos@
2 2

N1TWNNTFANBUBIAUINGYTBINLTNTENIT 0971 LT NITUNNTEIBATY AU
Usgdvdng L, uazmugs A vasusassesamsanilalagldisnisiieniuiusesniinisun
nszaemdu lnsodeauuiiliannaunis 4.19 anuvuidunszuawlivinauyavessosily

)~ ' A A 2
HUNTFLANIZINYUAAUNTINNUULNY Z AB

A ~ T
M =-2nxE =a 2E cos(—y’] (4.27)
K a y o L
waglouanalilugun 4.7 dwdnseamilaziseguussuiy —z andedunauifeliusesiiinig
wHnszeAdY asAUsEneuvasawlliiihszezlnaliuinszangeanunlagusazTesaunsan

19210
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kL Ee" Jcos"'Sin(X) cos(Y)

E (4.28a)

S R N ]
—jk,r :

E,= hhLE,e Jcostﬁ’sin(,”,‘sm()() SOS(Y) > (4.28b)

dar | (¥) -(#/2)
e

X = (428(:)
Y:k"2Le sin#sing (4.28d)

Wesawisanstdazidunsdruin 2 a9rdsenou FavulnLAgInuLALan s Ut

ManeneonanAululL z Meszesne W aglgosdimamasidu

. [ kW
(AF)Z = 2jsm( 2 ] (4.29)
Fafuaunalnihsluszeslnaandunanavosaunis 4.28a uay 4.28b funsduna

LPDSAUAUNIT 4.29

Tuszunvauulnil (6? =90,0' <¢<90", uaz 270 < g < 360°) A1N15 4.28a uag
4.28b agdandugud \Wesnnauuiunszanelunisdiudseuveudazsoazgning1991n

a 1 ~ | a a [ a o 1 <
aununudnszaenisdrudsouainiou 9 uazluanvauzifoanuluszuivauinudivan
(¢ =0,0<0< 180°) auusandsdanduaudmsizinaunis 4.29 i Aaduuwanedn
AUUTURNTZANYINUARLTBILYNTNA1IAYAUNNURNTZANYIMNTOIDU 9] N1TNTOINIADS
ligusaunnszaerdulalussununantulanalinalluneuduuas lauansnnunuiuLy

vosnszualilugud 4.7
4.3 A1SIATIZNA8IT LULUUA

lassadavesaneonialulasanivuaz Jangusesuuszuivaiiuanditauysalians
YagUil 4.8 aundlilulasansdgnivuadieiy S vussuwu x—y Adumis z=2' e

2 <d msuddamidaan (Numerical Solution) vesansenielulasan3udild3slumud

lUWAE Galarkin @slainuailaniduninsgiu (Basic Function) wagilarduaseuimn
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(weighting function) Jaynfiaunsanuualagaieleniuilendu (quasi-Green’s function)
[7]

4.3.1 ARYNTUNINTU
Tunszuandwdnimeluty aunuikanszaelurauwsi 1 wasvauwai 2 1AATWAN

NITUATART J, UULHUAIEINAQNAVUALAYENNTS

H :leA
Y7,
E=—joAd+-— V(V-A) (4.30)
JEH

(V2 +k)Ad=—ut

s

nIzuauDIuaInLin J, Aownasniianasne J, uazfenszualiuuaedslulasea

3 Fegnivualay

J =¥ (a.31)
dwusvatgdsuululasansy tsnasle
W= 2(mz) (4.32)
A
Usm 2 ury I Insaasy

STEIRLIE! /

E=¢,6,
TTTT T 77777 7777777777 7777777777~

/

o 4
ATUY T

]

rA=

5UN 4.8 lassadwaneenielulasansuuas anguses

W w, Wumnunislsydvinavesaneds dmsuiangiusesunlafinisussana w 1Ju

w, =w+2z" die willupnuninvesaedslulasansuiileuduruasainia

Tuvauwe® 1 1519 1uAaNNaNnIs 4.30
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A4=4 sk =k, (g,)l/2 (4.33)
Turound 2 agla
A= A* sk =k, (4.34)

Angmnes A'way A% @1USUTIULIAT 1 kA 2 ANUAIAU @NUNSananslnaFneg

nawesmeleniuilsidu G, waz G, awaduazle

A(r)= ,uL G\ (r.r)-J,(r')ds’ (4.35)
° Y A ) . 2y
dwsunszafueuaIseIna J, vussuu z=2" e =1 %se 2

lunsessfiudu G Asnsuntamannis

(V2 +k2) ' (7, ) = =Lo(r, 7). dmuveuivad 1 (4.36)

(V2 - ko)@1 (ryr') = <L8(r,#')  dwFuvouiunil 2 (4.37)

Ingaued fuloulvreuwaimungaNd uwsaz o ULn

= s

Wewnaunsun G, war G 15algnasuyasii3es (Fourier Transform) 91naunis

4.36 uay 4.37 Wisuiu x waz y naawsnsuUaaisesues G, way Gi gninualaenis

v o 14

[ Y 3 Ao o =1
UIAU MLUUI‘IJG]’]&ILQBUI‘U%@ULGUG]‘U‘H’e]\‘iﬂ‘ﬂi%ﬂ@U%m@ﬂum@ﬂﬁuqﬂﬂﬂu

E)(k,.k,,0)=0 (4.38)
E!(k,.k,.d)=E(k,k,.d) (4.39)
H) ke, d) = H} (k,.k,.d) (4.40)

v s = s o Y d' v v a s
ﬂﬂEJL'JﬂL@@ﬁm@ﬁﬂiu%ﬂﬂ%uaqﬁﬁUma‘ULEUGW] 1 way 2 ‘Vi'ﬂ,@"ﬂ"lﬂﬂfﬁiﬁﬂﬂqiLLUaﬂijsﬂi

WAEw (invert Fourier transform) ¥ G| way G, dwsureuwnladiannin agle

o0 0

G () = (2%)2 £ L dk dk, [ (%5+ 59)G, (k .k, 2.2 e

_(iikx + jzéky)(;b ( k.k,.z, z’)} o)k, (=)
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e*jkzl(zfzr) _ e*jkzl‘z’z"

G, (k,.k,,2,2") = T
Ak | |
+%£Z){kzl COs[kZ1 (d- z’)] + jk_, s1n[kz1 (d-z )]}

(e, —1)sin(k_,z")cos(k,,z)
TT

e m

T, =k cos(k.,d)+ jk_,sin(k_d)
T, =¢k_,cos(k,,d)+ jk,sin(k,d)

G, (k,k,.2,2") =

Tuaun1snnaniugnaiu

(g4 ~k2)" k< e k2
4 (4.42)
& j(kf — e k; )1/2 ;otherwise
) @=e) ki <k (4.43)
22 U :
> j(kf —k; )1/2 ;otherwise

Wo K =kl+k]

4.4 msgeyideludangiusesesaliualaunesan
AuantRvastaggusemosaeanirtuiuindutiedeidanuddny duensbeie
AnanTRlngTImYBIIEDINA MnTanguseliaiisaeeniawuulilasasiuiinnsgnyde
(Loss) Tufangusesnazdenaliszdnsamlumsiinszaeniuresaseniasesas
Faunuautivesiangusesduduvsndundsiesdasfinnsuni ennumungan lu
'31nmﬁwu'§§%1§fﬁmimfmammﬁLLsJuLLuuluIﬂiam%ﬂﬁﬁms’%‘lmuuﬁagﬂulm ™,
TngmsinszsiuuusaosaindsesrUsnaus 0 sveHuaEMATYITUsENa U e
0, e 0 flesnarwgyidslunisusinszane
0. Wueh 0 \flesananugaydelusiati
0, Wum 0 \esnanugnydsladidnasn
T 0, annsamldindves O, 0. uay Q, faaunns

1 I 1

L_r vt (4.44)
QO Qr Qc Qd



IS v o ¢ a a V1
LAaga UILVYUAIUANNUTUDY Qo hazUssdnsnIn n 19]’.]’]

Tne

o &, h way tand (Juminsiiaa

[

FATIUTDY, ANTUAUIVDIVEAATIUTDY LASLLNULIUANTT

77=&
0,

3 4

==& —

o 8 " h
h
Qc_é.s
1

Qd_tané

doydevediangused mua1au @ S, Wumnumunve i
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(4.45)

3

nswdsunlasves 0, way O, Wiguguiuaua1UNIU () ¥037an51u509

wanan a3 uN 4.9 dnnmiuldTduldsvesnn O, way O, AAAUN F1LNUS

Py =5x10°[Q-cm] Tag@ 0, gdmnudidgiiio p<p, wazvliauaudiives

41891N1ARREAY kAR p > p, wvlianugadsludangiusesaniesas 4l

a wa o Y
a’]ﬁ]@']ﬂ']ﬂV]lJﬂmaﬂJ‘UmI@Uﬁjllﬂsﬂumqll‘lﬂﬂjﬂ

10000 . +
1000 |
@ 100 F
S Qr
10 | Q.
Q,
—Q,
] N 1
1E+02 1E+03 1E+04 1E+05 1E+06

5UN 4.9 a3AUsznau O WIguiguiuanInAuaA unIuYeiangIuses

Resistivity [Q2.cm]
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4.5 WUUFUNISUHNSEANEARUTBEIBBINALHY
\osnniangiusesiifiainnuiununazainisgadeiunndiaiu azfinadenuy
sUnsuiinsza1eadulnenss dfunisiieseidauusunisuinszaedildainnisadis
ameemeuuuuulludssnuuiangiusesergiitnlnunesd1 Sadudsildlunsfigadenis
ueinsTIBAALTRsENEEINATTIUSEANE A mUANsNsaInAnsasuL AR use s duauIy
wuuduegils Iglunsienesimuuugunisudnszaneeduilidendoasufinneitagluns
Apswnt Taeldlusunsu Ensamble ¥09U3EW Ansoft il evAS LT YRIAN8DINTA LY
LUUUNTUENTEIERduRaBnIuMadesnmIasfioundu Selusunsuilldendendnnig
Aneidie s luuuddsindnuudlunoudy lneaseniafiadnsd uiwhauedlulun
TMIOO
nnmsdsutuuazldiuusunisuinszneauuliiinidan p s 9 fu uansfagui
4.10 auudliszurunsnadawalvguin Wednimanudumiudaisingd 10°[Q-cm]
wuuUMswHnsEaend Ut ldaylilauning msnzainuuians veslunilonuuvianas
dosmnnisanaeoeRlseney 0 wusindaeduUsyans aueunduasiatuniunis
anasvesannAuiuusliansluzui 4.11 uardnsuensvesasenimiouiue
anmanudumulduanslusuii 4.12 aziiulddn shveisazanaaile p Yesnin
10*[Q- cm] wazlusuifisafudslduansdieaUssdntamnisuinszate n daldinalagly

