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2.2.1 gunsuungIag (Maxwell’s Equations)

VxH =-w¢E+oE (2.1)
VeD=p (2.2)
VeB=0 (2.3)
D=¢E

(2.9)

B=pH (2.5)

e E= auldh
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Wi V e D = p ilissainusegandvesiaiiegiiig aeludinihliivsey o Sawviiugud
v &
AU
1 1
VeE=—VeD=—p=0
£ £

naunIs (2.10) agle

O’E oE
—uo—=0 2.11
ot? N ot 211)

{ ‘d o -7 8-J -7
aunisi (2.11) Ae auniseaudmiu E luvihuesdendy daunsem

VE-pue

aunisaauavsy H lalneviAsavesaumis (2.9) asle

VxVtzs—agzO

ot

Aun5(2.12) Av auNSAAUAMSU H
& o o
2.2.3 gun1sURdBINdIaanuUsIUABUnaILIE

TunisufiRuvasiiiindrnunnazyilianuuanssuasnssualuisumns
T A Qs T T
wailwihuazauaivinuUsdeumunanduduldsgueied fedagy

E=E, cosax = E,cos2nft

%50 E=E,sinat = E, sin2aft (2.13)
= < - ' - v 5w
rofumuiivesmuusivasunnaunms (2.13) uaasihuvnmed (Factor) naniduduldsgy
netusngluyamadluaunisiag
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d o 2 : P~ o
WAL E(r,0) Duaunulwifiudsiudsumuna

¥ E(r) Huauilwihilges wilduuindl (space)
!

delfaunalihfnUsBsumanadisuuuuded
! E(r,t) =Re[E(r)e’™] (2.14)

' d Q o k74 o = o) Qs b7
fa E(r)Wiuduuidsiou(complex number) luhusafeniu agldnisudainihanuduves

I - " & :4' o &
i gurnulanuazauNmanLysilasuauanneil

D(r,t) =Re[D(r)e’™] (2.15)
H(r,t)=Re[H(r)e’™] (2.16)
B(r,t)=Re[E(r)e’”] : (2.17)

die D(r), H(r), B(r) wagiduduudetou

=

ANTaNMnaIMITILNgNed savesaunutiuan Weilniswdsuulasmuaan

oD
VxH=—"+j (2.18)
y ot 3
unueAn D(r,7) uag H(r, ) 2nauns (2.15) uag (2.16) Tuaunis (2.18) agld
Vx[Re H(r)e'”]= %[ReD(r)e"’”H Re[J()e’™]

Re[VxH(r)] = Re[ joD(r)+ J(r)]
manuduiusiiluasndves ragld
VxH = joD+J
(2.19)
o a. o ¢ ¢ ag <l 4 v
Twhueadeniu naunsvasundiiag nsavesauulwiisiveununmazld

| vxg=_28 (2.20)
o

wnuen E(r,f)uae B(r,t) anaunis (2.15) uag (2.16) Tuaunis (2.20) ale
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Vx[Re E(r)e’™] = %[RCB (r)e’™™]

: Re[VxE(r)] =—Re[ joB(r)]

VxE =—jwB (2.21)
o & < ¢ o & v sv ¢ 2 A ) & o
C PNUU allﬂ'ﬁqlaqLLNﬂ"UL'Jaa‘VILLﬂiLﬂaﬂumquL'Ja']LﬂuLauIﬂ\‘igﬂGIﬂﬂu QQNEULLUUﬂQauﬂ']TVNa (2.22)

4198719 Ingdnluguuuveyius
VeD=c
VeB=0
VxE =—joB
VxH = joD+J (2.22)
2.2.4 msiumsvasaauludananitlifinsgade

° o , < o v & v I3 -
dwvanilwihussanuusiviinfinusivdeumunantuduldsgueie aunisaiu
dmiuaunalvihlusnanbifinsgadendenuiigudsi

6’E
or’

V*E = g

o—

nue E(r,t)=Re[E(r)e’] azle
Vi[Re E(r)e’™]= ue %[ReB(r)ej “

ReV?E(r) = ueRe(jw)* E(r)

V*E =-a usk (2.23)
= ' < ¢ v o @ = @ o W o

| Senaums (2.23) Maunsvasssdulaad suilumnaremdusing raunulndhuusiudeuen

L7 dunsedu (2.11) anansalisulangil

V2E+@*ueE — juck =0

B V?E + (& uek — juc)E =0 (2.24)
IR 2
(319 9 _ JjoE uag f =-a’E
! ot ot
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-3 v d o 7] 1 <
luvhusadeaiu aunisedudwsuauusiuvgn B (2.12) aunsalieulaluguuuy
ey fell

V’E +(0*ue - jouc)H =0 (2.25)

oE . O’E

o @ o ° M ot = o4 o 1
dgwiuadusznvainEuenliuUsdsuny x uazg y auMmspaUlFULUUAIY

O’E
v =—o uek
., O*E .
NID 67 = ",B E (226)

i5io B=wus

fsanesduseneu E, () Halaasvesauns (2.26) enadisuesglugunuudisl

|
| E (2)=Ce™" +Ce’” (2.27)
’

[ J v oa

e CuazC, Jumnsiidwau (Complex constant) auuiinusuaaumuiiafa

E_(z,)=RelE, (z)e’]

luvuAn E (z) anaunis (2.27) agldl

E (z,8) = Re[C,e’ ™™ + C e/ )] (2.28)

MlYaIuasa (real part) Tuauns (2.28) waasavaslugunuudulawie deeady
= -
o C,uae C, 1 0uAa3e aun1s (2.28) aznanewdu

E_(z,t) =C, cos(at - fz) + C, cos(at — f£) (2.29)

P AN deg X 4 a o ' a o % al o
f\la’,mulﬂ’l'1GI’Jﬂa'N'VIL‘U‘LlL‘uaLEIE]Lﬂﬂ’JﬂuLLaz'lnquaﬂwaN'm mauim’ﬂmiuﬂil,ﬂaﬂuwm

sanduduldeguemed svilinmsuladsurenigh wiedtmtuduldsgueeide
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el 4 A 4 Py
aun13 (2.28) waz (2.29) wuawuwihfiiunavinvesmiy 2 sviuiindeuilufirnse

W NC, =C, aduAumnih (traveling wave) via 2 vuiuazsmduliunuils (standing wave)

[

AeALSIRAUS aALSAWE (phase velocity) SiAndail

yo_1 _©
Jug B
£ Wuanuiiveseiy
A Wueuesnivesndu
(0]
vem=2
B
o =21
27f
v=p=2
B
2z
=— (2.30)
A A

Vo < Pl

£ 11 mavvava (phase constant) ¥geaau
a o ar o a o

2.2.5 mstiunsvasnauludnansimduiaii

) U ' { d 2/ g
dwivaunulihuazaumwidniulsvieumuandudulfsgueied awnsomne

4 @ | v oWy ]
Inagvasaunsadulufnaniiudnhld aunisadiu 2.24) annsadeulugluvvaunisyes
5 « Y du
ledu load lanail
{

VE-y’E=0 (2.31)
¥’ = jopc—a’ ue = jou(c + joe) (2.32)

= (S s v . o a & oy o
a0y TAneian1su (Propagation constant) Tne 7 1uduiudedou sfidiuade

(real) Ao o Taedivisedu Neper/m WudnSunnw (imaginary part) Svihedy radian/m

y=a+jp

e a=Re./jou(c + joe)
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e B=Im,/jou(c + joe)

