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ABSTRACT

This research presents the characteristics of temperature and SAR distributions as well as the
characteristics of lesion occurring in swing lung tissue derived from microwave transmitting
through coaxial antennas into swine lung tissue. To prove that the simulation is true, we set up in
vitro swine lung experiments to consider correspondence between the simulations and the
experiments. The figures and sizes between simulations and experiment are corresponding. The
types of the antennas used are open-tip, 1-slot, 2-slot, and three 2-slots. We use Finite Element
Method (FEM) in the simulation. Lung is the common site of cancer and responsible for many
important functions for living. The results of the simulation can be guidance for analyzing the
boundary of terminating cancer cell. The results can be summarized as follows. The open-tip
antenna has wider temperature distribution than 1 and 2 slot antennas and also gives bigger
lesion’s size than 1 and 2 slot antenna. The 1-slot antenna has the narrowest area of temperature
distribution and gives a small lesion’s size. The 2-slot antenna has temperature distribution in
second wider than open-tip and gives large lesion’s size. The three 2-slot antennas has the most
temperature distribution and give the lesion’s size larger than 2 times of all the previous single

antenna.
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2.2.1 aunmmmfrmé (Maxwell’s Equations)

Vx H = - joeE + oF (2.1)
VeB=0 (2.3)

D =¢ (2.4)



B=uH (2.5)
ge B = auw'nih
b - Wanvesmi i
A = anudumnuuiman
£ = ANUMUINIUYDsTPFITIIAT
B = swuuiman
£ = mAnutuseun Iih

[ v a
g = AANNFUFVUUINAN

2.2.2 aumanaudmsumnaanidunani

A - o IH'. @ o o dy ' o ' =
deRinsandnateiiiudni ludanarsiimanimiriwes lidugud wazlinszud

e J A
m‘smmﬂ‘uummrmumwmuun%naﬁ

VxE:——ya—H (2.6)
ot

Calte L] 2.7
ot

¢ o Wuanmmahvesdinais minnguesTeruee Idanumuiniunszuamsiiinid

aumsh (2.8)
J =oF (2.8)

fuiu vnaums (2.1) way (2.2) 'l

Vx]-_{=a§€+o§ (2.9)
ot
wuRsavoIaums (2.1 214
Vx(VxE)=-ﬂan—H=—p£VxFl
ot ol

uwnus Vx A naums (2.9) wld
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VxVxE=ue =— U0 —

i ! or’ HO ot

1A VxVxE=V(VeE)-V’E
o - _ o’E OF
Y V(VeE)-V?E=—pg——-0—
i W) ot T

2 -~
V2E - ps%——ya%b—-V(V-E) (2.10)

o e @ C: dy = @ = ﬂl
ﬁ1ﬂ5Uﬂ’Jﬂﬂ1QﬂLﬂUlﬂﬂLﬂU'§ﬂu £ UAIFIN

M - A - o L] "d. @ ' 1 @
WA VeD=p weanindszyquivesdnieginin moludnhlifivszy o Swihiugud

AU
_— _—
VoE:-VoD=—p=0
£

MNAUMS (2.10) 9214

2 a
‘;2 ~ue % <0 (2.11)

V2E - ue
A ot

A

‘5 -] o = a @ A o
auNIS (2.11) AD AUMIAAUTINIY £ Tudweuduanu ausomaumsaaudniy

A 1Rlaomufsavesaums (2.9) wld

VxVxH=g-—=0 (2.12)
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quMs (2.12) AD aumsaaudmsy A
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E = E,coswt = [, cos2ft
B E=FE,sinot=E,sin27ft (2.13)

A = = T A o
mmﬁummmmmmﬂsLﬂauu NTUNIT (2.13) LAAIINNUNNADS (factor) ¥®LI0

fduduIfagUnoilsng luyamniluaunislas
dodmualy £ o Wucumlifhiiusdoununm
Fe  duaunWihiigaeqniisluilni (space)

oz W Ihiudsnlfeununanfiguuudsdl
E@t) = Re[E(ne? (2.14)

dio E( WusuauFadou (complex number) Tuvmeaiduanu ez 1dnmsvia Ini

] o ] 4 o = a !
mmlﬁwmﬂmu LUIMAN oS TUINLUMMD anusilasumiung Wﬂ‘iﬁ

D(rt) = Re[ D(n)e @] (2.15)
A () = Re[H (N ?") (2.16)
B(rt) = Re[B(Nd ¥ (2.17)

A = - = © a
we D(r), H(r), B(r) uamﬂummuma%ﬂu

-~ a ' A a a
AITUIVINAUMTVDILUNTIE A3 avesauman Welmswlsndsuaiuna

VxH="+J (2.18)
WNUA Do) uay A (rt) 9naums (2.15) uaz (2.16) luaums (2.18) wld

V x [Rei-_l(r)e"“']= ;%[Rel—)(r)ej“]Jr Re[j(r)ef“']

Re[V x A(r)|= Re| jod(r) + T (r)]
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fanuduiusiiiuesmnaives ¢ wld
VxH=joD+J (2.19)

TuuesaeIfy NnaumMsvesunTnag wiavosaun Ihnudsulfouaunaise 14

VxE= —@— (2.20)
ot

WnuA E (r o wag B (nt) 90aums (2.15) wag (2.16) Tuaums (2.20) a2l

V x [Re E"(r)ej“’]= —% [Re é(r)e"'"']