LUUTNABIATINGY

0 L] L]
=2 4
%
¥,
g -4 F 2
Q
o,
B -6F j
= —— 1.00E+02
l:zé — 3.20E+02
® _gl] == Looe+3 j
& — 1.00E+04
— 1.00E+06
& 10 1 L Il L Il

-90 - 60 =30 0 30 60 90
Angle [deg]

JUT 4.10 wuusunmsurnszarwawdliiuuiangiusesi p saiu
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1
wn
T

Reflection Coefficient [dB]
>

P 3.20E+02
— 1.00E+03
— 1.00E+04
| —— 1.00E+06
20 : :
9.0 95 10.0 10:5 11.0

Frequency [GHz]

JUT 4.11 dudszdvismsagvieunduunanuinsesil p Ay

5 [ T T T TTIr T T T VTTW T T T T T T TTTITH
% 0
Y
8
.g _5
H
-
g -10 ]
= y
.5 E
O ’ 4
= Gain ]
—— Efficiency |
20 b nuw 0 aum Ao L1 LALIN i -llnl.!
1.LE+02 1.LE+03 L.E+04 1.E+05 1.E+06

Resistivity [€.cm]

E‘Uﬁ 4.12 9MINVYVBIE1EDINALALUTEEVBAIMALUAUANINAUFTUNTY

4.6 %umaumsaammu
Tuideinazaniasantuiviuneunmseeniuunasniuiniseanuuuaiseiniea

wuululrsariusuavdeniiuin Faduuuuiihefiandmiunseenuuuaesenmaludnumgd

desninendnusatuifesnstliiuinmuauifvesiangusesifiarumnyan dwu

AsepnwuUlngadunauNIwasteluniIseankuy Wweldluswnsuluiuduyas (HP EEsof)
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wiagslsfimugpaniuudsasiosoudFusilitunesiumesiou miteuliignldfus
Sudulunsideunuy (Simulate) Fsgfponuuuidudimunauandisng 9 vesaseiniai
Fo9n13 1Wu Ardsleuuw Sunaduiiuaud vavesanseInA WUUFUNSLKNTEINEAAY
"8+ Tngandormnsifimeslunisoonuuudsl

ganuuufiAud /. =10GHz
anmesnduivg &, =11.8
ANUNUNYDIFAFIUTEY A =0.38 mm.
ANUNUIVRUHUAI £=0.2x107 mm.

anmmautl o =4.513x107 S/m

Wothwisdimesang q wartuldduasuduliniulusinsuneuiames lneludiu

299TUNDUNITIBNLUULEAS bAFIT

YUABUN 1 N150nwUUIUEINYDIAN881NALN W (Patch Antenna Part) Tag Ty

TUsunsulaiuduivun Wis1Emaseang 9 wanwegun 4.13

1. Aue

A
3 N (4.46)
g@ff
Tned
C
/10 :7r
1
e 2
Eor = £ 11 & oln @),
] 2 2 W,

o ! < b4 j'g ﬂfg
2. muusrvuIauIwivglagla I, =" une L, <

1 s a 1 < v A = L VVl
3. Tawasn o UﬁnmmiﬂﬂﬁNSU’OUa'NéUENLLWVI‘U‘IG]EJGLMLUuamaEJ@J?]G}??!‘UU'W] m

4. ynM1s91a99 (Simulate) Ineloluswnsulususy
1+§,,
(1-5,,)*50

6. wenA1 Z, oondudiurea1aitardiuresndunnim fie Real (Z, ) wag Img (Z,)

5. @ewuA Z, 90 S-Parameter, S, a8 Z, =

AIUAIAU
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7. farsandiuresaidnnimass Z, lasdvninainladaildinlng o Tuvinnisiaeu

(% [
v

ABY L, iud g austunaud 4 uanindiuvesadunninees Z, dadilng

0 uardIUTDIANSWeY Z, SAlnalAes 50 AuansinAn L, Adltvidldla

A
Wi=—~
2 —

A

L <%

2

| 5 |
1

WoIn 1

5UN 4.13 1a598519% 098189 1N1ALNY

/'

adunuuda L=L,
w=Ww,

o A4 ' A
ANFOUADUUUN

I'd a o
Wi 1 (S W13niwos) /
\Jﬁ A8
100N IFALLAL
Q xg ) = E
o | — —-n
% I,4 =n ) 2 4

W= X - wW=Ww.
moaslulnsansi g

50!

5UN 4.14 lassasrsludiuveauunda

Junsudl 2 nseonuuuludiuveauundds (Matching Part) 903Ul 4.14 Tngld
lUsunsu <DS

1. Tddeyaviamuandnduliiiulusunsy MDS

2. fuenunte WA Z =50 Teviu lnsunuen W =W, =W, =W,
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3. Yhnseuia kasnnasuiual L, 9uni Real (Z,) azdandilng 50 Q dag Img

1+5,,

(Z, e VR
(1-5,,)%50

m

) fiandlnd 0oy Z, =

W, (A.1)

WosM 1

sUM 4.15 dnwazlassaivesagenialernango ALK UL 53 UasludIuves

LUAATISHUSDHLAD

TUABUN 3 NMTPBNUUUTINEIUVBIAYDINALKULU TUATUVBIUURATS UARIAIFY

7t a.15 Tnelalusunsulamusiy

1. 11dur999suunafesneaniuulaglusunsy MDS unldsiuAu Layout inefiuniu
AUVDIA18DINALNY UULTUSLATULNIUAL

2. fmiua Port 1 figaisusulssangUoudeyay o
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i sdnaedlagldlusunsulumug
AMUINAIBUNABUNULAUTIINAT S, kaznTIABUAIUITI Real (Z,) 1dansilan
IndiAes 50 Toviy wagaudunnm Img (Z,) dandnlng 0 egnield arldliusudn
L, wdisusulmi lnedwwmaves S,,,T(S,,) dldde I(S,,)=-20dB

e |

* Wi "

£=10[GHz]

&=11.8, =380[um]
Zin=51.092-j1.848
(I'=33.461 [dB])

L1=4.2239 [mm]
L2=2.619635 [mm]
L3=3.0990 [mm]
L4=17.604795 [mm]
W1=4.4395 [mm]
W2=0.30641 [mm]
W3=0.30641 [mm]

W4=0.30641 [mm]
W5=2.066545 [mm]

—| w4
i
Zn [

JUT 4.16 YUIAYDIEEINALAL A IULUARTINAINITEONUUUISEUTBELAD



Imag (Zin) -1000.0 E

-1000.0

a)
=
=
]
2
S _Aj i
=
K o
i |
LU

=
2
o
2

freq 12.0E+09 D

freq 12.0E+09 E

Ul 4.17 enuduiusseninadunmBuiiuaudiunnad
M
)
=
241

o
S
N

freq 12.0E+09 B

sUT 4.18 || Fildannlusunsuluiiugy

44



M1579% 4.1 ANUFUTUSTENINBUNRBLNRALS FuUsEanENTaEyaUNaULAEAND

45

Frequency Real (Z,) Img (Z,) dB (S,)
8.000 e+09 1.397 -158.450 -0.044
8.080 e+09 0.826 -117.555 -0.044
8.160 e+09 0.557 -91.706 -0.044
8.240 e+09 0.411 -73.584 -0.045
8.32 e+09 0.324 -59.936 -0.046
8.400 e+09 0.268 -49.170 0.047
8.480 e+09 0.220 -40.168 -0.047
8.560 e+09 0.199 -32.452 -0.049
8.640 e+09 0.187 -25.631 -0.051
8.720 e+09 0.180 -19.439 -0.054
8.800 e+09 0.181 -13.680 -0.058
8.880 e+09 0.181 -8.203 -0.061
8.960 e+09 0.185 -2.880 -0.064
9.04 e+09 0.199 2.405 -0.069
9.120 e+09 0.219 7.770 -0.074
9.20 e+09 0.249 13.338 -0.081
9.280 e+09 0.294 19.263 -0.089
9.360 e+09 0.265 25742 -0.100




M1519% 4.1 ANUFUTUSTENINBUNRBLTuAUS FuUsEavansasisunduLazANd (do)
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9.440 e+09 0.488 33.067 -0.118
9.520 e+09 0.756 41.686 -0.155
9.600 e+09 1.532 52.494 -0.253
9.680 e+09 4.269 64.002 -0.561
9.760 e+09 2.755 48.735 -0.247
9.840 e+09 10.327 126.777 -0.481
9.920 e+09 182.496 243.704 -1.686
10.00 e+09 W52 -1.848 -33.461
10.08 e+09 20.398 75.205 -2.107
10.16 e+09 19.761 144.525 -0.726
10.24 e+09 36.942 275.346 -0.403
10.22 e+09 285.765 897.3044 -0.279
10.40 e+09 145.007 -742.208 -0.219
10.48 e+09 17.612 -281.538 -0.186
10.56 e+09 6.155 -171.743 -0.167
10.64 e+09 3.090 -121.619 -0.155
10.72 e+09 1.831 -92.214 -0.145
10.80 e+09 1.253 -72.446 -0.140
10.88 e+09 09.37 -57.907 -0.139
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11.04 e+09 0.633 -27.094 -0.142
11.12 e+09 0.560 -29.021 -0.145
11.20 e+09 0.514 -21.844 -0.150
11.28 e+09 0.489 -15.264 -0.155
11.36 e+09 0.479 -9.055 -0.161
11.44 e+09 0.475 -3.039 -0.164
11.52 e+09 0.496 2.953 -0.172
11.60 e+09 0532 90.86 -0.179
11.68 e+09 0.586 15.542 -0.186
11.76 e+09 0.666 22547 -0.192
11.84 e+09 0.782 30.408 -0.198
11.92 e+09 0.954 39.577 -0.204
12.00 e+09 1.222 50.772 -0.209
4.7 &3y

¥

NnMFRTzilaisuvuiaesnnia wagislumudluideiiunlduand i
AuawTRvesiaggiusesergivilaunesd Gaanmsiinsizsidmaniwarmsiuniu (p) 4
ANt 10* [Q-om] agviliannisgaydefiiatunieluiangiuses uasuonaniéai
TlFuuugUvesasoimanuululasan3vilauannsgndesniungud arnaadileiainnns
Feunuumelusunsunesfweslsuandiifiuegadaauinfangusesergilaunesdi
Ihauefamsoiluldiduiangusesdmivasanaifliassadauuussuulfiduegng
7 wazbmngay warluowandulndtinsfiesrmasenmanisnuuslassaiauuussuuedn