= ' ' P . = 1Y

5Un «a 91 FPNAYBINITAANaY (Attenuation constant) muANLTUITwWED
o v oA v ' o + o w v a o

infidewes 23 2 @ fie iy vinAfiduay whieruagaInazdedddmiduun e

P é o 4 9 a v v aw o -1
ManpdusTINuaiiausinasuilufia z auwlnifesgenndaatuRauludsil

STE;=;'2E (2.33)
wawedsfiilulfde
E(z)=Ee™" (2.39)
Tugtuuumsusvasumanan agld
E(z,1) =Re[E,e/ "™} (2.35)

A X =y
aun15 (2.35) Ao WAlRAUYRIANNISTRIPALTIUNA z wasliaurulniiranas Insunnimes
d a X ' a o M o ) ' v a
= piusseganiNdy Wuledunsdivesinanililintsgadendenuaiasiivemnisdeu
4 wazamuSIaraIrduilanaa

@
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=— gy V=Ffl=
B 2 N2 B

@

dv = [ [3 -1
UBNIINUEFAN19DVIU @ Uay ﬂLﬂuwa]me a, i g e U

@ =Re,J(jou) (o + joe)

2
a= w\/%?[ a +5§g—2) ~1 (2.36)
B =ImyGou)(o + joe)
2
B= a;\/i‘;[ a +5§—87) +1 (2.37)

2.2.6 Milagladianasn

Tumsuaidnlada Jaggouveenidu 2 win Aefaid wazladidna3nudeauiu

123 1 1 d" T L 1} 1 1 ‘JQ 7 QU -] J
sulator) duuUserdng 2 wanllidaeu degragulan ludrwesrrudivedmdudadiue

. d |- =3 =) =) A {
e pudaluledidnasn Aasaunaunisvasaundnadmuasunlasiumuian
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VxH = JxjoD
unua J =ck wag D =&E azla
» VxH = oE + joweE

WIULINVNTNIVBENNTT A AMULdunszualnih (Conduction current density)
upzwalNaes A ATIUVUILLUNTZUAN15YR (Displacement  current  density) dm31du

1 G Q 1 J ) o ] g
-{—D—:_ Ao dmsrdIuIERIIAMURLILUUNTSLENTTN HAZAUVUILUUNTSRANTSATEIALY
a (1224

b4
1

Qs o 1 P=1 . . . v & g 27 i 1
FINANNTENgNIIEILI uWnwesnIINSEee (dissipation factor) Mty —=1 #Ae Ldudinds

wE
(124 wE

o @ w o o \ ' o ia o
dwsudniid wu lave Tudnanesuanuding — >>1 2nauns (2.36) uas
wE

VZa) V /s

2137) azla

o 1 I Y oa ey d a e O a1 8
AIDHUIYU AINANIUINDIA Vlllﬂ']ﬂ')']llﬂ'gﬂﬂ\'i 30,000 LUNNSLTING — AmUszNI 3.5x10

wE

o w ad a o 1 P o Y ' V ' da
ﬁ']ﬁﬁUlﬂaLﬁﬂﬂﬁﬂﬁiaﬂu’Ju‘ﬂﬂ Iuﬁ'lﬂﬂ?'lllﬂ — << 1 Moy vy hﬂqﬂl‘u‘(ﬂ\iﬂqquﬂ')w&!
wE

Aauldtu < eglusedu 0.0002

e

o v v o da A lg @ ai 10 o a £ [
dMSUAINTR o uaz g evazlifuduriud uadmsuladianasn o wag ¢ Wu

[
da‘a L X4 =1

Afuvesmnud wishindm o/ os Wurasilutaemuiiifiaiwn meovaaiiaifvedad
nengnritvuamisnelvesiawialadiingsn o waxdhndn o/ os

£=3 g (=3 =Y d
2.2.7 nadiunsuasadululadidnasniia

a a o v & Led . .
I nadluedladilBnedniifl o/ we <<l fulunmsidnguiiunluludia (binomiat

eorem)
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A o ¥

Fallieegamanusnvesmsveeluludiawingu mnaums (2.36) agle o drdadl

0,2
20°e?

-9 (K
o= 5 \/: (2.38)

Tuhusadeaiy anmislingefunluludiva wavdmsu gainauns (2.37) Hendall

a=w %§n+ )-1]

2

— . |HE o
b= 2[(1+2a)232)+1]

2
ﬂ=a)‘\/a)8 1+'4—O-2—2
@&

Pnnslinguunluludeatnasesla

2
B=o, ’ uefl+ SaC)TTgZ] (2.39)

- < < °o a o €
w4/ pe o uinmesnisiiauma (phase factor) dusuladifinaSnauysal (perfect

. . v o o =Y Qs - §
ielectric) &1 v Wurnusieaululadidnssn v fieadeil

y=2= : g Vel
ot  AJue 8o’s’
1+ ——
J,ue[ 8w’e?
0_2
V=Y, [I —W] (240)

e ¥, =1/[pe Wumnudiswdululedidassndoammiriilniugud savesms

= @ =l < v ° 3/ < 1
YLEBNANTULNEILANUDY MM weIMsUHRdLanas

] L7 a Y 1.9 a ¥ Qs o w o
dusuanumumuBsdoului Weanuaumudsouanis z ?Jaamm'mmﬂumm

! ) & al o ] o a ¢ @ 1w .3'
98U FedAaniniae tasauuuusiuieumuiaat dwalinluves z danail

z= | L%
o+ jwe
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T
Z—\/:[ —1 (2.41)

I+ —
Jjoe

L) Q7 (-] d 1 J % 1
iuladludndiin (Good conductor) o fAuANIY we 1N9 Fomnearuine,

= 1 kY 1 d d A 4 ] s -] d 1 a‘ ]
7 UaE ¥ UANNINATE LEANIATUATANGININLUALATBUNNIUAIUN wagMstaauanavilaviuig

o

= 1 =3 ad o4 o a W ow o [ -]
RIUBIUAUIN ﬂ’J'\llLi'J‘UENﬂﬂueZNLUUUQﬂ'IﬂNﬂN‘L!ﬂ‘Uﬂ azdfiatesludiiif diuainy

°

wnuddsuanzilintey yuvasnnuiumuliouden 45° @uaduiudn

=n =S

f
7

z= ‘,%449:1/%{’”” (2.42)
(o2 (o2

dwivawiuanysal o =0 9naums (2.41) ezl

zZ=

& (2.43)
&g

dwiuggmea Z =Z,

Z,= /ﬂ =120 (2.44)
& .

a 5 Y o a a o o o
2.2.8 msiaumevasaduludnarsisladidnnsniediani

§ o =) § o/ o [=3 o A -] 1
asneladidinednfsini Aeanslediinadnifianmmsiilwihameyszanm laelid

! ' ' o o o] Y t a o s
?J%?Z‘W?'N 0.01= 100 (MU0 & ANASNIVDINITLARDUN V4 (e 1V ﬂ) HaZATBUNLAUYYDIENT z 9%

2 ) @ ° a v 1 = o e a ¢ 1 o
mganneiluiuiuddaurmils Faunsessdunmadulszansmsaaveu o ARG
d B musauasi

a= ReJ Jjou(o + jouc) (2.45)
B=IM.| jou(c + jouc) (2.46)
a o 4 J
wazBuRnautvaloans Z
Z= |J9HK (2.47)

o+ jwe
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a < o o & 4
229 n"lim‘uﬂ"lwa\‘iﬂﬁ‘u‘l‘l.lﬂ?ﬂa'lﬂm‘flumaLEIEI