Re[V x £(r)|=—Re| joB(r)]
VxE=—joB .21)

v - o s a ¥ ¢ A& a o )
ANUU ﬁiJﬂ1‘iﬂlﬁ\iltﬂﬂ"b’nﬁﬁ‘ﬂllﬂ?L‘lJ'ﬁUuﬂnJl'Jﬂ'llﬂulﬁuﬁ1ﬂiﬂ°ﬁ"luu ﬂqu’é‘ﬂllﬂﬁ]ﬂiﬂﬁﬂ’liﬂﬂ

d (2.22) $heanse Tasdaluginuveyius

VxH=joD+J (2.22)

2.2.4 msdumavesndulumnmafibidinsgeyds
[ o " a4 A 4
gmfumny oz mnuudmaniul s dsuananihuduifagdaned aums

A o o ::I.' ey @ =) @ Y
atudmueny i ludanaiei lufins gapdendenuiigUasil

= E
ViE = ye——
# or?

unus E(nt) = Re[ £ (0é® Y ae'ld
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V2 [Re E(rye’™ ]= ysZ—j [Re E(r)ef“']

Re V2E(r) = ue Re( jw) E(r)

V2E = - uekl (2.23)

¥ v
Bunaums (2.23) Naumsveussulaad daiuludnansimidudni drauninds

¥

i 4 a v =
LL‘IJﬂ‘lJ%UuWIm’mT aumsaau (2.11) mmsnwuu'lﬁ’f JU

V2E + @’ peks - juot: =0
VE + (a)z;zag — juc)E=0 (2.24)
OE o) .

A . 2
W —=jof W —=-0'k
ot ot

o o A Q o A = =y
Tuhueadeatu aumsaaudmivmnuuimin A (2.12) annsodouldlugduuy

Beanu Aall

V2E + (@ pe - jouc)H =0 (2.25)

w A s o = A a o A
dmsuaausznuainaueh liudsn/douay x uaz y sumsaduiigduuuseil

BZE ) =
5 =—0 uel’
or* 2
-
n3o %——f~ =-p°E (2.26)
1

1o B =\ ue
<y d P ] U o 1:!”I
R30103AUIENOY E (2) wamaoyesauns (2.26) o1a@susglugluuy Al

E (2)=Ce " +Ce’™* (2.27)



e ¢, uaz C, WumniuFedor (Complex constant) amuiudsidsuaunafio
E.(5,0) = Re[E, ()]

unuA E(2) nnaums (2.27) s 14
E_(z,1) = Re[C;e"™ R 4 C e+ (2.28)

#119d21959 (real part) Tuoums (2.28) wamavszeyluginuudulfegdanod

b L] ' A ¥ -
Fptuuile ¢, waz ¢, Wuands aums (2.28) sznawiiu
E (z,t) = C, cos(ewt = fz)+ C, cos(wt + fz) (2.29)

] 1w o a’ - o (=] [Y an
witulddnasniuwiio@erdunaz lilinmsgapdondaann fauyddins
d o d' = = = o
wlsuldouaunanduduifemnnd seilinsulsnldouveanligl niendaihudu
TRag1lannidae
o A a A P

auns (2.28) wag (2.29) unuauu i Aiidunouanvesndu 2 vwaufimdounly
A v 4 a oy ; o " 4 4
fimsedm &1 C, = ¢, adwAum (raveling wave) 113 2 yuauezsawiuilunduil

A “ o ﬂ'
(standing wave) Tasanuiiivesnaunionnuiara (phase velocity) Hf19ail

1 0]
P =eu— =
Jue B
& 7 funnuivesndu
A r‘ﬂummmwmﬂ%u
@
wla v=fA = —
B
1A o=2n
Forfu vefi=2Z
B
27
= 2.30
B 1 (2.30)

- o oo .d 4
Sun B N Anen I (Phase constant) YBIRAU
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VE-yE=0 (2.31)

4 5 5
V3 y° = jouo— o jE = jO0 + JWE) (2.32)

= ' o ] E o a & ]
150N ¥ 1ANAINITUAN (Propagation constant) Tao ¥ Wududadou Feildau
939 (Real) D @ Iaotivuooily Neper/m UAZd@IUIUANIN (imaginary part) UMUIY

W radia/m Ao S

y=a+jp

iilo
a =Re./ jou(oc + joe)
(13H B =1m, jou(c + joc)

Son @ 11 fnsfivesnsanneu (Attenuation constant) ANAMMETUITINAD 50
n:i 2 a " -~ 0 n‘ " d' ' di 3 9 v c;
fpaves y* 1 2 a1 Ao adduwnaiiuey uaienuazaInezaneldmmituuan

A a 4 : 4 A dgq a pY o & —_—
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&FE ;-

——=yF 2.33

oz 4 ( )
namaoiiduly14de

E(z) =Ee” (2.34)

Tugtuwumsulsuldouaunan wwld

E(z,1) = Re[E e/ ")) (2.35)
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4 —az — A' J ] = o =t al A ' @ '
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] A = A av oo dv
AepaveINsoua wazaNusaNavoInauln NIl

27 . @
= wag v=fi=—
B 7 ‘ 5

@

¥
wonntfsensolou o way f dunnives o,u waz £ a9

=i,

a =Re \/(jaw)(a + joE)

2
a=w ﬁ; (1+ 32]—1 (2.36)

B = Im.f(j(z)y)(a + JwE)

2
g:a,/% (H_wf 2]“ (237)

£

2.2.6 Aniwazladidanain
Tumaimdntiih Yaggrutiseenidiu 2 wan fie @nd uazladidnadn wie auau
¥
. 1 = v @ L ' L Aﬂ L3
(Insulator) 1dutiaszndn 2 wandi lidau dedrasulan Tugrvesnnudingimiu

o o e A o ad = o o I a
ﬂ'JN'II.LWﬁ'JUE]ui}ﬂI.ﬂN.IﬂBLﬁﬂﬂﬁﬂ ‘W‘i]'ﬁﬂﬂ’diJﬂ'l‘iﬂﬂiimﬂ“ﬂnﬂﬂﬂuﬂ‘iL]Jﬂuu.lﬂﬂ'lllt'}ﬁ'l

unuel J = of uaz D = & wlf
VxH =0f+ja)£§'