Yuaunsaikanfviidululsegnawuuau

]



uni 5

N32UIUNSE51981891NA

PnileAnwinuanliLaylasEiwesdgaINAuNTENIUTOWN 9 AAEAUANK
fanTieTzRkaznanniseeniuulagldniine ey o NdAgesaiseniAwuwuuly

lasansy faninanluund 2, 3 wae 4 WiefiaunsaasvasonAliiussaniningedela

IS a

Wnaueiangusedvil Fegusesnldidutangiuseduiiiluasisinihezalivviaeu 7

Y
[

QifNsILozRouNoIA szuansnuandAnsliindsuuvatly uonaniddadunavinli
anmanusiuynuUAsuLastuie (8]
nszvauntsadsvesaeeinaluiveinusiiunssuiunisateddiouuuiialy
msdusiaeudanes Tnevihflgamniae Tetumeunisadlduanduinugisuil 5.1
nTzvUNsatIsAssEAvs ansnadihdningezidunssuiunisaiduussuny
(Planar Process) 3s5auflaango1naszunudieg nsvuIunisaidlunssuuldisuduaing
Fausil) a.e. 1959 deqmaugssnsEuIuNsas vaUnsaiansTstauuidaTeuisud
n3xUIUNTasNlugRaY 9 Wy FBnsdaasendudu wulinssuaunisadshuiuszuuiide

luFaudmivasradusgssinde seonevesasisdniazgnaauaietuvesezgiuila

q

€

sonles Felasiulilisesdeviufisenlaunssiveniavseduievusidndy 9 Wunaliiin
nszuasdluasnuin AduaUnsalfedianuledalags (High Reliability) kagn1seenwuy

4

FULUU wazimatan1sanadslalunisiivualassasiedsazsinlvaiuisaanuuialaranas

[y

wazaraIntumsasvgunIalinuan 9 WnseuiuuuikundnorgiuLfediu

5.1 ASEUAUNSE519YR9E188INA

5.1.1 JunausinszanduLUY

wdndildoonuuuiiasBeudesuunsenensm Matufssthududuuuulunns
Fausunaann ardun Usznousagluans@adeunanainduns tadesiatutonia lula
sndemmes \ulufimdoudald 2 wnu farwasdends 0.1 pm s udsiidosnsdn udn
ﬁwmsﬁmmm’faaﬂaﬁLﬁuvl,ﬁma%é’maaﬂLawwwmaaﬂ%umaaﬂmﬁaﬁmwiulmmﬂa diele
Funvvuuwsiuluanfuds anduhundiedesdnsdediu mndesnisdodiuannn 9 1wy
200 111 1577 91435 odqu 2 AT AT ausngaR uaTUAY 20 WinasuuNdunsEan
(Phosphosillicate slass) mniuthildunszanigendn 10 wh axldnsanedodau 200 wih

ilUfuianagasuuuRunszaniseu Weldiu Photomask ndasnnegediuiania Step

Y . o L, ¥ o 1
and Repeat Camera lgiarlunisany 10-30 U antiutanugidien Developer 8n 15
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W9 d19U1uduY Fixer 8n 3 urit w1ldiduisisudalulasiau (N, ) Wunisauduney

N1590NLUY waza1gudansaunazululdlun1sa1eduLuUI9stunsEUIUNSINIA AN
Asle

SUN 5.1 n3wanande

5.1.2 TUABUNTATVULAUDZUN

5.1.2.1 1¥nAuauUR

] a

! urwazaluvindusTEU (111)

Y

b ANAANATUYNY 107 [Q-cm]

- AU 380 um

5.1.3 N32UAUNSLARBUATISNBA (Au Evaporation)

lunszuaunisiadeudunasmluguanie (Gold Evaporation) lnensidgunsal

i
1% v o

(Vaccum evaporator) lavihnsindeuununinezaiiuismetunasimvunyssain 0.16 pm
dmsumadanisiadovaisiuszuugaainiad ldluugaaivnssunisasig
AeUszhvgansnadiniinaneds lwinenusilaldmeda Filament Evaporation
a 9 [y . & addal PN Y A v =
nszuIuNsAdeumeld (Filament Evaporation) 1wisndeiian uilasstios il

a

HaraNIsuNIEAslenau wilslavivaiduneonanisidanuvedld (Filament) agdu d sy

a o o o § v ° U Y vu o Y A & A o
ﬂ']iLﬁa'E]Ua']i‘Vl@Q?’ﬂVl’]léﬂ;ﬂﬂﬁ/l'ﬂﬂﬁ']iﬂ@ﬂﬂ’]uublﬂiUﬂ?quiauzﬂqﬂlawsaI‘Um (Boat) 111310

A1379EeY (Tungstan) n3ouedANL (Molydenum)



wissnLHuargiinyie N
suvu 111

v

LAADUNBIAINIYIDNIT

sewelugaIne

v

wnsaznaunoIAn Uy

\eanseygiiin

VANIANVLAYN DY

v

ASEUIUNIT LS

alnnsaw

v

AADUAITNDIATUURT

PUIYDIRINANY

v

ADNEIT LAY

fEID Lift off

N5TURDS

(Sintering)

v

ANSHTBUINNURIAD

(Bonding)

JUN 5.2 N52UIUNSE319YRE80INTA

UM 5.3 AR euiunEnez gl
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Tdusoldnil azanusausanunannIsidnsewalnidndrwiuuinluaniu neluvne

insiedeuasnesdn azauaulinszualiihlvaruldvseldaiuvuiiaztay 9 aunseny

'
o A

1Ay v v a lo v va & 2 '
a1snesrineyiildvasudnluveavminegiuldnesemedulofenssaendouwnu

wAnoaiithinalu chamber
a°'1ﬁu%umamaamamﬁaumﬂuq YEUINIA
1) $ANNALDIALAYIAS EURIVD LN UNAN LA
2) MauHuNanasly chamber fishunidsfianzauiiolfduansindeuiiaumun

athiawe

3) Un21872199 chamber ﬁwmigmmmﬁaaﬂiﬁmmﬁumaiuﬁ?ﬁaauﬂLﬁﬁanzmm
107 331, wasUson(Torr) laely Rotary pump

4) Un21d3904 Rotary pump 1UAI182183 Diffusion pump vt avinlauduly
chamber anadyas 17 3x10°° 1y, wa3Usemn (Torr)

5) Suvhasnesdfiedeulidule Tnefimtufiedliaisiiievuey Tuindeusiy
TRRLEAUIY

o A

6) ¥NNISLAABUAISLIDNIAIAIUULNUN AN IANUIAINADINISG YULVINISLARDUAS

o
a [

wuNANazaluIvIATImsIiRNTRUULLHUNE NI TasLiva it o sa s lAR D UARULLY
TULHUNAN D2 aHYT
7) neavinnasiedeuans Yasslinagisly chamber Wudias 30 wail

8) Yapweniednlulu chamber sgnstn q aummsuduuni uaaen chamber Yu

azaN
U

« Moam

sUN 5.4 ndRININIsiAfauATTTIaIM

5.1.4 NSZUIUNITHNIILAINNBIAT (Au Diffusion)

[
a 1A a

Tunsgurunsunseznounasratiussgiiund lavinigamgd 1025 °Cidunian 6

Y Y

CRIETN

ALO+Au «———  JAQgIUTeY

e e A o+ s e g

gﬂﬁ 55 mwﬁm’mﬂ'ml,wﬁazmammﬁ’laﬂul,wiumﬁﬂazqﬁm
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5.1.5 N139ARNTALABNDY (Au Lapping)
19vi1n135 Lapping lngldnatnoasvgduintlusiues #1000, #2000 way #4000

o U dl' o VYa ¥ =
ANUANNULNBYIN I ARINU S 8

Fro)
3

ALO+Au — JaAFINIDI

5UN 5.6 MWFARUINUWAINT Lapping
Y

5.1.6 nszuuMsInlaainnsani

nszvaun1slaamnaililudunounisatsainuida (Mask) lUgsiaminvesuweiu
2yl FadumeuugIuveINTEYIUNTH kandusuil 5.9 dmiutureulnlaalnnsnilaes
iluriesazendwmsunisujuanisinedesiuduazessnazanaunngiuseservgiul Tu
Tunouraie il weiliiegadstuiiainateiatswuuadly eideiindunas
rauauliliay 10% ldguiudionisuuuasuiinsyuiunisgeasldunda lisndt 7-8 wiu
o § v sa v 2 o = ' v & w = = o &
igunsainaswaiafilaniaderneuinnis 50% feluredageindafinudnduuin

dusunszuIunIslaalnns i

dmsuturounszuunslealnns

1) Waslauas AZ 4620A + Acetone (1:1) nasllsfidriui 600 rpm 1181 5 Junil

2) aluiues (Spinner) # 3000 rpm uraan 30 Jundi
soaasluasuuuiukEnidauuidunyuvesaluiued nesannudiseuge 1 ilefiosls
anshnaumdeuduilauuis q vuurunanuuIUsEaIa 3000°A -4000°A Tagliniuisa
50U 3000 rpm (Hunian 30 wiit dldanusiseudniuly dnvazvestuilduiindeuwiy
nAnazAnyunsina franuisevgaiuld suilduiiadeuftenszangluyuiiuinurey

L2 Y

v a a 1A A o o 1 |
ﬂ"ILﬂa@UWUWIﬂ NIVEVEIU lﬂJLiEJ‘U AU RIZINNET Qﬂ!u@ﬂqﬂuqﬂ

o
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MANVALOIALHY

A

A
naeVAs 1ag

A4

kY

DUUNUATIN 1

v

JSuuuInszIn

\4

ANBUAIAY UV

A

)] A
faas huea Non

A\ 4

¥
DULUNUATIN 2

5UN 5.7 uneuruunsivladinns i

- mibhuas Az

ALO, + Au i

ATATTIHIN

UM 5.8 MINARTIVARINAFaUATL LAY

5.1.7 m3angalsuasganiililatan (Exposed to UV)
dlodaundaisuiosuds duneusaluilunisatsmeuna UV. (Ultra violet) Fadu
UaNIANNEIATURUAAYI 193 - 436 wiluiwas uaziievililuuignanelianuagiden

waTIFagdAUNeR N1TRBuaTlULLILEURTS (Alignment Expose) Huldiian 5 Ui

<+— a3

d
<+—— H1ganIzan

“« mihuagAz

ALO; + Au v
< angIuIey

3UN 5.9 nMinrnelunouangua
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5.1.8 N15819a1512ds (Development)
n13 Development 1unnsad1sanarsuutinenliuaiiiunsasuadadae
developer luthenlanas (AZ Developer) WUUUIN a'au'ﬁ'lgﬂLLm%azawaaﬂiﬂﬁwﬁw

U35 lnglonanussana 1-2 unil

<« myhuag Az

ALO,; + Au

<+— aeI91HIDN

o)
)]

5UM 5.10 ANAAYINMERIN developer

nduihleungugill (Prebake) 90°Clagldiaan 10 w1l sgluimieuiivalvidud

Wutuiduaaailvindufnudusau

5.1.9 NNSLAABUAISNDIATUUAINAY

TupukanIzUINNTImMisununszuIumMslutunaun 3 Ynusenis

<« NdIM

a3 luas Az

ALO, + Au <+« JaagIuses

JUT 5.11 2 ARYI9NTEUIUNTLARBUAITNBIAN

5.1.10 N15aanWauRISNT Lift off

yMnsasnilaulaely (Acetone w38 AZ-remove)