VE+@ueE=0

Tapuduiusvesauulniiideaunisi (2.49)
| P

V2E + o us(l+ j-2)E =0
e

a a g P2 w4 =3 o
wazaunismawsiwihiadudeindusumsluionesz
E=E.e*

4 o v a0 w o
e wuality fiARsaunisn (2.51)

y=a+jB=-jouo + jos) = ofuz (jfg——l)

iy Wuaasiilunisifunisvesaiy
) < P
a =Re(y) @udszanslunsanvouvesnau

B=IM(y) fasimana

' , A 22\ d
aunsomauuivaninatulasaunis (2.52)

H=-L_(Ee7)
Jjou

e o a o =
2.3 Tnundmiumsiiunievesaiiu (Wave Propagation Mode)

@ ]
i v
| “

d‘l’ A o & U a‘d ] | o as [ Qr o a’ a6 a &4 w o
Wadiavandndusnnarsiiidnasiivsedndinas Wusmnarsviinneladidnasniediaih
nauNsYeLgalgand (Helmholtz) TunSavanuduiusuesauuiniaglassaunisi (2.48)

(2.48)

adw o o w i 4 4 A " w 4 &
lunsdlidnansiianmilwidiadiansg wils 1y duRumesiusmnansiliudedions

(2.49)

(2.50)

(2.51)

(2.52)

o ] [ o a n“l 1 6‘5 o P o A o
pauwivanlwiiindeuiluanedslag duasiidnwurlnuanisindouivsednuaenis
‘d A 1 5 3 L") ¥ d kg 1
asunngluarediluasiuegivdnvaugnsiaudivesndulagJunsiniadnvievedaieds

5 1 d‘ ] 23 A %3
gl Tnsusdagluunszlizluvvresaunnini fligusrsdnvusiasanaesiy

I Y & = a s v < P @ V)
ﬂm%’namﬂimaamauu‘] "Uﬂu‘r’l']\'iﬂmﬂﬂ']ﬂﬂﬂl.a?ﬁl%LﬂiﬂULMNBU?U%?\?I\?F\G\W‘U?WQT\LUU

. o » o Y &
wlawauium (Boundary Conditions) vesrduwimaniviiegnisluanededyaralnilitiug
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UANIARAYNS (transverse mode) Inevidluumanedsdgamlaiuunauussinnvsdluun
4 o R o o & Y P
1mndeuiverauwimvaniiilasduunesniluluuaiuguldauuuy fe

f) Tnueauuusividndingns (Transverse Magnetic Mode TM Mode) iHulnuniindu

4 A\L r 1 1 3 ] 5 Ad 5 o o =3
wagunlumumnandlneiidiudsynauvesdunuiidivianivintuninisaeinfufiemanisiiunig
d‘ 1 5 N ol L7 -:' =3 ﬂ' d' d' e’ 1ol ) [ o
gasraulugsdawiunsadnianile Avrduazedsuntuaiusinatlaelifiauiuwlivanlufianis

; - 3 o =
vpenduluaneds gzuuseneun1seunelaluguii 2.1(n)

wlsunaunslnfiisinuing (Transverse Electric Mode TE mode) ulvuniinaiuaioud

1' Qs 3 ] 5 dn’: & a =3 o 1
Tumusinandlaedidnuseneuvasaulwihwinuisainduiamnmafiunvesrduluads

HREY =4 o o -41 @ 1 v & a a P2
TvSedntievilsfaniuazmasuilumusmnatsine bifiauuusivan lufiansiiunsssraulu

o =
ajeds g3uuszneumsesunglalugui 2.1(v)

Alvunauswimaninf#iifinuIe (Transverse Electromagnetic Mode :TEM mode) 1Ju

nuafrauadoudluaudinany  Insfidiutsenavvssaurnldinazaunuwiwanlviuay

’ ] -3 o & o a a = O o A ~ 4 a P
‘L‘nmmman‘luwﬂmqmmnﬂuwwmﬂmsmu‘umﬂau’lumsmuu NIDVNUYNRUIADAR UILLARBUN
2

alumudinanlaglufiaunyiWinasauuwimdnlufianismsiiunsvasaduluangdaas 9

a | < 4 4 & : a4
Uusznaumsesuneldlugud 2.1(a) lagvllusinmsideuilulvueiavuwivaniidiinadu

b3 Il po s [ ] d‘ dl' i <4 b ]
padiauauunsiumn Aty Aaundsuilueinid luaislaweni@ea (Coaxial) wagasas

= ee

P ! a 1 o a dv ' Cs [ 1
qlugufl 2.1(n) winaiilemafiauwsivaninihibaduienususnssiauysavuadau

£2)})

d o < y a - f P P - =
uiedeufiluasdwvvlulasaniu (Microstrip)  Tuguw 2.1(n) Fadenlnungesilin Tnuana
nuwsimdnlwihdawane (Quasi-TEM)

o0

FI IS IS IS LTI LIS A

7777777 PP7TP 2P 77777 I7 7777

o i a 1 o
(M nsweasuivssrdululvunauukivandnu(TM mode)
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- x| - o
(@) mMsedsuivesraululununauulnidnelng (TE mode)

YL IS LS SS LTSS LSS SS S,

P o o ' o
@ msedsufivesrdululvunaunuaivaniidauneTEM mode)

JUf 2.1 aunilwihuasanaivdniviisnisfveeseiululvaantsadioudivuusiee

2
@)

) s o o 4 & 4d dsl w o o &
fae198luUAMS LA UNNENLUUYBIR A ULARaUN uLLNu@?uqﬂaUEULWﬁﬂuu (Slab

Waveguide) Iiianidluzuil 2.1

a & = o = ' & @ v 2
lumsiesginsiedioufivesrauudimanind luaiedeiu Tnevhluudrasdesmaunis
meuvesau i uazauuualianuuunuane lufildassiomanauuiieiu fe E_E,

s o = 3 - P - @ v o
- Hx , Hy ey Hz uallauyihnsilasizvinsiedeunvesmdulua AL T IUITONE

4 o d ° 13 v oog o
miagUkuulnuanisinfeuiitiiefaganduiussrusenevvesaudiifiuasauuwiinaniioy

)

yatuaalula 1w Tunsdifirauiedouiiluludia z Tulvus T™M awnsalada H, (eedl H, =0) 11

S|

"andandediulsznevtesaualiiuasmivinisaairauudieiu fe E L E, H, , H )

! o [ % Py § f o )
az H, Tuihussfondulunisiiesgdinmsedsunivesraululvun TE svimdsdiulsenauues

unbiihuasaunmivéniouavihauwdefiufe £, E, H, H uwas H (aed €,  =0)

S

@ 4 < d » 1 1
dnfunsimdeuiveseiululnungarinevioluuaTEM  ezlifauyiniuazauiuwiminly
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A A LY 1 IA -
uAdeunvieliaun E, AUH, =0 Jundeaumwivdniddnfivaedauade £, E,,

|

way H, WinTiy

X

dﬁ' 2 =y < 4 o = 1 =3 1 [J L)

uanNULaIM AR TzinIsndounvesrhuwimanWihvesivuanieg ausaiiliae
a & Y a a e o g Y o - |