‘i”l'i]ﬁu‘iﬂﬂ’lﬁﬂl')'l‘llﬂﬁﬁnﬂ"l‘iﬁﬂ mmnmuﬁunizuﬁmsﬁﬂﬂ% ( Conduction current

density ) UATWIUNTADIND ANUMUIMUUNTZUANITVIN ( displacement current density )
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¥
s

) a o a Ada o = =
nItivee ladianeinia o/we << 1 aeiunnmsldnguiunluTudioa (binomial

theorem)

0_2 0,2
l+——2 2:14» 3
w°E 20

A o = . 0‘: S 1w ‘:lv
mnmuaﬁaa‘wm?mmm»:mwmv'luTumvmmuu INAUNIT (2.36) ﬂt‘lﬁ a UAIPNH

g
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v
Tuiwesdoaru vinmsldmguiunluTudve nwaddmiy g ninaums (2.37) Tl

vinmslamguiunluTudoadnnises 14
0_2
B=o pg[l+——8 3 2} (2.39)
@ £

& ¢ 4 ) [ a d a o
oJpue A9 uWnapinsiaeuWe (Phase factor) dmsvladianasnauysal (perfect

. . ¥ =] A a d - - W dv
dielectric) 01 v l‘ﬂUﬂ']'ﬂJﬁ'}ﬂﬂuc‘,u.’lﬂﬂlﬂﬂﬂ'ﬁﬂ v UAAIU

y= = - =

1 o’
— o Ve B 8w’e’
ﬂg[l + é —'2"—2:|

@ €

2

v= vo[l - gfz‘;} (2.40)

4 4 o "
e v, = 1/Jue WunnudwesmdululadidneSnilednmih Windugud waves

o 4 o o o A
msgydondenufivadnies hlianusivesnmsukaauanas

dmduanudumasareuludl nieanudun S umnwIy Z vesainalenitiu

= v

¥ o 1 & o L] a c; =) o ar " dv
AMUIUNAIU YIUATHNINUIAIN wazauuulsldouaiunm ll‘W'i]H‘Vl’J.l‘lJ'UEN Z UnadU
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(2.41)

=] ' @ o a o " Py F
o2u 1811 1uANI A ( Good conductor ) o BAMINNI @€ WINY FINBAIUN

a ¥ ' A A 4 — v o A
a,ﬁ Loz ¥ UMUINAIY Laadan ANUIZAAIUINIUBADDUNHIUATIUN LLﬂSﬂ'I'ilﬁﬂHLT’I’CT

' & " a0 =] A & =3 o W a9y
ADUUIHUILANINUYUIIUATUIN mmm'umﬂaumtﬂuﬂgmﬂwﬂwunu ﬂ ﬂzumuati'l'u

[ o ':I ' = 4 3 - a0 o
e daunnudunuddeummnziianies yuvesnnudumuigadeuiinn 45

ruadmsuaNning

P /%445" L (2.42)
ag g

dmuauauauyss o =0 Nndqums (241) 14

z= £ (2.43)
£
dwmsuquymaz = z,
Z,= |2 =120 (2.44)
Eﬂ

- 4‘ ' q‘ a o = ‘ﬂ' o °

2.2.8 MsiAumevenaulumnasnladianainnafiih
A = o 4 @ o 3 oy tﬂ'ﬂ o
aisneladidnasnnedani Aeens ladidnasniifianmmsulwfigewetszin Tasiia
' ' ' ' - A o @ '
o BYIENiIe 0.01 = 100 Wwes £ MshvesmsAdeun » (a Ay B) uazm
a a o ' ™ @ a ' & & ° '
dufiuaugveams z ¢ & rgamududuauidigeuiimiasimuisosnimivim

@ = n“ " c; o W @ c!v
Fuilszanimsaanou a Mmnnama S awdnuaei

a =Re Jja),u(o + joue) (2.45)

p=1Im \fjwp(a + JwuE) (2.46)
wazduRuAuTvRilons Z

7 - |dom_ (2.4)

o+ JwE


CLP-16
Textbox

CLP-16
Textbox


229 msdumavesnauluminaaniuiiede

‘; A Y] o A a o o o Y :} a o a A o o

dedelsasaiiuginaniinaineivsesidanans Wudnastians ladidnasnnedniy
nnaumsvensdulsaad (Helmholtz ) IuSmdannuduwusvesaunIniiez1dds

auMsN (2.48)
V2E + @’ uek =0 (2.48)

dc:w = o o _ W d’ v é ] A = 1) ot =
11-1ﬂifll?lﬂ')ﬂﬁ'lﬁ‘“ﬂﬂ'l'ﬂﬂ']'luu’]vlﬂﬂ'l‘i]'lﬂﬂﬂﬂ’]‘]ﬂuﬂ WU AAUAUNIIHIUATING TN

Sufiedn ez 1dauduRusvosauy Invhdsaumsh (2.49)
25 2 .0 =
VE+w ;16‘[1+_]—]E=0 (2.49)
wEeE

d‘. =Y J 4 A - =
wazaumsmauy IWihanesuie et waun i luniamg +z
E=E e < (2.50)

A ] o @ ﬂ'
wedmuald » fimwsaunmsi (2.51)

y=a+jf=)jou(c+ jos) = o) ue (j;)a;-l) (2.51)