] <« #189INALNUULIEAFIUT 0NN

ALO, + Au 9
<« ENFIUTBY

UM 5.12 nndinvinavestiuauiilavdminasniiduesnuwas
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JU# 5.13 Funuilainisaenilduued

5.1.11 n153umas (Sintering)
Mn15T3unes Neuyiussana 250°C~300°C iielvidiuagoniafiuiioasgiiun

fadnnulnwuud Uy

5.1.12 nszuaumsiliousia (Bonding)

¢
ADUIUALADT

awoma luTasaadyl 2
A (Ag) SMA
AT INTOY
(Al203 + Au)
= |
NOIUNADA
Y
FLUNMATI ———

JUT 5.14 1A59a3 N0 minuIeuedaeeIn1an laviaansiese

5.2 a3

luuniilauansdenssurunsadiameeniaudunuululudnsnuugiusetozgiiuig

a1 a

gnlaunesd ulundnazglurfithwnadaduedadu Sranwenudumiy 10° [Q-cm]

Y

anmeNgaNduing & =11.8 wazszuu (111) alvansilenesdusgnsiaumeisased
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Peuuunily MenszuunImaiinaufawes (Semiconductor Process) lngldainuiou
Tunsszwelugaanie wazunsansidoszaounadioamnd 1025°C1dunan 6 Falug
daunszuaunslnlaannsmilidunisasneguuuu (Pattemn) vadanea1ne saenisadeu
a170uas AZ 4620A n30 AZ 5200E Laeld aluiuas 3000 rmp waaviin1seufigung i
90 °Clagldiaan 10 wil annduillanesdgansilalewn (UV) udviins Developer
v ° [ < 14 Y = o A v o A g
Y AZ (@1135U Developer) naglaainanyanseinia L luldeumeaITnesrmdnase

a

wasantudllaeniiduesn AagldaeeainiAuueralivin ufifeants wasiiiebin1sgnin
YDIAHBINIAAUFINTBINUY N11IN15TWno3T gaungiiuszunas 250°C~300°C 9ntiu
U@ ausaid1iUARULLALAES SMA LAYINNITNAZRUAMALTRNITLNNTEI1UAT UV

ango1nese U
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N1INNADILASHEANTINAEADN

Tnsundudriangiusesdmivaenmaiilassairsludnuaeiiiuszu (Planan)
W angonakdukuululasanTU a1801n1ALUUTEIUNTEUIUAT 19T (Ground plane)
naanTuaedsdnynnuutlilasansy sudufagiifinuauoiiduauau (nsulator) udeesly
pAuLiwEnliAuehuld Sangusesifauaudidnaniluthesulieddesuinnneg
vangvila Ine Tanusazuinazdanumnyafudnvas sudiuanssiuly

a

dmsuergiuinal lnsunfanduiannlvaraninaauduniuiaeudiaan e

'
=

Wisuisududaniiuauiu dadunisiazviliezadundanimaausuniugauleiy

q
o &

v o a A = o w a a e v oo = a v
zfeuharsslindunidevu dviuluingrdnusilavinsdnwilaeidenldasnesdniy
asniniglviduaisezaiyl ann1sAnyikagdunananisiudeundasing 9 Miadu
Weaannasnasifladasluazgiiul lngn1unszuaunisdig 9 nusdnaudalnesaanta

nanlAluuny 5

6.1 mi‘vmaaﬁﬂww'lﬁma%%e%umi
wWeldumsfigadinuiuozgiiwinduiifueznounesdudilo nesvamosriin
lﬂagﬂuﬁaasqﬁﬂw%q Sahnsnadeumauiun et sfidsunaslidienznen
vowmesdnluuda Tagvhmsdnduanseondudvisufiuiiaun 2x5 mm wazannisia
AAnumuvestuanslaAUsyana 380 um wdwinmmageumeaudunulaenisia
ANENRUSIENIINSEuan Ul usialy
vasanthusiuergiunignlausevesdudunnmogunsallninesvilnsuasle

Y U
ANNFUTUSURINTEUARALLIINY [4] Aauansluun 6.1 INNFMNUIIAIAIUAIUNIUYES
Qy a a @ A a o v a1 1 6 = a 6 o dy
Fuasergiinvladuniatesneunesidiluiiduinnit 10°[Q-cm] lnedmsdiwesaedl
Aean ngay e =118, Anunul A =0.38 mm, AMUNUIVBILHUAILN £ =0.2x10° mm
warA1ANIveIRK LAY o =4.513x107 (S/m) seiusrgiundegnlaunlenesrniias

anusainlldnuduiangiuseawesaseiniaudiululasansulimiuegiag
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I(mA)

0.1 —

» V(Volt)

1 | | |
10 20
JUN 6.1 AnuduiudsenininszuauazussruvesuNunanozgiuslnduiiivernouvow

TaunaaAn

6.2 NMINAFIUAUNIITILUIvEIEEDINTA

dioldangrusesd danantfnssmiuainudosnisuda dunsudelufenisaing
a1801N1AkHUlNLATATUUUIUIBIAINAT? Mnduhluhnismeseumduuszdnslunis
agvipunduvesengenia sasmaunuaNTRluNLNTERRY agenALiuLuUTLTusEn
nuutangusesergiulaunesdituldldedildainniseeniuuluund 4 lngandedunon
msadsfiesuneneaBesluuni 5 Ssagenauiuuuliludsinuuiangusesteygd

Wilnenesrnasaaisauysaldtulduandilugui 6.2

UM 6.2 angomaurunuuliludnsnuuiangiusesezgiiuilaunesm
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NBUNIINAARUNIANALTRNITUNNTEIUAUVRIAEDINIANILAYIIN1TAT T UNITIY

Jnduiiazdosnui Slenuurivesatseniadonou duuszdnsnsazisundud iy
a s e 13 (% % = a 1

wsdmeinldlunisszuanudslunuwivesaseiniAgninlagedeinediinseilaseng

(Network Analyzer) Ju HP8510C Han1snaaouinuadlilusud 6.3

1
h

—
=

1

b2

o
L]

Reflection Coefficient [dB]

)
th
| gl

—= F xperiment

—) = 25

r ' A A 'l A A Y oa1e & A a 'l 4 A ' ry

1
)
f=]

9.0 9.5 10.0 10.5
Frequency [GHz]

-
P
<

UM 6.3 duuszavsnmsagiounduvesaigemaveduuliludninuuiangusedaunesd

N3UN 6.3 Funsiuldegntaiauiiaiseinianlivinnisasieguluiianugs
TouuwilnalAesiunguf] Fulurigmniiaanednldesnwuuld annmvesnnuiianain
Y94ANDs lUkULdUNgin NN TdenufEsuInaelatenidualUegsenudsdyaiu

wuululasansy

6.3 MINAFBULUUIUNSUANTEIARY

[

wa 1 N & 2 a da ° < 1
Qmamumﬁlummmizmaﬂaumamwmmﬁumﬂuawwﬂn’mmﬂﬁumuamamm

>
(%

dmsuniseenwuuateeInAnNue WeaugnaedlunTinwuuIUaIseInAul @ge1ne
wiuuwiansesezgiuilaunesdiasraugnirlunaaeuluiessienisagyiou (Anechoic
chamber) ¥9301A3YINIANUIAY AMEIAINTIUANENS UnInenselaln Usemeagdu lngd

gunsallunisnaaeunuanslusui 6.4
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Horn Antenna Monolithic Patch Antenna

1 1
il -
* L

DC Power
Supply

Spectrum
Analyzer

Controller

UM 6.4 gunsainldlunisnaasuageinianigluiedlinisasvieu

)

dponAuEuuLTangIusesezglunlaunesignldiduaeeiniedniuwinszany
aaw (uan1sds) Wedargainiainias (Hone Antanna) 1dusiasu tnedisvesinasening

a1geInIARIsukarsds 1.5 was dyaaasuldanaisainiauinunsazgninuinaneds

%

WwIBNIATIEaUna sy SUN 6.5 wanadyaiuniuliainaigeiniauinuasiieagainiasa

% 14 o o

de (@eomasnuLuUlilasansUuLTangunedn) Jagnnsssiunieiasny 0 dBm

9

wuusUresangonalussutvawtliih (E-plane) wazauuullian (H-plane) 11in
lonandlilugun 6.6() uaz 6.6(b) mudrau Fsdunmnulaindnenuzresuuusunialaaed

anuaeansosnukuUUlunmgefiluegann dstuaesinasruuuiangusotezgiiu

< Qs

Tnuneavinnisaduidsdlnuaudftuiugiuvesaeeimenignaeuazlulunumgug

q

NnUTENIT
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ATTEN 10dB MKR -37.67dBm
RL 0dBm 10dB 10.6502GHz

MEKR

10.65(2 GH4

-37.67/dBm \

Center 10.6303GHz SPAN 100.0MHz
RBW 1.0MHz  VBW 1.0MHz SWP 50.0ms

al

3UN 6.5 dyanansulannnsediiasgianndy

(®)
UM 6.6 LuUUNITUNSNIEEARUTBIAIE N ARNUKUUIIIUARS NUUTAR g TR0 QiU

TaunaeAnlusezunv (a) auuliin (b) auiuwaiwdn



U 7

ajUn15ILuAYaLEUBLUE

Ineninusasvildiiavemeenaukunuulnludainuuiansiusesosgiin
dmfuameenasaniuuneniivl Je¥angusesezgiunduamsvladu ssu (111) anm
ANNAIUNIY 107 [Q-cm] waslianmeoudunins & =11.8 lavinisssmelugmyyinie
fenesduTans ianufougs uasunsozneuvesdluuiundnozgiudiogungd
1025 °C Junan 6 Falus fenszuiunsaieludnuusifoaiunssuiunsmasiineusa
wef Mnnsinnaznsveaeuangiuseserasiiniifuezneumesdn lnsenduniuduius
SeWIaNTERARATLSIRY [4] anifiuiraninanudumuBsusdadiuanndy vaueisdlily
Wieznauvasfaninanuduniudaniy 10% [Q-cm] wasifiefuoznounesmluwiuy

a ol v <@ 2 2 a é’ & A | 6 v
ﬂazqumLmemuimw ANINAIIUATUNIUNNEITY FIUAININNIT 10° [Q-cm] a2e

DN

W

va o 1 =

AanURfInans FeladuuiAnie1iangusesezgliuniiiunisezneuvase uldduian

gusewwaaeeneawiulilasansy JalutangiusedmidmsuaseiniAuuuszunu fae

'
a a o

AauURveTang uTeer gl MiANexnounar Uy UenaNIEaANEBNFIS (£,) N

= ¥ =

gumdsausaldnuldneudgdniig Jndunanantmauisoialivinnavesaigeinie

&
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wa A %

anadld Turuideiiniug auaudfissiuveiageniasankuuLeniiviu lagnesuiell

va o

wdlu 131, (9 wivAdunsufoRsugnasdisiuluumennuivaibu Jgmidesmuiaues
apoInEd iU MATILIULenFiTiuduRssnfidesmaudle Wemsanasiuiuy
wondivlgnadned uuilunssudsTuludnin (Monolithic) Fsrindald fumudontuoylu
walulad MMIC fnuatfvasiangiusesergiufifuesnounssdiasiuiangiuses