NEALINN MauymMsineinduauuwimdninihdulianauivinisauuliiiauule
nawiiteguuvang1eY Tufe N x 138 WAY y BAIIEVINIHENIN S0ARTIUIUALILAIUUTEUTY
deww E E,, H waz H sanwiedu E,fu H vie E,fu H, \fiswdaesaunii
pﬁ'uél”m%’U’Luﬂsm“fﬁﬂﬁumﬁauﬁhﬂuﬁﬂ z Tulvun TM  asilduyssnavresaunulaiiuas
' 1 [ u‘: o v o & = 3 [ < [y <} or
wwimdniueidesiansuvdelseuauiniieiu fie E, fu E,, E, iies H, Ay

wuRgatudmiulunsdiindwedouilulufie z Tulnun TE asilduiusznouvesaunylniih

4

gauusiviniomafifesinsanviedesasauediy fe E,, H,Av E_, E e H,

|

1 < 2 o |2 dd’ d' ] d = S 1
E, wuiiisrfudwmsvlunsainiedunounlvluiia z  Tulvue TE  2glidudsznauves

sunlwiuagauuwivinieuniivesfinsunmiefissawauiudediu fs £, H fu H,

L‘

vie E,, H,fu E, lwihwsuderiunmslinnesivesnaulumedaluntuiiagluguvedivin TEM

]
] <

unsmimslieseiladieigalasiauuwivanliiniewd £ fu H vie E, fv H,

9

JauAgauINAEIWILL 131RinEhnITiATIgiann1svesrduilvun TEM  neuaus

& S o
sanitulnuaiiiienian
2.4 suulwihlugesitedse (Electric Fields in Material Space)

msRsandsawlnialinlutesitteiniein (free space) wWiagayinaa (Vacuum)
o M 1aa ] . v o - o -

puiiuilififaney (no material)  ldnaaldudaluuni 4 Tuuniisesiauidulgn

nutvfhannsaifevulalueniadng duervesiiadulaludinaician (material media)

i d Qll Ql; é‘; s 3 U U a/
nanailunszay a1 NAvegsEnitstiimesiniulsey edendndudanaielas Yae

£

Agndunednns1a munuauiRvesiiiveuiuld dudu dnirlwit(Conductor) uazsla

1w (nonconductor) %ﬂ‘lﬁﬁﬂﬂﬁﬁ%‘%@"ﬁ'ﬁbﬂﬁﬁﬂﬂﬁ’l (nonconducting material) Tngnfiae

138011 fMawiu(insulator) wisladidne3n (Dielectric) wazlagya lU msRarsanegnens1ng e

AnauTAvnslniheesiagastusgfuiuguanudhiuuiaudaieadu a3 (conduction),

nagualain (Electric current) waznsiwanlsd (polarization) wazuenandufazfesiiansaunia

‘ Qe o a o a . . .
AuantRvecingladidnesn (dielectric meteril)
|
!

i 2.4.1 Japdanane (Material Media) Tugurulwiiadin (Static Electric Field)

ilaRsandeauy Wi fitinTuainnisnsratevsslsegadiuiiluanianseaniming

iy

13 wazandluinaelifnufmginssuvesauinlutandanans (material media) Taavialy

-
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wannsaduunJagmuauaniAnislwirldiduaiueie fe 21 (conductor) @rshdnin

(semiconductor) uagauU (insulator w3e dielectric) MuMsRSANTIAUTILANT VLAY
d o @ ° ‘1‘ e ° s o 5 4" Tt a -_ i ‘ i

msidagaududniaisieing wiednhauiutiu sxdusgiudidnaseudasziitdeudinn

= o o e
avmauvilalugdnarnouniia

2.4.2 @71 (Conductors) Tusuulwiada
Taghluudrtgmusimaninihaziientesiufnanifinuaudfinsidndvarsegauas o
-2 L o ¢ a‘ 1 o 1 L L )
il uduiusreTInuELve Ul (interface) SEMiNaBFINAN AUYY 15191992
v aa - =~ ' ot I | v [ |
ABINIMIZMIN E uae D wasulussaveusiu dusmsumnuarindeulvvevisiesaennaoi

YBUTTEN IV INAINN warkauluwatlanvualiluaunisi (2.53) way (2.54)

E=0 (2.53)
B =P (2.50)
80

2.4.3 ladiana3n (Dielectrics) luauiylwiaatn

mnaniannneiinzusynoulumeeraeniiiinedvaysequingnasuseumedidnnseu
Uszgau fadlinluanavedladidneinzilunanuuvanlasalaln (macroscopically neutral)
' < ' & o ¥ a o ' 13 L4
winsanalvvhagneusnasilumgyividsausansgrivuusazeynausyy uaztumeyili
a v gy & o V™ P e
Wansunuiiueessyuanuasysegavluseesduy luiavnmsadiuny Usggmaiie
Usequniiu (bound charge) Mauvuiduisudidnziusseydus deilsudsuiurunnves
O ¢ \ ) o a v o Y]
zmou mMadutmislnatlsd (polarize) - vesdanladildnsinvidruineides uazlalnalvin
¢ . P o i P o v ' Vo a =
(electric dipole) azLinYuALD mLtwua'[.umsmaauwmﬂani?lé'uamhmgﬂw 2.2 Faluvauziile

Inalwiifedutudnglwi wavauduauliiiagsossinglusie

d o U = L
sUN 2.2 Madernsvesiinalasidnasninanlsd

v



A= P

2202

).

it}

|
|
C:'qndition)
|
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2.4.4 Jaulvvay (Boundary Condition) vassunulwinafin (Electrostatic Field)

a =2

2 AJ L= g Q/ 1 L

nlildisnazivrsandaunluirfiiaTuludinarsliien®us (honhomogeneous

. w1 da X P P o o o o U X4 ] P
edium) saiuauNistuluuinunUsenaumedssinatsiidieiy veldeulasnes figu
) v o ! = ' o 2 = o X 4
ABvdRAAdRINYBUIINT UL NTTWIIRINANwItdeY 1Senleuleiiin [eulvveu (boundary

. o | X g v & v v o v o
ndition) Weulvd1eq wardasluusslenilunmsmauuuudnmiisiausuudniumive

‘d 1 -] =y - 1 4 L] s 1 7] = A
v Revlvazteliinduunelavesianldegrsdanuindufnasesls sssfarsanidouls

ufinsuenveusausening

1. lnBidne3n E,, wazladidnedn £,
2. il wagladidnedn

3. il wazenieing

FanousasRianTauveusnAeanY1eny Tun1siuaNeulevsy 151989l 9aun15v09

wundaaansvauuiviiainfe

§Eﬂ=o (2.55)

aunsi (2.54) Wuaunsaunulndadin E vosuundng f . WunsBudiinsminla

(close path) wag

§ D-ds=0 (2.56)

enc

P a A < o<t a a & a o
aunsil (2.55) Wuaumaaunailviiadin Dyeswundiadds §, \umsBufinsaitufiadn

ose surface) uazlunanfeafusiazAsuenaaduausini aﬂﬂLﬂuﬁﬂﬂﬁ?uUiSﬂﬂUﬁﬁ

1 (orthogonal component) fi®

E=E +E, (2.57)

P T YY) . [ '
W E,Aediudsenaununduda (tangentisl component)  Aureusiuuaz E,fo

U3EnaunuIRemIn (normal component) Aurausau wagludnuaeidelrduilisamsousn

vy Wandlndh D esnluassdiuysenauiie

= 1 a o a a o . . . .
2.4.5 Naulvvausznindladidnainiuladidnasn (Dielectric-Dielectric Boundary
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a d a :’ﬂ' £=Y o 2 a Ly = = o v
fsanauy E iisiuluuinaivseneusneladdinainassiin Jaimusnudnuus

, a d a o 14 [ a & a (3 b s
104laBlane3nil 1 M g, =&,5, wavandnvusvedladidnndnil 2 fuusme &, = £,6,0M