- ' = a A
Taon  y Wumasnlumsiaunevesnau
Qs a o A
a =Re( 7 ) duiszanslunmsaanouvesnau
B=Im(y) masnmana

' d4a 4 o o
mammﬂﬁmnu.nmﬁnmﬂﬂw'lﬁmﬁnm‘m (2.52)

=L (Ee ) (2.52)
Jou
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magav1einiluiou lvveua (Boundary Conditions) vosanuusiman lwvhnegnielume
YW a‘; " =1 o c; = J n’ 3
dadayao I T aummiman W0 1ada¥19 (Transverse fields) MinATUNILITY
iunyesmREAfiFon1 Tnuan1adav19 (Transverse mode) Taows luudaeuds
o A = 4 " o
128 nunaiusemnnves Inuanisinasufivesniundman i TnoswunsendluInua
a Y A
wugm ey Ae
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) THUATNLIIMANAAY21Y (Transverse Magnetic Mode :TM mode) HuInuaiaduin
4 a [ =] ] =1 [ n‘: c;e‘: w a =Y
wasun lawainats Tnoldiud s NouYBIAUINULIM AN I UNAIRINAUNANITIAUN Y
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voeanaulumedaiunsednioniisnenauszndoun luamwdinaia Ins lufiauuimanlu
a A [l a -
femsvosnaulumods gguilszneumsesuieldlugi 2.1(n)
. _ 44 4
1) Tnuaeuiu Wi dava1e (Transverse Electric Mode :TE mode) Fulnuanadun
A ﬂ‘ @ F- 1 o’: d‘: Y3 = E=y
wasun lawsnais lavidudsenovvosauiy WA mniuhdmInfunAn 1IN sAUNIg
A v S M a w A oa A 4 4 = v
vosnauluaodaiunsesmionilsnonduezinaoun Tdamdainars Taoluiauiulddlu
Aamssunsvosnaulumods ggulszneunsesuieldliugi 2.2(v)
" =1 [ "

a) TnuamuuudmanIW#1daYa19 (Transverse Electromagnetic Mode :TEM mode) 11]u
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Tnuainaufmaoud luamuaanars Inoildulsenovvesaui ez suuutimanlu
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Yszneumsesueldlugiii 2.2m) Taoma ludamsindeui lu Inuaiiouuuiman i

- J = o Y L] 4 4 -:: =

Raduzdnsinuauuiastunua ausu aawaadounlueinie luamolauemvsa

. v A a ' = - ' a4 & A

(Coaxial) tazawdadus lugddi 2.1(n) uane19d lomafauiuiman I Ainaduiiaiu
' o o ' A 4 A a 1 = i - a

auwsa auysainuadasuaauimioui lumodaiwy lu Tasana (Microstrip) Tugi

¥
1] A 1 & ’ o
2.1(n) S95unTnuadowiin Tnuansauuuiman 1WA dav13(Quasi-TEM)
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c‘ ' g4 w a < A A a v
Ui 2.1 sy IifhuazmnuimdnduiiansdunisvesnauluTnuamsindouiiuuua

il

v ¥

é’aadwwaﬂnuﬂmsm‘dﬁauﬁﬁ'&mmmmmﬂ'ﬁuﬁm%auﬁluuﬁuﬁdﬁmguzﬂm?\:tjuﬁy
(Slab Waveguide) 'lﬁuamﬁﬂuzﬂﬁ 2.1

'lumﬁmﬂ:ﬂ'msm?'muﬁmmﬂ3umimﬁn'1ﬂﬂ1'lumuﬁaifu Taowaludrezdeam
ﬁumiﬁmﬂmmﬁuw'lvlﬂmazﬂmuu.u'mﬁnuuunudnqiuﬁdnﬁﬁs:ﬁmuﬂnnﬁmu

o v A 0 a A { A
frwiude Ey, Ey, E;, Hy, Hy, uae Hy, HABLIMINI NI I AITINADUAUYDIAAY
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v @ a ° A - o
Tumodedygiuuds awisoiszdmuagiuuy Tnuavesmsndeudinionzan§iuau
g A o ' i A A a
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¥
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BoamulumsdinszimsindouiivesnauluInua TE szmdsdiudsznevveamuy I
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waz i anisnuaaundoiufe £y, Ey, Hy, Hy,ue: Hy (16l E,= 0 )dm3iunis
e 4 o :
napufivesnauluInuagaonse Tnua TEM sz hiflaww Ifhuazauumimanlu
Fanmanaouniniediauiy £, fu H,= 0 Vamdeauinuiman I nResuadauune
Ey,Ey, Hy,uoz Hy, WY
dv = L4 A P A L] o 1 ° 9/
wenNIINTLEIMI IS msmaoufivesnauuman e s Inuadreqaunsaii v
" A J = o d‘ ' 5 [ o
Bt HauyAmsinsziaaumnuuiman einiudmnuuimannioaun T
é Ll o r & o o
i lamuunilseguundndreniuie unu x vie unuy udrnziiannsoandmou
AUIWVUITZUI xy TAUW Ey, Ey, Hyyunz Hyaawwmdoidlu E, iU Hy wio E, U Hyowus
v ‘l: g : s { A A i - a0
aosmuuwiniu duiudmivlunsdinaaundoun 1 ludiea z lulnua ™ wildmilsznoy
[l o q’: a 9 a =] = @ A
vosauw I uar i anfanuaiidesfinsuundsfissmuauiudasiuae £,
L b o 3 A A { —-
Hy i E;, Ey W03 Hy i B, uidoaiudmivlunsdinnaunaoun 1 udia z Tulnua TE
L4 "
seildulsynevvosmum I uaz nuimannanuande s s deiisem T
froiufie E,, Hy, fu H, 130 Ey, Hy i E, Tuuesfsafumsinszieesaulumodauiiu
é ﬂ'. L] - 1 d' ~ "
aduieglugluuuves Tnua TEM aunsoszsiimsTinszd 1&irofige Taofiouuuiman
L4 v
e E, A Hy wio E, U Hy Rosuagauui@oaminiu $I9TNEIINTIRTIE