YDIENYDINIARUUTEUIUNVN v UIAuIdI8InNIAanadbe

nsAnwILazAATIE

uananaaiildanmanaasauds seldvinsiigadnamanidienislinszsilunis
e Electromagnetics 1 Aranimanuduu Idiansane 0 Aldsuransgnuainey
ANNANNFILUNILAAG 9 FU warTiasanAuaNTRnISUNNTz918AA U T anmMAIL
FrumuAang 4 fude Tnserdenguinsieneiseituuusaesaialunsde O ua
TudunaudAnisudnszaisad uresansernadulddinseridaei sl §edudu
AnautRvestangusedld arshsithusiundnosgliunfignifudeesnoumosdtu azsh

IAflanMANUA U UgIUNALATAN AR UN Y



63

10* [Q-cm] sanudadutangiusesidnaautfdmsuaieeainia dsaunsafiansanlaain

q

a

U 4.9 - 4.12 uaznan1smaaeslugUfl 6.1, 6.5 uag 6.6 MuHFU
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Abstract

Small antenna technology is very important for monolithic patch antenna on semiconduc-
tor substrate. The active integrated antenna is analyzed by using cavity model and method
of moment. Alumina substrate doped with gold is a new substrate having the resistivity
more than 10° (Q.cm). This substrate yields good performance for the monolithic patch
antenna and it is easy to fabricate with the active integrated antenna In addition, a small
antenna using the alumina substrate is obtained and applied to monolithic microwave inte-
grated circuit. The computed numerical results are in good agreement with the measured
results.

Keywords Microstrip patch antenna - Active integrated antenna - Semiconductor
substrate - Small antenna - MMIC

1 Introduction

In these days, a mobile communication system such as a cellular phone system or a per-
sonal handyphone system has been developed based on demand to a technology for a high
performance information society in the near future. Under such a situation, research utiliz-
ing the microwave and millimeter-wave has been intensified. Above all, an active integrated
antenna using a quasi-optical technique is one of the most prominent integrated antenna
technologies with structures for compact, conformal and low cost in the modern wireless
communication system [1-4].

The active integrated antenna generally has the structure incorporated an active device
such as gunn-diode or three-terminal devices to form active integrated circuit with a planar
antenna such as a printed dipole, a microstrip patch antenna or a planar slot antenna [5].
Therefore, the solid and intelligent integration of the planar antenna with the active inte-
grated circuit makes innovative the microwave and millimeter-wave application systems
with a high degree of multiple functionality [6, 7]. The narrow band antenna for global
navigation systems has been reported in [8]. The microstrip antenna with signal feed and
high gain is proposed in [9]. Many researches on the antenna for wireless applications have
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been demonstrated in [10-20]. To improved the antenna performance, the novel mate-
rial for antenna has been point out in [21-25]. For this purpose, the microstrip-fed planar
antennas fabricated on a substrate by a semi-insulated semiconductor (Al,0,, Si, GaAs,
and InP) are preferred for easy integration with the MMIC RF front-end circuitry. How-
ever, the term of monolithic is restrictively used for the circuitry so far. This technology
can be extended to the fabrication of the antenna, for instance a monolithic antenna in the
active integrated antenna.

The antenna technology is well known that the planar antenna such as the patch antenna
on the semi-insulated semiconductor substrate shows degraded performance as an ineffi-
cient radiator due to low resistivity, and hence, due to the surface wave loss. This charac-
teristic becomes the severe problem for the applications in higher frequencies, resulting
in the patch antenna with the reduced gain and efficiency. To make the matter worse, this
degradation causes cross polarization and mutual coupling within an array environment.
However, this degradation can be improved with an apprepriate procedure in the semicon-
ductor precess on an ordinary semi-insulated alumina {Al,O5) substrate.

In the antenna analysis, many technologies to solve the electromagnetic problems have
been proposed extensively, such as the method of moment (MoM) or the finite difference
time domain (FDTD) method. For instance, the analysis of a wire antenna is basically
proceeded by solving linear integral equation derived from the Maxwell’s equations and
boundary conditions for the problem it obtain its current distribution. For an actual prob-
lems, these integral equations and the method are interactive with an adequate loss factor
as a finite resistance.

In this paper, demonstrations of fabrication of the monolithic patch antenna on the
Al,0 substrate as well as comparison of the experimental data with theoretical analysis
are reported. Using the heat process, the resistivity of the Al O, substrate with a gold-evap-
orated sheet was improved to obtain the antenna substrate with a high resistivity as more
than 10° [Q-cm]. The measured data were compared with the theoretical curve with various
loss parameters using the MoM for the planar antenna of the Al O, that was produced by
the semiconductor processing. Analytical comparison between the cavity model and the
Method of Moment is also discussed in the text.

2 Theory
2.1 Estimation of Loss Effect

Two approaches have been introduced to evaluate the loss effect (in this case, the dielectric
loss effect) on the antenna performances [26-30]. One is the cavity model approach, and
the other is the MoM simulation. The antenna parameters used in the section are the same
as those for the prototype antenna, except for the resistivity of the substrate material.

2.2 Cavity Model Approach

Cavity model approach [4] is a powerful analytical method to estimate the performances
of the microstrip antenna. The antenna under consideration here is a rectangular patch
antenna resonant in TM,;, mode. By assuming that the patch antenna is resonant, the fol-
lowing Q factor are defined. Q,:Q Due to radiation loss, Q_:Q Due to conductor loss and
Q,:Q Due to dielectric loss unleaded Q, i.e., Qy, is derived by using Q.. , Q. and Q; as
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Lot 1 1
QO Qr Qc Qd ( )
unloaded Q,= is related with the efficiency # as
n= % 2)
Q,
Q, ., Q. and Q, can be calculated from the following relations:
3 A
=—c =, 3
0, =56~ ©
1
Q0,=% 4)
0, =— 5)
4 tans
AR . )
y/=L+jQ (— 73 6
LGP 2

where ¢,, t and tané are the dielectric constant, the thickness and the loss tangent of the
substrate, respectively. § is the smaller value of the skin depth or the conductor thickness.

Figure 1 shows the variation of O, and @), with respect to the resistivity p of the sub-
strate. It is noted that the resistivity before the Au doping is around 10? [Q-cm] and after
the doping is around 109 [Q-cm]. Since the dielectric constant of the substrate is high, Q,
is as high ag around 350 and independent of p, O, is also constant as about 1600. On the
other hand, Q; is proportional to the resistivity. @ and Q, curves cross at p, = 5 X 10°
[Q-cm]. @, is dominant when p is smaller than p,,, and the serious performance degrada-
tion is expected. If p is larger than p,,, the substrate loss is negligibly small.

Fig.1 Q Factor with respect to 10000 T

resistivity of substrate

1000

< 100

10

1 1
1E+02 1E+03

1E+04 1E+05 1E+06

Resistivity [Q2.cm]
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Fig.2 E-plane radiation pat- 0 ¥
terns for different resistivity of
substrate
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2.3 Method of Moment Simulation

To estimate the detailed characteristic of the antenna, e.g., the radiation pattern and the
return loss, the MoM simulation has been conducted. A commercial-available antenna
simulator, Ensamble by Ansoft Corporation, has been used. The spectral domain MoM
is used as the simulator engine. When the resistivity increase, the purity of the resonant
TM, 4y mode is disturbed due to the decrease of Q factor.

Figure 2 shows the E-Plane radiation patterns with different p values. The ground
plane is assumed to be infinitely large. When p is below 10° [Q-cm], the radiation pat-
tern is seriously perturbed since the purity of the resonant mode is declined. Due to the
decrease of ( factor, the bandwidth of the reflection coefficient is increased according
to the decrease of the resistivity, as shown in Fig. 3. The antenna gain with respect
to the resistivity is represented in Fig. 4. Serious gain degradation is observed when
p is less than 10* [Q-cm)]. Figure 4 also presents the radiation efficiency, #, calculated
by using the cavity model. It is found the these two results have the same tendencies,
except for very lossy region where the assumption of the resonant current is the cavity
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Fig.4 Configuration and dimension of monolithic patch antenna on Al,O4

model is invalid. From these two approaches, it can be concluded that the resistivity of
the substrate larger than 10* [Q-cm] is desired.

3 Configuration and Design of Antenna

An alumina wafer which resistivity is 100 [Q2-cm]| used as a starting material. Then gold
was diffused into the alumina wafer with heat process. Diffusion temperature was 850°C
and diffusion time was 6 hours. Sample structure is shown in Fig. 3. The structure of the
monolithic patch antenna on the semi-insulated Al, 05 substrate for the active integrated
antenna demonstrated here is shown in Fig. 4. It consists of three parts, namely, the micro-
strip-fed planar antenna, the matching circuit and the patch antenna. The patch antenna
was designed by the commercial available electromagnetic simulator (Momentum by HP
EEsof). The Design of the microstrip-fed planar antenna and the matching circuit simu-
lator (MDS by HP EEsof). Interaction between the patch antenna and the microstrip-fed
planar antenna was investigated by the commercial available electromagnetic simulator
(Momentum).

Qpl0?[Q ALO,°[Q (¢) %1073 (6) x107 Q, an open stub was attached at the certain
point from the input reference plane.

4 Experiment Results

The monolithic microstrip patch antenna was designed by using the gold doped alumina
substrate, which has the resistivity p = 100 [€2-cm]. When gold is doped into n-type alu-
mina by using semiconductor process, so that resistivity of the sample becomes highly
change to 10°Q cm by gold diffusion. An experimental set-up for the measurement of the
demonstrated microstrip patch antenna characteristics are shown in Fig. 4. The measure-
ment was carried out in an anechoic chamber. The radiated electric field from the fabri-
cated microstrip patch antenna settled on the turn table was received by the standard gain
horn antenna. The distance between the microstrip patch antenna and the standard gain
horn antenna was about 1.5 m. The received signal was observed using a spectrum ana-
lyzer. The proposed monolithic microstrip patch antenna is shown in Fig. 5.
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Horn Antenna Monolithic Patch Antenna

Spectrum

Analyzer Controller

Fig.5 The experimental set-up in anechoic chamber room

The input impedance of the patch antenna was settle with 50 Q by using the alumina
substrate as shown in Fig. 6 that is typical semi-insulated semiconductor substrate and has
the resistivity as p = 10? [Q-cm]. The microstrip patch antenna was designed at 10.0 GHz
in frequency X-band as shown in Fig.7. First, the Al,O substrate with a gold-evaporates
thin-layer with high temperature is treated by the heat process. After that, the resistiv-
ity of the alumina substrate changed into more than 10° [Q<m] as shown in Fig. 8. The
monolithic microstrip patch antenna has the specification as relative permittivity (e,)=
9.8, thickness of the substrate (k) = 0.2x10~2 mm, and conductivity (¢) = 4.513x107 S/m.
Therefore, the monolithic patch antenna was patterned by using the semiconductor mask
procedure. For input matching of 50 €, an open stub was attached at the certain point from
the input reference plane.