‘fﬂﬂugﬂ‘f’i 23(n) Euay B, Duauwlwirlusanansdl 1 wagdanansdl 2 isramnsauen
atnlainléde
E.l = Ell + -Jn (258)
E,=E, +E,, (2.59)

va ool [

v < v a = a -
Ussgnildanntsit (2.57) fuiiUn abcda vesguit 2.3(n) Tnsauydlmiddewmbnunndls
guiiumsaeuUnves £ la

—

= Ah = Ah = = Ah. = Ah
0=E,Aw-E, (—)~-E,(—)-E,Aw+E, (—)+E, (—)
2 2 2 2

(2.60)

< = s < v o |
We E, =|E| uay E, =|E,|luvaiz Anidng 0 GRourmanunn) aun1sil (260) ez

n

En

A1
asuu

| E]l ~ Ez: (261)

aalszneumndudaludinmaii (E,) milouiy

mudsyneumnidudalusnasi 2 (£,,)

v
L L

AaudulsEnauLWIdulaYes E vumuiaswweseulsiviiouty (K, = E,, ) 50819

- 1 i ] 8/ 1 =N u 2] . o
wefsdn E,azhiivfsuntasuureunazaznanladn E seilies (continuous) Asausiiavey

g T T = o = v & P o ]
89 D =¢E = ¢k, + ¢k, = E, + E, faiuainaunisil (2.62) seimualad

: D, o
v o _ Py

: "'Elt "EZI -

& &

(2.62)




()

d ' a - L - )
JUT 2.3 Teuwasymanladianainiuladidnein

oY)
30 bul Bp=r/ I (2.63)
£ &,
] = o ' 2 T O ' v oo b g
WuAe D, azildsunlansavavsa D, aau na1iledn luseiles (Discontinuous) Ae
YaUITIU

luyhueadeaiuil dieUszyndldaunisn (2.57) Aufiavend (pillbox) 138 WuRILUUINE

(Gaussian surface) Tugﬂﬁ 2.3.(v) laglvi_Ahgaugazlai

Ag = p,As = D,AS —D.AS (2.64)

930 ( 2.65)

Dln_DZn:m

ANMUANANIZHINGIMY TR LRI INYEY
anmryuniuans i luuSnam 1 uazuinai

o ‘ -
2 imiuanamuiulszguia p,
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- 1 a a4 1w - - & Y
e p, Lf]umwvm'\u.uu'disqaaiwaqammumw‘ua‘u aun1sn (2.65) YUYy

'8

& a - aa a v a a al
NWUFIUVBINTTANA D UNANNINNUILIUN 2 VLUENUinﬂJVI 1 wagauni1n (2.65) ﬂgé\lﬂQQﬂ

Yv v ¥ o

dnnUszendlgmuiineilifivsygdassiintuiveusin p, uazaumsi 2.65 wznateilu

b, =D, (2.66)

- ! T ‘ a
asvinaveuslilidssgiuia p,

s 5 . g 1 1 LY 1 d lﬁl
farludiuyszneuwIfINYes D, neilesnsiweusiutiuae D, azlivdsuudasi

wov \ileswn D=k aunsh (2.66) Ssawnsorivualein
¢E, =¢,E, (2.67)

aun1sn (2.67)  wanalmiiudl @1uusenaunulIfRInued £ Liseillasiveu aunise
(2.63) uaw (2.65) win (2.66) Azna et gnRevinlulsulyYey (boundary. conditions) &

-1 v P < v a a adl W O
auﬂqslﬂa'\ﬁmaqaaﬂﬂa@ﬂmqﬂauqulwﬁqWﬂﬂUmgﬂLLUﬂﬂ'Jﬂlﬂalaﬂmiﬂﬂquﬂuw{iaaﬁ

= ' ' )
JUN 2.4 Y9UTMITMINADIRNINAN

nsinsananudiautini £ wagamumnuwiuauiuliit D dedueiasgiiansan
1A9InNsBuiiingn3ivn (close path) \s1asanRsaveUTmsEninaasnansilulugui
o v ° a <4 v v o o
2.4 Fafusundmunitivnain (small path) abcda #ausznaumesu ab luuinwi 1 uag
v a < O Xy & Y ' " v
A cd luvdnam 2 Tngviiduiiaszvnuivreuiuwareniviniu Aw 519uszgndly
= v v a ad ¥ v o v a0 v ¢ v O
aun1sii (2.56) Auidumadu (8) auadni divuali be=da=Ah  fifudngaud A

duinFamuLdumansansiianansasianals wsizaruuduinsamuduuunaiu (39) abcda Ao
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B oAl =E o Aw+E o Aw
=E, 0 Aw+E, o Aw

=0
E,=E)V/m

LWiﬂsazﬁu (2.68)

Soulvvenvesdiutlsznoumniuiaues E

(Boundary condition for tangential component of E)

Tuaunish (2.68) wanslimsuin drudssnaumnduiavssauny £ sailawmssuiian

U2 (tangential component of an E field is continuous across an interface) Lilau3iiaud

; a o = 9 o & o PR
lamweaudu g, wazuSnam 2 famwesuldvnslwindy &, fafuannsafvualai

D, _b,

(2.69)

£ €

U 4

o o @ J ] o v 14 = '3
tWVIAEMIAMIUFUNUDTENINAIUUTLNBULUIRINTBIAUIUTVOU 15198 RBIaT19ad

& < . daa v < P SHa v 1 o o [ P
nduadn (pillbox) MlifAuvuegluuuuaziiauagluuTnum 2 duandugui

N
(O}

p—
TR

Y a ad o a dl ' i
ilafiul AS wazanugeuesiiaduendvinadinfe Al Wevssendldngueand lusunisi
55) fiuRaduanduunaidiniialasy

j; Deds=(D,ea,+D,a,)AS
=a,°* (Dl > Dz JAS
=pAS (2.70)

Y v o o e & o o o & =4 '
‘lﬁJﬂ'Ti‘U"i\'iﬁuLﬁWim‘Uﬂ'ﬂﬂJﬁﬂquﬁ an, =—an, IﬂEWlL’JﬂLﬁaﬁ an ks an, iuneesniauie

Q1nTeBNINUSHAN 1 wazuSnd 2 auddu Fsanaun1sit (2.70) 151aglédn
a,,*(D,-Dy)=p, 271
vide D-D,=ps Cim® 2.72)

aunsf (2.71)  wansldiidiud drudsenaunuiain (Hann) vesaunuazliselisms

!
o) ? Ao o 4'1’ a = :'f! ) o P P [ .Y 1
’ia'Jﬁ‘lJ‘(JﬂUi'JlWI‘lNﬁJﬂizﬁ!WlﬁquN’JLﬂﬂ‘d‘u mmmuwlumamawsmwnma‘mmmuuuﬂszqmu

la v a < o o = o
Wi drudtaad 2 Yudh D, = 0aums? (2.71) aznanendu
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| Dy, =¢&,E,, = p, (2.73)

& A g 1y P = 4 = )
Faaliiedt aumsi (2.72) asnaneliu £, = p, /&, diouinad 1 duoniaing

P ° a & o (Y] LY 1 a P ] ! a o [=y
L&l'ﬂlﬁ']u'lLa’ﬂ,ﬂi‘]Lﬂﬂﬂiﬂ?{a\‘lE]‘Llll']ﬂiﬁﬂ‘Uﬂ‘lﬂ.ﬂ'EJ‘LNQJ‘US%ﬂ@ﬁ'ﬁ%ﬂ‘ﬂﬂUi’JﬁJi%Wﬁ’N‘lﬂaLaﬂﬂiﬂ
WAy p, AU

D, =D,, (2.78)

n

vie ek, =¢,Fk,, (2.75)