A4 A ' A Av A
yaumsvosnaud Inua TEM fowaueiissnniiuTnuaidwige

24 amu‘iﬂﬁﬂuiaaiui’aﬂ (Electric Fields in Material Space)

msAnsunsauy i afalugesileeanmisinafree space) M30gYTYINA(vacuum)
wiouTni il Yaqedno material) 18nd1 Tudaluun 4 Tuumiliser i ldn
aum s odaau 18 e amaie Sueiveziiniu14luganareTag(material media)
iU #anaeiidunizaiy 1aq ﬁﬁuaﬂszndnifﬁ?mowmﬁ’mﬁuﬂszq iezisonindlu
FanaeTag Taqeregniuunotnnsnqauguauians Idfhveaiu 1ddaugu @il
(conductor) waz@a 1111 I (nonconductor) ER mﬁﬁﬂﬁm?a"fﬁﬂ1ﬁﬁ11ﬂﬁ1(nonconducting
material) 1noUn@szBonin #anuau(insulator) 3o ladidna3n(dielectric) uaz Tnosian 14

Y ' ¥ = wa ﬂ o J "o J ¥ =
ATTHITUIBUIIATING ﬂﬂf]ﬂlﬁhﬂﬂﬂ]ﬁi‘ﬂ wm'ms]ﬂz'uuagnuwugmmmwﬂﬂm
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a A o ° z = s
LUIAUAMREITY M3 (conduction), Nszua AT (electric current) waznis Iwanls
: a wa o/ a d = = =

(polarization) nazueneINufzABai T fguantiave siag ladiana3n(dielectric

material)

2.4.1 Tog@nara(Material Media) Tuennalivhadn(Static Electric Field)
a {a & vo d

51 18R andsen Ifhfiiavunanisnsz swvelsz gegiuilueimaniooame
T da nazenil lisez IdAnufangAnssuvesaunluiagainata(material media)
Taona lihisrews aswunagaiugauanuianie Id 1R uawstiadio A1 (conductor)

4 o o - o . . . o
3R 9@ (semiconductor) BAZAINUIM(insulator 13® dielectric) AMWNITHIITUITIAUI

N Ao o o -é o L] =) o o : J " e

Bnswudrimsndageziiludaniiaisnedni uiedanimuruiu ezivegnu

a g o P A a & o &
EJlﬁf‘lﬁiE)ui)ﬁiz‘nlﬂﬂﬂu‘nil'lﬂ?)$ﬂ'EJiJHuQ‘l‘IJUQﬂﬂBSHEDJﬂUQ

2.4.2 $173¥1 (Conductors) TuanaIvvhada
o v =1 i 1:‘ @ o da Y = "

Taowa luda gy muiman Infhazinndesfudnansiifiguauianeldndnasedi
HAZ IR DINT LD N TFURUT VYT UINaUINNYBVI W (interface) TTHINADIAINAW
o v aca P a a ' P v
SUTU 15191002 A0IMINIIENSA E uar D nlaouliassuinmuvonsa dusmaivumdan
A 9/ :: " " Y o J A U d.’ o
doulyvevzdoiadonndesiveusauseninsaniiuemadng nazvou lumaril 1ddmua

1A uerunsi (2.53) waz (2.54)

E,= 0 (2.53)
E,-2 (2.54)
o

2.4.3 'lad1ana3n (Dielectrics) IuanuIvhatin

]
oo a

danansiagynriinziszneulUfives aeniiiiiundudilsz quingniouseuday
a 1 a d -
Sidnaseutlszgay dadiluiagavesladidnainsziunaruuvunlasalailn

% " = ] [ Y = o "
(macroscopically neutral) uamsdeunu dhegnmousnsziflumgi ldifaussnszduunsas
v ¥

oymavszy wozidumgilfifanmsidunuiiduveslszquanuazdsz auluszorduq lu
a o & A o 4o '
femamsad iy Falszumariifie 1se gunWiu(bound charge) mstfumuiiiudwliiivzilu

0': A = [ 9 0‘: b=l o . [ =
seorduq WenSsuisuiuvnavesszaoy madiudanie Ina1lsd(polarize) voaiaglad

- - . 3 = J 0 ]
dnasnezidunieados uazla Ina 'l electric dipole) veifniuirue Aunslunis

A 'w U Hf : A i - J Q’: as

ndeufigenail Ifueas 1idegui 2.2 FaluvaziilaTna lfudaduiudnd oz any

¥
Wua ez dealsingiudae
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4 i o ad < -4
sl 2.2 nndavaevesianaisladidanaininanlsd

2.4.4 (391 1vvev (Boundary Condition) vosaulWvhada (Electrostatic Field)
d’ = = A a J Y v o o
91nil 1510 fiorsadeauin I iifavuludanaie 1o nWus (nonhomogeneous
3 L ) d‘ - J = C‘. o -c; Al o 3 ;A " dl
medium) SagumnuARaiuluusnuilsznoudioaesdinaraiaeiu Nellaeu luden i
¥ :{ 1 é v 9 u’: =) A cl,t A
Ao aapandnafu I Iud N s IesInataaaes Sunteulviii Meulvvey
e ; g & 4
(boundary condition) ifou lussmaiiszifhulsz Temilumsmaumuudwniadroun
=1 é A ] 9 o o [ 9 " a " s
U R unilwesvey douluszsr s $uunaiinvesTag Idededanuiniludanos
0215 1519z ANITeu vy UM HENYBDTINITNIN
ad = ad =
1. ladidnesn g, uae 1aBANATN €,

e

2. dnh' i nas ledidnasn

3. @i I uazeimadg
4 4 a ' P y ¥ o A l ¥ ¥
Fenounoriosuveusunsaiudisaun lumsimuaiden lvvey 11desldaunisves

o L) o a A
LUNFIAIN 5Uﬁu1n1ﬂﬁ1ﬁﬂﬂﬂﬂ

§, Edl=0 (2.54)