Fig.6 Prototype of monolithic
patch antenna on an alumina
substrate (Al,05)
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Fig.7 Reflection coefficients
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Performance of the patch antenna was investigated in an anechoic chamber room,
and distance between the monolithic patch antenna or antenna undertest (AUT) and the

reference horn antenna was settle about 1.5 m.

measured.

5 Discussion

The antenna patterns in two planes were

Figure 9 shows the measured reflection coefficients together with the fitting curve using
the following parallel resonance model [4]. The fitting result with Q = 25 well-explains
the measured results around the resonant frequencies. However, Fig. 1 indicated that the
corresponding p is about 400 [Q-cm], which is far from the design value of 109 [Q-cm].
On the other hand, no significant difference can be expected with respect to the radia-
tion pattern, as shown in Fig. 2. The possible reasons are that the dielectric loss was not
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Fig.9 Comparison of reflection
coefficients |, | between experi-
ment and curve fitting at Q = 25

Reflection Coefficient [dB]
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ideally improve after the Au doping, and that the losses from the feed line, the matching
stub and the coaxial-microstrip transition were not considered in the represented Q fac-
tor model. Further discussions are necessary for more realistic MMIC with microstrip
patch antenna. Figure 10 is indicated the antenna pattern in E-plane and Fig. 11 shown
that in the H-plane, respectively. In both cases, the theoretical antenna pattern from the
antenna with no loss substrate is also compared with the measured data. From observa-
tion, it is easy to find that agreement between them is good.

Fig. 10 Radiation patterns of
monolithic patch antenna on a
semi-insulate Al, O substrate in
E-plane
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Fig.11 Radiation patterns of
monolithic patch antenna on a

semi-insulate A/, substrate in 0
H-plane
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6 Conclusion

In this research, a monolithic patch antenna on the Al,O; substrate was proposed. Com-
parison of the experimental data with analytical curves are also demonstrated. It is found
that, the resistivity of the original Al,O; substrate with a gold evaporated thin-layer was
increased because of using the heat process, therefore, it is improved substrate of the small
antennas. This substrate can also applied to make the monolithic patch antenna. The ana-
lytical comparison between the cavity model and the method of moment are shows good
agreement high resistivity case.

Acknowledgements Some of the authors thank to HP-EEsof, Japan Hewlett-Packard Co.,Ltd., for the dona-
tion of ADS. This work is partially supported by JSPS exchange scholarship at Tokyo Institute of Technol-
ogy and KMITL-Tokai University Memorandum scholarship.

References

1. Goi, T., Tomioka, Y., Hayata, K., Promwong, S., Tangtisanon, P., & Kawasaki, S. (1997). 3-element
linear active integrated antenna arrays with a slot shrunk by a double layered substrate. In /EEE anten-
nas and propagation society international symposium 1997, Digest (Vol. 3, pp. 1958-1961). IEEE.

2. Sharma, S., Kanaujia, B. K., & Khandelwal, M. K. (2019). Theoretical analysis and design of high-
stable-gain antenna with ultrawide band capabilities and suppressed back radiations. Wireless Personal
Communications, 112, 1-19.

3. Sharma, M. (2020). Design and analysis of multiband antenna for wireless communication. Wireless
Personal Communications,. https://doi.org/10.1007/s11277-020-07425-9.

4. Sarkar, M., Mishra, S., Daniel, A., & Dwari, S. (2019). Design of a variable depth axially corrugated
horn antenna at X-band for low cross-polarization applications. Wireless Personal Communications,
108(1), 269-280.

5. Kawasaki, S., & Itoh, T. (1993). Quasi-optical planar arrays with FETs and slots. IEEE Transactions
on Microwave Theory and Techniques, 41(10), 1838—1844.

6. KAWASAKI, S. (1997). High efficient spatial power combining utilizing active integrated antenna
technique. /EICE Transactions on Electronics, 80(6), 800-805.

7. Hanneishi, M., Hirasawa, K., & Suzuki, Y. (1996). Planar and small antennas. In Chap: [EICE (p. 4)
(in Japanese).

@ Springer

88



2764 S. Promwong, A. Pinsakul
8. Akhtar, M. J, Nawaz, H., & Dhanyal, H. (2017). Narrow-band frequency agile antenna for global navi-
gation systems. Wireless Personal Communications, 97(4), 64996503,
9. Roy, €., & Khan, T. (2019). Single-feed dusl-polarized high gain microstrip antenna. Wireless Per-
sonal Communications, 108(3), 1417-1430.

1G. Bhatia, 5. 8., & Sivia, J. §. (2016). A novel design of circular monopole antenna for wireless applica-
tions. Wireless Personal Communications, 91(3), 1153-1161.

11. Singh, A, Mehra, K. M., & Pandey, V. K. (2020). Design and optimization of microstrip patch antenna
for UWB applications using moth-flame optimization algorithm. Wireless Personal Communications.,
112,2485-2502.

12, Singh, T, Ali, K. A, Chaudhary, H, Phalswal, D. R, & Gahlaut, V. (2018). Design and analysis of
reconfigurable microstrip antenna for cognitive radio applications. Wireless personal communications,
98(2), 2163-2185.

13, Zarrabi, F. B, Rahimi, M., Mansouri, Z., & Lafmajani, I. A (2015). Miniaturization of microstrip
antenna by CRUH-TT tachnique. Wireless Personal Compugiications, 81(3), 109111080,

14. Peng, L., Qiu, Y. J, Luo, L. Y, & Jiang, X. (2016). Bandwidth enhanced l-shaped patch antenna with
parasitic element for 5.8-GHz wireless local area network applications. Wireless Personal Communica-
tions, 91(3), 1163-1176.

15. Amalraj, T. D, & Savarimuthu, R. (2019). Design and analysis of microstrip patch antenna using peri-
odic EBG structure for C-band applications. Wireless Personal Communications, J09(3), 2077-2004.

16. Viswanadha, K., & Raghava, N. 8. (2020). Design and analysiz of a multi-band flower shaped patch
antenna for WLAN/WIMAXK/ISM band applications. Wireless Personal Commumnications, 112,
863-887.

17. Gupta, N., Saxena, J, & Bhatia, K. 5. (201%). Design of wideband flower-shaped mierostrip patch
antenna for portable applications. Wireless Personal Communications, 10%1), 1730

18. Christing, G., Rajeswarl, A, & Mathivanan, S. (2017). Real time analyeis of a 244GHz planar micro-
strip antenna for vehicular communications. Wireless Personal Communications, 97(1), 1129-113%.

19. Bondill, K. B, & Immadi, G. (2020). Design and analysis of high gain linear rectangular microstrip
array antenna at 20.2 GHz of Ka band. Wireless Personal Communications, 111{3), 1563-1573.

20 Rao, N, & Kumar, V. T (2617). Miniaturization of misrostrip patch antenna for satellite communica-
tion: A novel fractal geotnetry approach. Wireless Personal Communications, 97(3), 3673-3683.

21, Geetharamani, G, & Aathmanesan, T. (2020). Design of metamaterial antenna for 2.4 GHz WiFi
applications. Wireless Personal Communications,. https //dolorg/1G.1G07/s11277-020-07324-z.

22 Ray, 8, & Chakraborty, U (2019). Metamaterial based dual wideband wearable antenna for wireless
applications. Wireless Personal Communications, 106(3), 1117-1133.

23, Kukreja, J, Choudhary, D. K., & Chaudbary, K. K. (2019). A short-ended compact metastructure
antenna with interdigital capacitor and U-shaped strip. Wireless Personal Communications, 108(4),
2149-2158.

24, Geetharamani, G, & Aathmanesan, T. (2020). A metamaterial inspired tapered patch antenna for
WLAN/WIMAX applications. Wireless Pensonal Communications,. https://dolorg/1 . 10G7/51127
7-020-07283-3.

25, Chaturvedi, Do, & Raghavan, 8. (2019). A compact metamaterial-inspired antenna for WBAN applica-
tion. Wireless Personal Communications, 105(4), 1449-1460.

26, Chen, Z. N. (B4 (2007). Antennas for portable devices. Hoboken: Wiley.

27. Balanis, C. A (2016). Antenmna theory. Analysis and design. Hoboken: Wiley.

28. Fang, D. G. (2017 Antenna theory and microstrip antennas. Boca Raton: CRC Press.

28, Edwards, T. C., & Steer, ML B. (2016). Foundations for microstrip circulf design. Hoboken: Wiley.

30, Stutzman, WL, & Thiele, G. A (2012). Anfenna theory and design. Hoboken: Wiley.

Publisher's Note Springer Nature remains neutral with regard to jurisdictionsl claims in published maps and
institutional affiliations.

@ Springer

&9



A Monolithic Patch Antenna on a Semi-insulated Alumina... 2765

Sathaporn Promwong received his Ph.D. degree in communications
and integrated systems from Tokyo Institute of Technology, Tokyo,
Japan, M.Eng. degree in electrical engineering and B.Ind. Tech. degree
in electronic technology from King Mongkut’s Institute of Technology
Ladkrabang (KMITL), Bangkok, Thailand, and in 2009, 1999, and
1994, respectively. He is lecturer in faculty of engineering, KMITL.
His research interested is in the areas of wireless personal communica-
tions, MMIC, antenna and radio wave propagation, and ultra-wideband
technology. He is a member of IEEE, IEICE and ECTL

Atcharaporn Pinsakul received her M.Eng. degree in telecommunica-
tion engineering and B.Eng. degree in electronic engineering from
King Mongkut’s University of Technology North Bangkok
(KMUTNB). Now she pursued a doctoral degree at faculty of engi-
neering, King Mongkut’s Institute of Technology Ladkrabang
(KMITL). Her research is interested in the area of wireless personal
communication, magneto-dielectric metamaterial, antenna and radio
wave propagation.

@ Springer

90



91

. - a .. . ... .
09 U|d
\\
s & atioNe 0 ore <N
0 als D ADDILIEC a S ang N DI10C
\
f \\
= .
Y %
N -

© .~ © 2-5July2019
www.iceast2019.org

<IEEE [ th T NE®T — A ANZNoise
THAILAND SECTION —Assoc:a |on - B || NEQ)‘ fw EECOT ‘ =



Artificial Magneto-Dielectric Metamaterial with
Microstrip Antenna for Wireless Applications
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Abstract— This paper refers to a detailed analysis on
the design and implementation of artificial magneto
dielectric substrate and apply to use with microstrip
antenna for wireless application. As the results are show
the advantage of metal dielectiric above conventional
antenna. The key advantage of using the metamaterial
with microstirp patch antenna is to size reduction of
microstrip patch antennas when compare with original
antenna. The metamaterial antenna proposed in this
paper achieves 11.5% for downsizing in the area of the
patch at the same frequency. The modified quadrilateral
loop unit cell is used in design. The modified
quadrilateral loop unit cell is used in design which the
value of permittivity (e6) of 4.8 and relative
permeability (gers) of 2.2. The result found that at the
center frequency is 2.45 GHz, the artificial magneto
dieleciric metasubsirate antenna radiation has the
efficiency of 89 % and the gain of 6.9 dBi while the
conversional antenna has the efficiency of 83.27% and the
gain of 5.23 dBi. The performance of the antenna can be
improved by controlling the dielectric constant and the
magnetic permeability.