A\lu ' P P P ) v = a Yy
snlanamisuTweszasUReulusuiingsiesaenndeslunsilvesauuliiadiale

ey
iAo dwlssaevududa E, = E,,
; 4 =0\ = 276
dwilsznevinnsmin a,, ¢ (D, ~D,) = p, 276
@2.77)

Worlvvenvesmnulvithada

(Boundary conditions for electrostatic fields)

o v v ad ] Y 4 o
Faitldnanalundain Insundteulvvevesussandlivmaunalnihuuduniladionsiu

auulivudnaunilswesrey wazuananniisdansaldteaulaveuiiadivuanisinm

(

fraction) vasauiinssvesiin Semnisiansan D, wie E uae D, vie E, wziiiuiniy

quJnﬁ’mé'uUnﬁ uwwanin Wuuy 6, uae 6, Awanduzun 25 uaslngadaaunisi (2.60)

| b

gl

E;sing, =E, =E, =E,sin6, (2.78)
Ve E sin@, = E, siné, 2.79)
Tudnwasientul] devssandldaunisil (2.66) vie (2.67) 2elésy

&,E cosé, =D, =D,, = ¢,E, cosé, (2.80)
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o = - = o ) a a w a a
JUTl 2.5 mednmes £ vie D fveuwnsywinladdnniniuladiangsn
30 ¢,E, cosf, = &,E, cosb, (2.81)

msaunsi (2.80) feaunish (2.81) agle

tand, _tan6, (2.82)
€ €
dlown g =58, uar &, = £,2, Mmoaunian (2.82) agld
and, ¢, (2.83)

tand, ¢,,

ngmivmmvasmnaiffhiiveudnlnanimlszg

aun1s# (2.83) Wungnisinmvesauulwinveudusimeinysey (Wasainauyaiv

af ' @ le o P ' ' a o a a ' o o Y a L
£, =07vauian) smuulaeiluivousiusewinassladidnainiuansiaiussyilviaanisiaasia
voudunand aunadwsvosszgnsinanladiilivindu Fegvasaninuyuiuuuiuvisaaives

YBUIW

2.4.6 Woulvvausendredanlnfaduladidna3n (Conductor-Dielectric
Condition)

- R ) Y a a a % - ot veo o
ReulvveusewiwinhlwiiuladidnsinzRansaniiangui 2.6 Feauydlvisainini

Judnimauysal (el o > onie p - 0) vetifaudinlunis TReelifidniwiialinm ud

1019zl i egutu veauas wazidu Wudnihiwihauysal 3nngueslenu
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J = oF axfnadnwmnumnuiunszuas il ilusahinihaysel luvasiauuinihaely
fierlidintu wieludnaumnenilniu £ — 01ie991n91 o — (£ = j/07) Tustilih
Fasiiuszqagmeluimirliihdradu Useqaziedoudrsludauingauhinih uazaenseaedn
pfmilslusneaeiaumnsluimilnilivsngtu (ilauw) sunguesnidd £ =0au

wnuiulsey p, zdenlugud dniuinanseaguladndnilwiauyselliansasivs

auulnthadalimelusiiule

«‘ dl o d 1 \ e ° i - - o a
weAisrimuadeulvvevreweuiiusewidhinihiuladidnedn snezdniiunisau

[

JumpunlanIsuIvaUTsEIeladidnasniuladidnesn Fusivuasumiuaislainnielu

anilvih waziiioUseyndldauns AUiita (30 abeda) veagun 2.6(n) aglai

0=0-Aw+ O(S‘ﬁ) +E, (i‘ﬁ) -E (9-'1) < O(S‘ﬁ) (2.84)
2 2 2 2
Tadifinain (€= eats)

(n)

- o -
in
1laviana G = o))
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d ! L o U = o
JUT 2.6 YaunssisFiinihiuladidnesn
o b=y [ 4 g < ¥ a & s o o L4
Twihuesudeatu Wevssyndldaunsi (2.56) Aufiaduenduasgui 2.6(1) wazimunld
Ak —>0qzld

AQ=D,S-0-AS (2.85)

§ - - U o d = L7
w5z D = ek aelusnilid aunnsi (2.85) azdeuladn

1

~ AQ
D, =—== 2.86
=g P (2.86)

/eh) D, =p, (2.87)
Ffuneldideulvatiniiioadesiumihlvwihauysel weszagldnwioluil
1. liftaunalwfuAntunieludahlai dufe

0,=0uag E=0 (2.88)

d o Q’; 1] 1 1 s o ﬂ.l
2. Wewn E=-V =0 duudsddlinnusinedng seminagaassgalng ludqulaii du

' slwinduingfndwi (equipotential body)

jmo)
©

3. aualivh E azadaeusniihiniwiniy uazezsmanduiiuivesiniilwih fe
D, =g,E =0,D,=¢,6,E, =0 (2.89)

val o o L= o & o v o a
n1suszgnaldfidrdgaseq 191 E=0  agludnilvieglunisndunsasividratia

(electrostatic screening %38 electrostatic shielding: M3¥anlvivnatin) Aviees Tanfied

[
| ! . a1 o = ¢ s
50U anglausaidea (coaxial cable : @ewbaTiy) AUN 2.7 FniAdAvINvesme (Ve

|

| o v a & 1 a4 o v oo 4 A
aunsablag AifeensTanusenaumig A Fewimdhfinaunses (screen 3o shield) mslvdie

9

inlvidndsous ddlwih B Budaduanseuuldfindun Wueud
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Jod (1Wu Fadseu 9
molauoniia, Sod
Dundosdmamily
mafuing vienim?

{ ' -
smitliila q (1u monesuasiiogmsluentlauoniies.
nysoidnnsotindin q lunafu 1a4)

= < a
JU# 2.7 mInaunseslvivhadia

247 Jdeulvvouszuiteanirlufafua1niadae (Conductor-Free-Space
Boundary Conditions)

{ & o a - ' v o Y a a =
Reulviifunsdiitasvesloulveousyviwdinhiniduladidnain lugun 2.7 asuana
- ' o o @ ' a o a P ala & Yas
faulvvsuszrineshiniiueniedne (lesidne3n) sadeulvvevlunstimawiaglasuann
a v ' ' o a® i a a_ a )
aumsi (2.89) Tasunu £ 97e 1 _sizenmiainsagarilsiduledianainiey dadle, =1)

“l - ] s o l': o "J - L ol I‘; d -
Wesnnawulwi E 2YNYUTNATUIALAIRINAUNUNIVDIUY satiudeuluvevde

= = A A (2.90)
DI =80El =0’Dn =80En :.ps

i s o dula fuvewdugud aammuunildn

> D o s ]
I¥hundnn fuveuszifan) mmuminssgnui

o v ' = [ v 4 a &
aun i (2.90) uandlingiudl awulinir £ swseadagnuialuuuiniain

d ' e o o '
JUN 2.8 veulwaszninviliiiueiniaing
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2.5 awdq‘lulnsnﬂuazviaﬁ'mé'u (Microwave Transmission Line and Wave Guides)

Tunsdsdygralnihainunadsiuiialusdivanudeunasildndarunsinddus iy

] Q' d ¢ v 1 ) U L A‘: ¢ 1 1 v L
pgnBazAesinadwudyg auviondsnumaelwiiy Jedulvgudrdmiulumalnia
duinagldaedinhiwihassduiuinamhdsdygravienseualviiniug Taeviluganssanh

slunshnssualwiiusendy anedadyerailwia (Transmission Lines)