P a & a a aa
aumsf 2.54) Wuaunsaun IWiate E vesuundnag @ §L Wunsouninialinla

(close path) L1

ﬁ D-ds = Qenc (2.55)
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1 a — & a a i a
aumst (2.55) Whuaumsauy lwihadia D vesuundnaads ﬁ Wunsouninsaiurle
(close surface) baz lunafoaiu ez deanonanuduaunIndh poniluaediulsznou

¥
#4970 (orthogonal component) Ao
E=E-E, (2.56)

A ¥ o o . o t v

o E fodiulsz nouuuIFuAa(tangential component) NUYBUIINULAL E, Aodmisznou
¥ ¥

WUIAININ(normal component) NVYBUIIY waz TuanyuZIAeINUIITITINITOLENAIY

nuniunana 1 D sondludesdiuilsznoudin

q‘ J a a G r a a ) P = . .
2.4.5 1ieulvveuszrnaladianainnuladianasn (Dielectric-Dielectric Boundary
Condition)
) a a J a o a d “ = 4 o
AoswiauIn E mnsdulunsnaidsznoudieladianainaosria ¥eafiimun

[ ad a
Auinyuzyosladidnaini 1 4

[V a o = 4 °
W &~ g6, U2 AUANUMLYDA lABIANAT AT 2 Amuaday
&= g0t fananalugii 2.3(n) E, uag E; duauInihludinanei 1 HAZAINAEN 2131

ewsononauy Wi 1470

E,=E, +Eln (2.57)
EZ =E:!n +E2n (258)

et

.el' @ ad d' - A‘
Uszynaldaunsi (2.57) fuiila abeda vea1ld 23(n) Tavduy@lWatiinnadnuinide

Woudumsulaouulasves E sz la
- = A\ = - _ -
0= Epy tw-En( ) En( ) -Eatws E(T)* Enl5) (2.59)

A = — P ) as =
ilo E, = |E,| uaz E, = |E,] luvmgd andng 0 GRvwsmdnuin) qumsi (2.59) e

waoudiu

Ei=Ea (2.60)
admszneumndudaludanaiai (E,) imlouny

amvszneumnduialuainaianz (E,)
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¥ ¥ — -
Faiudmlzneunuadudouss E vuduisresvesvensgmiloutu (E,= E,) nioon
winefadn E, oz luwdeunlasuuvenuazezna1n 1891 E, eriled (continuous) AT9U51I0

' . L2 i . -
YOU 1510990 D=cE =¢E, + B, =E, +E, aaiuinaums (2.61) szdmualah

e L O (2.61)

(n)

noouony

(v)

: ' a o s ow a d =
Ui 2.3 vouwaszninladidnainiuladianain

D D
n30 = 2 (2.62)
&1 &2

] " ¥ "
yufe D, szuldountaanssveniay D, faniu na1a 1491 hineriiea(discontinuous) A53401

"

37U
o P o c:v &4 ’q ¥ = @ Aa o - dy. Y
Tuiueudvanuil weolszynaldaumsn (2.55) AuNauend (pillbox) M50 WUK?

UM (Gaussian surface) Tugl 2.3() Tao1d ah ishggudesldh

Aq = p,AS =DsAS - DsAS (2.63)



e DB = B (2.64)
ANMIMNAIIE I d Il ssn e uINA I INVe IR NIMOIMUHEN S

Ihdnad 1 azy3nam 2 mifvanumnminlszeiui o

4 ; a a4 wow & o - d e A4
e psxﬁuﬂ'nwmuumhxQaﬁiwaqammummau aUNIIN (2.64) %wuagﬂuﬁugm

—_aa

yeamseuyAdn D ifemennuinui 2 llfssnui azaunsi 2.64) wdosgnim

4 1t a - J H " P
Uszgnaldawiigaot lifuseyaszifiatuiiveusa p, = 0 uazannisii 2.64 naoiiu

5111: 5211 (2.65)

-y L) 1= 4' a
aseusnaveu N litidsEgNui o,

[ n’: M 3 — £ A " o A — ] o A
AMUAIUUTZNOLUUIRININYDY D, WABIUDIATIVOUIINUUAD D, 92 Tiwdouasiveu

A — — e ° '
WBI1N D = eEQUNITn (2.65) ﬁﬁﬁ’]u'ﬁﬂﬂ'lﬂuﬂ.lg'ﬂ
&1E1n=6Ean (2.66)
o v > PR T | o
auNIsNn (2.66) llﬁﬂﬁiﬁlﬁu’ﬂ ﬁ?UﬂigﬂDUlLu'}ﬂﬂﬂ'lnﬂﬂﬁ E 1Uﬁﬂluﬂ4ﬂ‘uﬂﬁ aunNIIn (2.61)