Keywords—component, microstrip antenna; meta -

substrates; magneto dielectric metamaterial

I. INTRODUCTION

Metamaterials have attracted a lot of interest among
research groups to their magnetic properties satisfactory
which is not available in natural materials. The artificial
magnetic material is a branch of metamaterials which is
designed to make either negative or positive (higher) relative
permeability [1]-[2]. The structure of normally metamaterials
are man-made twisted and synthesized composite by using
the assemblies of many components. The material properties
donot come from basic materials. It depends on the structure,
design, shape, geometry, size and orientation of
metamaterials used to deal with the electromagnetic waves
[3] In the frequency domain, the characteristics of
electromagnetic materials can be indicate by relative
permittivity (&,) and relative permeability (), both of these
parameters are accepted into Maxwell's equations and
measuring the response of materials to electromagnetic
radiation. The modifications value in the relative permittivity
and the relative and permeability of natural materials, their
magnitudes, losses, reference frequency, and signal are
limited [4]-[5]. Although the traditional composite materials
create from the merging of naturally befall substances have
restricted response. Design and build materials with change

978-1-7281-0067-8/19/$31.00 ©2019 IEEE
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the permittivity and permeability values that can be adapted
to preferential applications. The possible advantage may
occur with electromagnetic process [6]. Metamaterials are
artificial  materials that are especially distinguished
parameters which cannot be found in general materials with
values that can be created as specified values. The
characteristic magnetic field of metamaterials present larger
than one permeability (i) because the actual that they are
magnetically polarized under the dominance of the
electromagnetic field [7]. Moreover, the relative of the
metamaterial is the magneto dielectric material which can be
polarized both electrically and magnetically when touched to
autilize EM field, therefore, it has both relative permeability
(1,) and permittivity (g, ) greater than one. Recently, the
magnetic dielectric material is used as a substrate for
reducing the dimension of microstrip antennas and increase
the efficiency of the antenna [8]-[9]. It also shows that
increasing the relative permeability (. ) and relative
permeability (&,) of the dielectric material has a positive
effect on the antenna, which can be seen from the equation
Amedarum = AovE-tt- The use of high dielectric materials as
a precursor to reduce the antenna size by slowing down the
restricted waves within the material results in a higher quality
factor (Q-factor) meanwhile, the bandwidth of the antenna is
reduced. At the same time, increasing permeability the value
of the material will enhance the efficiency of the antenna as
well as make the antenna smaller [10]-[11]. Artificial
magneto-dielectric  metasubstrates techniques have been
developed and used such as the antennas by used with the
small meander technique on magneto-dielectric film [12] and
downsizing technique of antennas for handset by utilizing a
magnetic material has been analyzed by the used planar
inverted-F antenna [13].

In this article, we present the evaluation work of magneto
dielectric meta substrate as compared to dielectric material
with microstrip antenna for wireless application. [t was
proposed by the use of the unit cell consists of several
quadrilateral loop embedded in the dielectric substrate. On the
FR4 surface will have each antenna element. This
metamaterial possessed the frequency at about 2.45 GHz. The
main advantage of the proposed design of the antenna design
of the material 1s different 1s that it can verify the performance
of antennas and antenna size. In addition, it has relatively high
radiation properties at the material, which makes our design
suitable for WLAN applications. The magneto-dielectric
metamaterial has been established, measure and tested for
quality. The measurement of the antenna obtained from the
fabrication is consistent with the results obtained from the
model.
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1L ANTENNA DESIGN

In this paper, an artificial magneto-dielectric
substrate as compared with dielectric material on
microstrip antenna is introduced. The magneto-dielectric is
usually built by embedding specific inclusions such as
periodic structures in a host medium.

A. Multi- quadrilateral loop unit cell

In this section we constrain the description only to
artificial magnetic media consisting of metal unit cells. The
structure of the proposed multi- quadrilateral loop unit cell is
shown in Fig.1 was simulated using Microwave Studio [14]
and HFSS [15]. It is comprised of a 4-turn quadrilateral loop
copper conductor whose line width and line gap are 0.5 mm.
The overall dimension of the proposed umit cell is
10mmX10mm and a thickness of 0.8 mm. In this model, we
made quadrilateral loop symmetric with relative to the
direction of diffusion (magnetic field perpendicular to a plane
with quadrilateral loop; electric field is in the plane of the
quadrilateral loop). These effective central parameters are
derived from full wave simulation and subsequent data
retrieval processes [16]. We can caleulate retrieve relative
permeability (41,) and permittivity (&,) from the reflection
(511) and the transmission (S;;) [17]. Which the complex s-
parameters of the unit cell can calculated or measured at
specifically frequency for metamaterials with symmetrical
geometry (By placing in the direction of the spread of
electromagnetic waves). The wave impedance (Zgzr) are
obtained by inverting equation (1a) and (1b) are given by

v, (14511)2=5242
Zeff = \J (1-511)2-5212
The real and imaginary part of the above expression, the

refractive index (e ) and kezf is the extinction coefficient
becomes

(la)

_ Im [In (e”)] 2mm

Repr = Al Kodeyy @
V¢ i [In (e”)]

P G 3)

When koyis the free-space wave. In this article, consider
materials that are symmetrical. Therefore, there is no need to
have additional steps to consider degs - Finally, The complex
refractive index (N; ) can be calculated by

Nepr = Nepp + tRepy @

After calculate the complex refractive index we can find
retrieve relative permeability (4,) and permittivity (g,) are
calculated as

Nerr
Eerf = )
eff Zeff

Hepr = Nepr X Zegg ()

From the retrieval process, we found that dielectric of
relative permittivity (g,¢¢) of 4.8 and relative permeability
(fiepy ) of 2.2, The retrieval results for this several
quadrilateral loop unit cell structure as shown in Fig. 2.

B. Multi- quadrilateral loop unit cell with Microstrip
antenna

The proposed antenna consists of quadrilateral microstrip

patch antenna and the several quadrilateral loop unit cell. A
row of 6 multi quadrilateral loop unit cell is embedded in the

substrate material which lay under and square patch antenna
etched on the above. The ground plane of the structure shown
in the image is dimensional with width & length of 120 mm.
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Fig 1. Unit cell of several quadrilateral loop structure. The
dimensions and parameters line width and line gap are 0.5 mm,
width and height of 10mm
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Fig. 2. The final results of retrieval process of the several
quadrilateral loop unit cell structure (a) the relative permittivity (b)
the relative permeabulity

The thickness of the dielectric surface (#,) is 0.8 mm and the
width & length of patch are 40 mm. In the gap between rows
of multi quadrilateral loop unit cell is 5.2 mm. The magnetic
energy generates by inside the several quadrilateral loop when
a magnetic field passes through the plane of the loop
quadrilateral causes induced currents within the loops
effectively. Resonance behavior are created at the frequency
control by induction of loops and the capacity used between
the closed arms within the loop. The proposed antenna has a
resonant frequency of 2.45 GHz. Using integrated technology
limitations of CST simulation were used in the design and
regularize of a check of the design with serval quadrilateral
loop of metamaterial that explain the origin of the appropriate
mathematical.
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In order to examine and compare the results of the
proposed several quadrilateral loop unit cell with microstrip
antenna, the traditional diclectric substrate with microstrip
antenna is the first studied. The reference dielectric substrate
utilizes the same central frequency dielectric as artificial
magneto-diclectric metamaterial (2.45 GHz).

Although the substrate dielectric traditionally would
have the same frequency but at the same time, its size is still
the very different. The dimensions of the reference antenna
patches are the following: the width patch and length patch of
44.6 mm. The ground plane of the reference antenna is size of
240 < 240 mm. In addition to, the original antenna were
printed on a microwave substrate Rogers-RT35880 with
dielectric thickness 0.49 mm, dielectric constant &5, = 2.2
and magnetic constant (¢, ¢¢) = 1. The summary all parameter
between traditional  diclectric  substrate and multi-
quadrilateral loop unit cell with microstrip patch antennas
presented in Table 1.

TABLE L. COMPARISION BETWEEN CONVENTIONAL MICROSTRIP
ANTENNA AND ARTIFICTAL MAGNETO DIELECTRIC METASUBSTRATES
PARAMETERS
Conventional Artlﬁc.lal ma.gneto—
q » dielectric
Parameter dielectric
metasubstrates
patch antenna
antenna
Ground plane length 240 120
Ground plane width 240 120
Patch length 44.6 40
Patch width 44.6 40
Substrate thickness 0.8 0.8
Sorf 22 48
Perr 1 )

III. MEASUREMENT RESULTS

The prototype of the antenna produced from the dielectric
magnetic material with microstrip antenna is shown in Fig. 3.
The patch in this antenna on top of the multi quadrilateral loop
unit cell structure and the unit cell array structure consist of 4
unit cells, located in radial directions on the x-y plane. The
ground plane is printed on the bottom surface of the third FR4
substrate. A comparison between the conventional antenna
and artificial magneto-dielectric metamaterial antenna which
is showing same band frequency shown in Fig 4. According
to this figure, the conventional and proposed antennas have a
reflection at 2.45 GHz with a loss of -17 dB and -21.19 dB
respectively. The results from the simulation of the
conventional antenna has the efficiency of 83.27% and the
gain of 5.23 dBi, while the results of an artificial magneto
diclectric metasubstrate with microstrip antenna, the
bandwidth of 163 MHz, the efficiency of 88.8% and the gain
01 6.9 dBi. The performance between conventional microstrip
antenna and an artificial magneto diclectric metasubstrates
parameters will show in Table 2. In addition, studies and
observations of antenna performance to increase radiation
efficiency by increasing the permeability. This is an
expectation from the theoretical examination due to the
decrease in electromagnetism accumulated which is the result
of mutual coupling between the current of the antenna and its
illusion associated with the fall when the permeability
increases. The research found that actually able to use the

magneto- diclectric substrate can actually use and still have
advantages over high-permittivity diclectrics substrate. The
patterns of the antenna at the frequency 2.45 GHz are the same
the unidirectional in the x-z plane and the y-z plane which
shown in figure 5.