Coaxial Line Two-Wired Cable Slab Waseyguide

[:n~

| RS SR o

Centered Strinline Nicrosinno | ine e - ., —

n) anvasdeygialuun TEM (TEM transmission lines)

~

Cylindrical Waveguide Rectungular Wavenuide Coplanar Waveruide

) andedtyginidmua (Multi-mode transmission lines)

ﬂd 2 o ) 1 o 1
JUN 2.9 Mpusansadedy g LuuAIge

Y

1 L Iv.l = 1 d!/ T d s d‘ dl
anedadrygrailwihduliegmeiuvarsUssiamiusgivanuiuardnvaurnsindounves

) O P~ a0 w a o P @ [
dygraluaisdaiug lagfnnudaninagiansuinisindsunvesdygiunaisiunisinaves

‘0‘ ) .0’ “J ! 0 U A d’ 1 9 LY o d’ d. L U
nIguauImLviouMIlY u,mmmwmmnqauawn%wmsmmimaaumaaatgtg'lmﬂﬁ'mnums

- o a4 o P~ v ) - P - | -1 o
indeunvasraudyganuseneumeauulwihdvauuwivanvisaduwimaniiitiuies

i ' Y - ] - ' v a v
Lﬁmmm’la’1EJ’dt‘giy’lmm’mﬂz"jﬂuuﬂsugﬂuvumd‘] ‘V-ﬂﬂivﬂﬂi’)tﬂi’l zﬁuﬂua’mﬂﬂuwmu

@ v o ' - ' Y v - € ]
ANBULlATIEATINIBINARATINANNY Auuuau Tesmnluualumsiesendygrauliiluaieds
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] 3 s 3/ 1 1 nlvd U Aa' [] o vl
Ta*‘] tuginszanylvanedavantifinuaniimednfihmuinenueniiviusulasiualiiing

ssargamiHwwaiuegeaiatefunaantiadu

]

[

s n': = o = ] ) l::’l 1 ! 8 .
ﬂ\‘iuuﬁNﬁJﬂLiEJﬂﬂ’]El’dx‘iL‘V]ﬁ']‘L!’]’lﬁ’lElﬁﬂﬂfuﬂ]’]ﬂllﬂﬁ’]LLUU’ﬂULiEl‘U’ﬁlI’lLﬁllE] (Uniform

Lt
1.4

' . . . o ) ] v =
transmission lines) Inefisegsvasanadilssunnilassui 2.8

Y

o o ' o 4 o o o
2.5.1 sedadugunsafitléihedumimvaniniianivildudsniivie Tnganedad
Taseadeiilifuialuduuuie

1) engdhevuu

2) anglauenidea

3) visthedunSennilng (wave guide)
4) lulasansn visoeeansn

@ o 1 Qs 1 3 ' K y ¥ v o w -
aneinhguunuinldluguanublalasiwdamudduiiniu dedriavdnilaaneinnis

o & o =] o a & a ¢ & a
adelunisnszanendu salumegadailiounanaisiadidneinuazdsingnisalanudnis

-

&

—~—~—
[%4]

. & i = « 9 -1
kin depth) fituAunmile 200 MHz aglawenifeaasiiusedviamanitnaiuigeniii

= s < 9 < = E
aglaneniBualiinsimunluiiasmisannisgyidenadenulunisieiouivesnauain

m—a—'l—*—

=Y 4 .7 (-] L2 L -] ¥ [ K:-7] L 24 [-] U 4

seasnstanvasenenluinimsanszusnviuseusnushtiduly widedidadiinlusenis
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2.6 aun1sanuiaulunns@inen (The Bio-heat Equation)
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pc%—=V(koVT)—thbwb(n “T)+0. +0.,  (291)

o h _
WB 71, = Py Chiy,
1 o x A 3
£ = ATUVUILUUTUNIZYBLDLED (kg/m)
' v o X\
C = AANNIATINTOUINNIEUBUUBIED (J/kg.K)
1 o v &‘ 4
k = aeudifusaussslote (W/m.K)

h,= nssansmawimmifeuninidaniiinafuegluiieie
p= AuLiLEen (ke/m)

C,= Ammuioudimizeoion (J/kgK)

o, = dnsanden (1/s)

T, = fgamgiiden (37°C)

1 ¥ - =2 - 3
0,,= MmenuisuannszuuMsumlvaduyeadiaden (W/m)
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sar=Lg_ =gt (2.92)
a\ll// P
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SAR = Specific absorption rate (W/kg)
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Vx{H}={J}+ {a—D} = {Us}+ {Je}+ )+ {QQ} (3.1)

ot ot
0B
v-{E}= ‘{E} (3.2)
V-{B}=0 (3.3)
V-{D}=p (3.4)
Wis Vx = fmufuRnisdda
V. = dujiemslanesiaud

{H} = nnwesanudiduresauuwimen

Y = nnwesmnuvunuiureinssiesi

{Is} = vnweianumumiureuwasiuianssua

{Je} = pnwesmumuuivresnssuafifinanmamiioni
A} = nawesamumnuwiuesemmunitiuvaInsua
{D} = nawefanumuivvesandluit

{E} = nnweimuduvesaunslviii

{B} = nnwesmmmuuturednduingn

p = Anumnuluvesseginih

! = {397

. < ) s ' Y 1
Aun1s9 (3.5) WuaumsuananaingesaunuILiunSnSuslvan

1B} =[ultr} (3.5)

‘d 1 <f QU 1 o . afe
e [u] = Amnufuduwivdnluguuuunesng (Magnetic Permeability)
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ey P ' EaY o a ¢
Weaunsi (3.5) uansranu@udunivdnluguuuuvesusing

: M, 0 0
=m0 p, 0
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stract — This paper presents three-dimensions finite
ment analysis of 2.45 GHz microwave ablation for plagued
onary artery treatment. Any narrowing or blockage of the
onary arteries reduces blood supply to the heart tissue,
lowing by reducing an amount of delivered oxygen and
trients. This phenomenon inhibits a normal function of the
irt muscle. In this research, we propose an application of
ite element method to analyze and simulate a microwave
lation process on the blockage or plagued coronary artery.
e investigation emphasizes on a reduction of plague or fat
¢ that fixed around a coronary wall when heating by
erowave thermal ablation. The simulation results of 3D
alysis show the characteristic of temperature distribution in
 coronary artery and a destructive area of plaque. 10 Watts
emission power at temperature 95 °C is used as a
liminary value. The simulation found that 3.21 mm® of
que size can be destroyed with 10 s. These obtained results
fully guide us to develop and more investigate on a further
tem in the future.

Keyword; 3D Finite Element Analysis, Coronary Artery
ease, Microwave Ablation.

l. INTRODUCTION

Coaronary artery disease, which typically increase over
ades, is the most common form of heart disease and is
leading cause of death worldwide. In Thailand, every 15
wites, a victim die from this coronary artery disease and
ut 25,000 - 30,000 people die every year which 3 times
increasing in last 10 years [1]. A complete blockage can
se a heart attack (also known as a myocardial infarction
MI) when lack of oxygen-rich blood flow causes the
rt muscle to die. This may occur as a result of plaque
ture and blood clot formation at some site of a narrowed
ry, Treatment of coronary artery disease can be done in
ious ways such as medications, cardiac catheterization
balloon percutaneous transluminal coronary angioplasty
‘CA), the use of thermal ablation and coronary artery
ass. The mentioned treatment should not be performed
ome patients. Therefore, there has been research on the
rmal conductivity used in the treatment of coronary
ry disease. The use of microwave balloon begin to be
ted and widely used [2]. Liu is designed antenna in

8-1-4673-4892-8/12/$31.00 ©2012 IEEE

helical type [3]. Rappaport is experiment in-vitro heart [4].
Rosen is experiments put the antenna in contact with the
heart muscle of a dog [5].