=) J " ) é é
waz (2.64) 130 (2.65) zna1ldedragndeeinilu @eu'luvey (boundary conditions) &9

v dy! a a ad P o z
aumsmariiaosaeandoamumuy Wi veunignuondieladianainidaiuisaes

JUf 2.4 voUTIWITNINEADIAINAN
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asfinsananudyau i B uazanumusiuany v D Sudueivziinsen
1@nmsduningalnila (close path) 51000NRIIMIYBYI Iz N eaesdaneia Ty
317 2.4 Fsdusmdmuaidvimidn (small path) abeda Fasznoudodn ab luuSmdi 1
Wz od luuSwd 2 Tﬂuﬁqﬁﬁwuﬁaﬁaanzmnuﬁwau-s"muaxmmhﬁu Aw 13198

a [y a aa o a’ © o
YszgndlFaunsii 2.54) fudumadu@t) vwnmdni Sidmuali be=da=ah nang

a a W

v ¥ ¥ v ¥
qud faiuduiinfomudumaisaesiionnsodaiald msae griudunnTamuiduyu

Manu3n) abeda Ao

$ pcaa Edl = E,"dw +E, -dw
= E,;Aw + EZ,-AW
=0
EREREANT E ,=E,V/m (2.67)

lﬂ' | W
nau‘lwnwmmuﬂ ITNDUNHITUNTVDI E

(Boundary condition for tangential component of E)

Tuaunsf (2.67) uaaalimswi davdszneundudavesmny E Aeiiioinsivinmuvey
T l& £ c: r=1
573 (tangential component of an E field is continuous across an interface) OUIIWY 1y

] | 4
anwoenilu & tazudoni 2 Hanmeey ldma iy s Aaiugnsafmualdn

= 2in (2.68)
&

o |

A 1 v o " ' 1
Moz manuduiufsenisdaulsgneuuuInInyesuINiivey 1nesAead
Raduendauaidn (pillbox) MR MVNEgINLT N wazdiRadmwawegluLTui 2 A
P a ad 4 - A
uanslugil 2.4 Sriilfiui Asuazanugevesiiaduendvinaidnie ah iiolszynaling

o a v a o < q’ as
UDILNT Tuarumsn (2.55) ﬂUWﬁﬂUBﬂ‘HﬂJNlﬂlﬁﬂUﬂS‘l%‘iU

§L E'ds = (51'3n1 +528n1)AS
= a,(D;-D3) AS
= p, AS (2.69)
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Tuaumstedus 1819 nuduiug an-- an, Taofinnaes an, uaz an, Wunnneinis

. : tﬂy ~ d‘ - l:: o o & { '
NUWAINTINFDDNINUTINN 1 LAZUINUN 2 AUDIRY Gﬁdmﬂ’ﬁﬂﬂ'ﬁ‘ﬁ (2.69) LS']‘!]SSVL%TI

anz'(ﬁ -D3) =ps (2.70)
D,-Dy=p, C/mi’ (2.71)

4 & ; o ) a 7 a P
WQLLH’JQWﬂ‘HHQﬂN’JUS'NBQ (reference unit normal) ﬂgﬁiﬂﬂﬂ(wdf}ﬂﬂ) NUITLIUN
& ¥ o " U q’; e A
auMmIn (2.71) LLﬂ'ﬂQTﬂmu'ﬂ drudsznauiuInn (A9RIN) VOITUIUN ﬁ]:‘lummum
=y ' c;¢§ = dv. =Y oy J A ] d' L A "o 1]
ﬂﬁwmmwm’awmuﬂi:*qmuwummﬂﬁuu %QQTU’JHWHLM?]EJLHBQ WAVINUANUHUNUY

Uszgauiui Swsnndiz dudnih D, - oaunishi (2.45.14) wnaoilu
D.1n: EZEZal: Ps (2.72)

T : B .. .
sane I iodh aums 2.72) sznmodlu E,-pys ousnud 1 dlueimaing
A o ad a @ [ 1t a = v 1 a
dosniue laddnasnaessumtsynuiulashifilsepaszivenswszninlad
o a ; o ng
ANAINYISEDY p, AN
Din = Dap (2.73)

g By = EZE:ZH (2.74)

dny 4 4 “ 5
aitIdna1ndedusmeagUiten lvveuiezdesaeandoslunsdvesmumvhadald

b4
L =)

=
ANUAD

/ dmsznouuaduia £, = Ey \ (2.75)

y — —
A5 2NOULUIAIRIN a-(D,-D2) = p, (2.76)

o lvveuvesmnu Invhata

\ (Boundary conditions for electrostatic fields) /
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St 1&nd 1 1uda i Tavdnadeu lveeuszdszgnd ldmmuny Ifhuudmniiaie
= ¥ A dy [ yf.‘!'l d.l ()

s wauy WAus ngumilsvesro nazuenantiisdieuiso19eu lvveumedimus
o 3 ' & = — —_ —
ASHAH (refraction) vesaun WA assvessau Feammsiersw D, u3o E, uaz D, n3o

=] [ o s =y ar H
E, szuiiuiuiudulnd dunuanin Wuyy 6, uaz 6, Aanaaslugili 2.5 uazlav

pIRuauMIN (2.60) 92 194N

E sin®, = E\ = Ex= Esin®, (2.77)
W30 E,sinf,= E,sinf, (2.78)

] v
ludnune@niuil deyssynd ldaumsii (2.65) nie (2.66) 921451

slflwselz 5.,,: 52n: szfzcosﬂz (2.79)

i o = — 3 ad a o ad =
it 2.5 mavinmues E wie D iveuwaszninladianainiyladianasn

slflcose, = gzgzcosez (2.80)

WS AUMIN (2.79) A20aunsn (2.80) 1 1a

tan6, _ tané, (2.81)

& &2

11D9910 £,=608,, AT E1=E0k FAVAUMITN (2.81) 9514
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tanty; _ &,
tané, o &rz
ngmistinmvesmnylvhfveudalnannlazyg