Fig 3. Prototype structure of several quadrilateral loop unit cell
with microstrip antenna

RN AN

Syl @B)

|—=— Conventional Antenna
—#—Proposed Anlenna

20 22 24 2.6 28 30
Frequency (GHz)

Fig 4. Comparison of conventional dielectric antenna and proposed
antenna reflection coefficient (dB).
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Fig.5. Measured radiation patterns (a) x-z plane and (b) y-z plane
at 2.45 GHz
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TABLE II. THE PERFORMANCE RESULT BETWEEN CONVENTIONAL
MICROSTRIP ANTENNA AND ARTIFICIAL MAGNETO DIELECTRIC
METASUBSTRATES PARAMETERS

. Artificial £
Conventional lc.la mﬁfg“e °
2 2 dielectric
Parameter dielectric
metasubstrates
patch antenna
antenna
The Center Frequency
(GHz) 245 245
Cert 2.2 48
Uari 1 22
The radiation
efficiency (%) 83.27% 88.87%
the realized gain (dBi) 5.23 6.89
Bandwidth (MHz) 357 163

IV. CONCLUSION

This research presents microstrip antenna design by
using magneto dielectric metasubstrate. The radiation pattern
and the return loss of this antenna were evaluate and propose.
The results of the microstrip antenna by using artificial
magneto dielectric metasubstrate was found the efficiency of
88.8% and gain of 6.89 dBi. while the conversional antenna
have the radiation efficiency is 83.27% and realized gain is
5.23 dBi at the center frequency 1s 2.45 GHz. From the result,
it was found that the efficacy of radiation and the gain of
proposed antennas is better compared conventional antenna.
Moreover, the overall dimension of the proposed antenna is
still reduced the size more than a conventional antenna.. The
advantages of using artificial magneto dielectric metamaterial.
The metamaterial antenna proposed in this paper achieves
11.5% size reduction in the area of the patch if it 1s compared
to the conventional antenna. From changing the parameters of
the surface of the antenna can make the antenna smaller and
better quality. In addition, the high permeability (uef f) will
increase the gain and the efficiency of the antenna but on the
other hand the rise in the permittivity (eeff) of affect reduce
the efficiency and the gain. Antenna properties can be
corrected by control the permeability (ueff) and the
permittivity (eeff). That is the strength of the magneto
dielectric material design merged with the conventional
antenna. Antenna design using a magneto dielectric substrate
has been getting attention and useful more than dielectric
substrates.
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Abstract— This paper we presents the performance
evaluation of artificial magneto dielectric substrate with
microstrip patch antenna for wireless system. From the
result, at the resonance frequency 2.45 GHz have the
radiation efficiency and the real gain are 88.87% and
6.89 dBi, respectively. The microstrip patch antenna on
finite artificial magneto dielectric substrate by used
metamaterial structure. The unit cell consist of multi
square loop pinned in the dielectric material. The
feature of the antenna can be rectify with controlling

permeability (. r;) and permittivity (£.55).

Keywords-component;, magneto-dielectric; microstrip
patch antenna; Metasubstrates.

I.  INTRODUCTION

Currently, microstrip patch antennas are used widely in
mobile systems, including antenna, television broadcast,
satellite receiver, satellite for communications. The
innumerable attention in microstrip patch antennas because
they present various advantages for example simplicity in
creating, uncomplicated and concise size when compared
to conventional microwave antennas [ 1]. The most serious
drawback of microstrip patch antenna is low radiation
efficiency, narrow bandwidth and still size of the antenna
is large. There are several methods have been presented to
improve the antenna. For wideband system in wireless
communication, various bandwidth increment techniques
that use microstrip patch antennas have been educated and
examined [2]-[6]. In [7], reduced the dimension can be
achieved utilizing a material with a highly relative electric
permittivity is presented. They can be divided into 2
methods for improve the antenna. The first methods is
modification in the structure of the radiant elements or
modification the electromagnetic parameters of substrate.

In the free space wavelength of the antenna in dielectric
material can be reduced the ratio by determinant of i.&,
when pt, is the relative permeability and g, is the relative
permittivity of the materials. In terms of dielectric substrate
in microstrip patch antennas by using high permittivity
substrate bring about to size decrease in the same time
bandwidth and efficiency of the antenna are substantial
reduced [8]. Expanding the bulkiness of the substrate can
help to improve the bandwidth simultaneous with
cumulative surface loss. Additionally, expand the thickness
is not in accordance with the objective is to make the
smaller size of the antenna. Recently, magneto dielectric
material are presented. Magneto dielectric material have

978-1-5386-4288-7/18/$31.00 ©2018 [EEE
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the relative permittivity (g,) and the relative permeability
(p4-) are worth more over one. [9].

Using magneto-dielectric substrates for antenna design
miniature to improve the efficiency of the antenna [10]-
[11]. The rse relative permeability and the relative
permittivity can result in microstip antennas with
simultaneously miniature size and increase radiation
efficiency. Since the impedance of the magneto-dielectric
substrate (7 = 1NgVe L) is similarly of the impedance of
space (77,) 1t enables for the impedance reasonable over a
good wider bandwidth [12].

A novel of the antennas by apply artificial magneto-
dielectric metasubstrates techniques have been presented in
the literature. The meander line structure have been
prospered using for straight down the size of the antennas
and apply the entire volume of the antenna [13]. Fractal
Hilbert antenna techniques are extensively utilize to
miniature various type of a patch antennas with appropriate
outcome [14]. Nevertheless, normal magnetic materials, for
example ferrite compound, high resistivity and suffer from
noticeable magnetic loss in rang of the microwave
frequency [15] The magnetic relative permeability can be
enlarge to expiate of bandwidth decrease whereas that high
efficiency and miniature the antenna.

This paper we presents the performance evaluation of
artificial magneto-cdielectric substrate with microstrip patch
antenna for wireless system using the unit cell comprise
multi square loop pinned in the dielectric material. Each the
antenna element is printed on FR4 material as substrate. The
radio frequency resonant antenna designs at 2.45 GHz. The
microstrip patch antenna by using a magneto-dielectric
substrate 1s then fabricated, evaluated and measured. From
the results of measurement match with those earn from the
result of simulations.

II.  ANTENNA DESIGN
The resonant frequency of microstrip patch antenna is
normally define with length of the patch [16]. Where ¢ is the
speed of space. e,rr and ji r are the permittivity and
permeability, respectively. £ is the length of the patch. The
resonant frequency for TMio defined

c

2Lfeefrtery

Consequently, the dimension of the antennas are
approximately inversely commensurate to the refractive
index or miniature factor. {(n = & i)

f= 4y
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The structure and magnitude details of the proposed
microstrip patch antenna apply with the aritificial magneto
dielectric metamaterial are shown in Fig. 1. The microstip
patch antenna structure is composed of a unit cell structure
and square patch antenna. The resonance frequency antenna
design offers at 2.45 GHz The structure of the antenna
shown in the build is placed over a ground (size of
120x 120 mm) with the radiating patch (size of
40 % 40 mm). The dielectric substrate thickness of 0.8 mm
and gab is 5.2 mm. In the section of the unit cell structure
containing a multi square loop embedded in the dielectric
substrate. It is shown in Fig.2. Magnetic energy stuffing is
generated within the multi square loop when a magnetic
field passes into the plane of the square loop, effectively
creates inducing a current within the loop. A resonarnce
circumstances is created at frequencies control by the
inductance of the loop and capacitances that occupy
between close arms inside the loop [17]. Unit cell dimension
are set 10 x 10 mum, whereas the dielectric thickness of 0.8
mm. The magnitude of the multi square loop are the
thickness of substrate is 8 mm, the bar width and line gap
are assign 0.5 x 0.5 mm. It was created on the substrate.
These productively intermediary parameters are accomplish
by taking whole electromagnetic waves simulations and the
posterior revived method [18]. Using integrated limit as
Computer Simulation Technology Microwave Studio
simulation was used to design and validate a number
investigation along with multiple loop design of the
metamaterial is describes the mathematical dernvation
appropriate. The extract relative permeability {4, ) and
relative permittivity (&,p¢) values about at 2.45 GHz is
shown in Fig.3. The extracted relative permeability (41,7 )
was found to be approximately 2.2 and relative permittivity
(Eopp) 0T 4.8.

ITI. MEASUREMENT RESULTS

A manufactured antenna prototype of artificial magneto-
dielectric metamaterial with microstrip patch antenna is
illustrated in Fig 4. The designed antenna is fabricated by
using FR-4 substrates with relative permeability of 2.22
(Herp ) and relative permittivity of 4.8 (&grr ). Fig 5
illustrates the comparison between the result of simulated
and the result of measured of the artificial magneto
dielectric metamaterial with microstrip patch antenna. The
results of the simulations with an antenna, percentage
bandwidth of 160 MHz, the realized gain of 6.86 dBi and
the radiation efficiency of 89%. The 5, get from the result
of simulation and measurement result of the presented with
a significant good are achieved. At the resonance frequency
2.45GHz, the radiation efficiency of this antenna is 88.87%
and the realized gain is 6.89 dBi from the result of the
measurement. The bandwidth impedance of this antenna is
163 MHz. The efficiency of the antenna alse have been
studied and observed to enhance the effectiveness of
radiationas by means of increases ptopr of the substrate.
This is prospective from the theoretical examination
because of the reduce in the garner electromagnetic energy
due to the mutual coupling between the current of antenna
and its mirage with respect to ground drop as the
permeability is increased. The patterns of the measurement
results in the x-z plane and the y-z plane at the center
frequency 2.45 GHz which are the same the unidirectional
shown in figure 6.

222

Fig 1. The structure of the artificial magneto-dielectric meta
substrates with microstrip patch antenna.
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Fig2. The structure of unit cell consist of square loop in the

dielectric substrate.
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Fig3. The extracted values for the permeability and
the permittivity of the unit cell structure.
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Fig 4. Photograph of a prototype structure of the artificial
magneto-dielectric.
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Fig 5. Comparison of the simulated reuelt and the measured
result reflection coefficient (dB) of the artificial magneto
dielectric material.

X plane
o polar)

) ——(Co polar)
- - - {(Cross polar) |

m e - 150
180

YZ plane
—— (Co polar)
=~ =+(Cross polar)

300 60

210 1,

(b)

Fig6. Measured radiation patterns at 2.45 GHz
(a) x-z plane and (b) y-z plane.
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IV. CONCLUSION

This paper considers the design of artificial magneto
diclectric metamaterial with microstrip patch antenna.
Return loss and the radiation pattern of this antenna were
measured and offering. Measurement of the radiation
efficiency of 88.87% and the real gain of the antenna is 6.89
dBi at the resonance frequency is 2.45 GHz. The dimension
of the antenna is smaller and the quality is also able to add
just change the parameters of the surface. Enhance of the
gain and radiation efficiency with raise permeability (uqzf)
while increase permittivity ( £.¢¢ ) will decrease the
efficiency and gain. The property of the antenna can be
modify with controlling permeability ( uqpp ) and
permittivity (&q¢¢). That is the advantage of using the
magneto dielectric material with the antenna. Designs the
antenna using magneto dielectric substrates have been
obtain attentive with an advantage over conventional
substrates.
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