In this paper, we present a simulation of microwave
ablation to melt a plaque around the coronary artery wall by
using 3D finite element analysis. We designed microwave
electrode intently generates a powerful pattern that will heat
only the plaque not the healthy artery wall.

[I. MODEL DESIGN

A. Plaqued Coronary Artery Model

In " this. research, plaque coronary artery model is
designed ideally based on an anatomy of diseased heart as
shown in Fig.1. Plague can be formed around artery wall.
Figure 2 shows are designed plaque coronary artery in this
simulation. The artery model composes of outer heart
muscle, artery wall, plaque, blood and lumen. Table I
presents a dimension of our vessel model.

Enlarged view of
Coronary artery

b) Cross section of plague coronary artery

Figure 1. Plaqued coronary artery.
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Figure 2. Structure of antenna.

Outer Conductor

Insulator

Figure 4. Structure of designing an antenna.

TABLE IL DIMENSIONS OF OPENED-TIP ANTENNA
Dimension Size (mm.)

Diameter of insulator — D1 1.78
Diameter of outer conductor — D2 1.34
Diameter of dielectric — D3 0.85
Diameter of inner conductor — D4 0.32
Length of antenna (L1) 60.00
Length of outer (L2) 40.00
Length of opened-tip (L3) 20.00

'TABLE 1. DIMENSIONS AND THICKNESS OF MODEL
Tissue Diameter (mm.) Thickness
. (mm.)
,’ [Muscle (D) 40 04
Artery Wall (D2) 3.6 12
___ Blood (D3) 24 -
| Plaque (D3) 2.4 0.7
' Lumen (D4) 1.0 -

Opened-tip Applicator Design
Coaxial opened-tip antenna type (COA) was selected as
anfenna in microwave ablation since it provides a
imetrical propagation pattern. A destructive area at the
of the antenna tip in tissue volume is quite precisely
lictable. This applicator also designed based on 0.5
\imfter COA antenna as shown in Fig. 3. Figure 4 shows
structure  of our designed microwave antenna.
lenlsions and materials of this antenna are also shown in
le 1.

Figure 3. 0.5 mm. COA antenna.

C. Insertion of microwave antenna into plaques coronary
artery

As a preliminary, COA applicator was assumed to be
inserted into the plaque coronary artery as shown in Fig. 5.
The opened-tip is placed at the center of plaque region. Heat
from microwave ablation supposes to melt this surrounding
plaque or any blockage.

IHl.  IMPLEMENTATION OF FINITE ELEMENT ANALYSIS

The finite element method (FEM) involves dividing a
complex geometry model into small elements for a system of
partial differential equation, evaluated at node or edges.

In the microwave, the size of the antenna, the antenna
corresponds toa wavelength of /L[f /4 where ’147 is

effective wavelength which is equal (1).

'

A

. - f V gr dtissue (l)

Artery Wall Plaque

Antenna

Figure 5. Antenna inserted into plaqued coronary artery.
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leff = Wavel\ength in tissues [m]

I

c Velocity of light is 3x10°% [m/s]
| f = Frequency at 2.45 GHz

|
81,".”"8 = Electrical conductivity of tissue [s/m]

Bioheqgt Equation

| . Lo
, source of heat transfer in MW ablation is from

:c,troma:gxlletic wave at 2.45 GHz transmitted into the

Sue.

Jo'u e heating arises when energy dissipated by an

T . . . .
ctric current flowing through a conductor is converted into
rmal energy. Tissue temperature changes over time can be

or

| 3¢

L d

ra

‘Where

<L
[

S .
=

:?’!ict ed b&' the bio-heat equation [6].

=V =00y (T =T )+ Oy + Oy (D

P| = Density of tissue [kg/m’]

o
I

Specific heat of tissue [Jkg K]
K' = Thermal conductivity of tissue [W/m K]
Ty

= Temperature of blood [°C]

b/ = Density of blood [kg/nm’]
Cd = Specific heat of blood [Wkg K]
@,| = Perfusion of blood [ //s]

Qmet = Energy generated by metabolic

processe [ W/m’]

1=
[e]
C

e Qe is negligible, we excluded it from our FE
. We also omitted Q. from our preliminary studies.

ific Absorption Rate ( SAR) Distribution

orldér to evaluate the heating ability of the antenna,
isltr bution is widely used. The SAR shows the heat
ted by the electric field in the tissue given by

(o2
sar=2 g2

L

©)

Where
O = Conductivity of tissue [S/n]
P = Density of tissue [kg/m’]
E = Electric field [/m]

In this study, we calculate SAR distributions for all cases
and compare the results to determine the potential heating
pattern of the antenna. The thermal and electrical properties
used are from [7-9]. Then, we can derive the volume of SAR
according to (4) as below.

Q, =P SAR )

C. FEM Simulation

In this research, we use COMSOL Multiphysics (version
3.5a) solver to implement FEM analysis. Simulation
disease coronary artery model. Microwave frequency was
present at 2.45 GHz according to an industrial, scientific
and medical (ISM) radio bands criteria. The simulation was
truly performed in full 3D model space on Intel Core-i7 2.5
GHz computer and 8 GB of RAM.

IV. SIMULATION RESULTS

In this simulation, we applied power 10 W for an
ablation time is 10 s, the solution time is 1,175.59 s. The
simulation results of this study are shown in Fig. 7-9.

A. Meshing

The dividing a complex geometry model into small
elements, this is tetrahedral mesh. The mesh used in our
models was finer at areas surrounding the distal end of
antennas and was coarser at locations further away from the
tip of the antennas. The number mesh consists of 111,524
elements and the numbers of degrees of freedom were in the
order of 758,198. Meshing refinement the simulation antenna
inserted into a plaque coronary artery model shown in F ig. 6

Figure 6. Meshing refinement of simulation model.



Temperature Distribution

Figure 7 shows temperature distributions in our
mulation model. Regions with highest temperature were
cused along the perimeter of the opened-tip.

SAR Distribution

Figure 8 shows SAR distribution in which represent
ergy absorbed by living tissue.

Desired ablation area

The ablation zone can be calculated by summing the
lume of elements with temperature of 95 °C or higher.
ie ablated coagulation volume as shown in Fig. 9 is
proximately 3.21 mm’

TEMPERATURE DISTRIBUTION Max: 9§

Mn: 37

‘figure 7. Temperature distribution in vessel and plaque (10 W, 10 5).

Figure 8. SAR distribution in simulation model.

Plaque

W
J\ 5 mr;: ) N

Figure 9. Ablated zone(red color) indicates a destructive volume.

E. Characteristic of the ablation
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Figure 10. Relation between volume of treatment and ablation time.

As seen in Fig. 10, temperature obtained from
microwave ablation increased dramatically.

V. DISCUSSION AND CONCLUSION

According to the simulation results, our system shows an
increasing of ablation temperature is dramatically due to an
energy obtained from microwave. Desired ablation area or
melting area in plaque should be controlled precisely in order
to prevent damage of artery wall.

We propose a simulation of microwave ablation for
plaque coronary artery by using 3D FEM. Plague assumed
to be melted at the ablation temperature higher than 95 °C.
The estimated ablation area can be used to represent a
melting plaque in coronary vessel. This investigation guide
us to further simulate more complex models of coronary
artery especially in term of deformation plaque. In future
work, we will be validation with in-vitro or phantom for
compare to simulation results.
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