(2.82)

- o a 2 A a
aumsh (2.82) Sungmsinmussai Ifhiiveudalsaninyse g (losnnmuydld o
] ¥ v v v
- 0 fwousan) daiulae lfveusiusznivaesladidnas niuandredusyi dinans
s 9 Y o a o d::; [ Y & a J
1&sdvoudundndg munadwivosdszynmis Inarlssi laviiu Fesazaumuyunuy

¥
ﬁ'lllﬂﬂﬂf]d‘\l?)ﬁﬂlﬂﬂi?‘u

2.4.6 1oulvveuszrinsdni lWihnyladidna3n(Conductor-Dielectric Condition)

4 ’ o o @ = “a = { é = e o
faulvvensznednih sy ladidnainziiansanldengUil 2.6 FaruyAlani

Yo

] ¥ ¥
Ihiilugnificusysel Foll o »onie p—o) Neiifaudhlumalfide bitidnhetiain
a1y ugis1199z o hianh Inih oy nesuas wazdu Wudnh fheuysad on
npueslevu J-of szfnssnuammuuniunszuadmion Bludnh hifhauysel Tuvae
P @ o " J I} =] 2 Q!l‘ - A v
faun ineludniiee lufadu nieludnanumineniaiu E-0 180N o >
e o E& L] ot (-] 4 o 4 <
E=s/g lugnih v Fadfitseqagnoludnirindhdedu Yszquadoubioldanui
o ] = g é ar c: o -] L] J "t
Fni I uaz sz nsz et nasmilsludnuaz Hauwnioludni Ind hivsng i
¥
) MungUBNMAd =0 anwmininiulszg o, srdeutiugud dntusensoagy1d
1 fah Iheuysa liansesuswauy Idhatia Tineludaiuld
A a '] A ] " o o [Y] a o a

Wiz Mnuaoulvvovvesueususznieaniidiidulasianain is1ee
e = 5 { a v " a a o a a & o
gufiunmsmuiurouiildRnsuivenswsznigladidnainduladiinain dusifmua

a ] v o A @ ad aa -

amnw939189 nelugnirInih uazidiodsegndldaunis AAHTAGE abeda ) voagUh
2.6(n) 921491

0= 0m+o(“2—“)+ E‘,,(%)-E, A - E(%) 0(92—") (2.83)

Tuvuen 48 —0
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(n)

- O -
Tatianain
(& = Ep&,)

(v)

31 2.6 vouwasznianh Inihiulasidnasn

Tuhusavau dedszgnaldaumsi (2.55) fuRaduendussgiinz.ey uazdmuald

Ah —0 9214
40=D,S-0-4S (2.84)
3121 D=eE moludanih'inth aunisfi (2.84) ww@oulda
Dn—_Q:ps (2.85)

N30 D,=pm (2.86)
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Faunwldionlvadafifadostuini Infhauysol neszagy1ddsde luil
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1 s aunn WA unaaunieludnir Wi 1iude
p,=0 itay E=0 (2.87)

" Ed v
2. 199910 E=-v=0dniuSe lifinnwaedng szningaaesgalan ludni Wi ufe dnh
"lﬂ‘ﬁ’lk‘ﬂu%ﬁqﬁﬂfl’t,ﬁ1 (equipotential body)

b ¥ ¥
3. o9 E szegmieuandnih Infhniniu waszdaminduiufavesdnirivih de
D,= sosft=0, D, = €t E.=0 (2.88)

mslszyndldiidfgeseq i1 E=0 molugnih nfheglumsndunsesiihada
(electrostatic screening N30 electrostatic shielding : M3vad A1) AeRI00719 %affﬁﬂﬂ
sau9 o IaueniBua(coaxial cable : MOIAITLTIN) FagUit 2.7 Famndavnevesaomie
gunsal) 1aq fideamsFadilszneudae A Fehmyhfindunse(screen 130 shield) M1a 1w

A o o -] A = J A
e Iidndsoun dniIndh B Faufatunnszuy Inhdug dugud

el « - «

Jod (1¥u ¥naTou 9
-4 - IA

molauomda, ¥adn

Wundoatimaeulu

mnfuing vdelnsimi)

FniviiRla q (194 monesnasilegmolumolaueniinn,
qassiinnioiindaia q Tuniniu 4a4)

Ui 2.7 m3ndunsesliihadia

2.4.7 ﬁau‘lwemzﬁfinﬁuﬁﬂﬂﬂﬁumnmin (Conductor-Free-Space Boundary
Conditions)
A ﬂv - a A 1 o o @ - - A
Gowlviliflunsdimavesioulvveuszniedni i dulasidnain Tugui 2.7 92
= A'l ' @ o o " a o = J A o a
naasasiou lvveusznindni diduenmai (lasdnain) deteu lvvey lunsainiay

¥ .
fo2 18500 naunst 2.88) Tavunu e, A20 1 (wszdiemadneediiviniuladidnain
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D,=¢E,=0, D,=toEq=0ps (2.89)
anumudurana Ifhmnduda fuveudugud ansmmnmiv

wanarfhunadanin fuvevezifannumauriudszgiuin

] ¥ ¥
aumsh (2.89) uaaalinsu auw i E szdeadignuinluunadenn

U1 2.8 veuwaszn AN InihdueImang

2.5 mﬂﬁa‘luiﬂmﬂuazﬁaﬁmﬁu (Microwave Transmission Line and Wave

Guides)

Tumisdedyaia i inumadsduia loa InaanTeundsi ldmasauna Indniu
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f?'mutmm‘lﬂ% (Transmission Lines)
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Rectargular Way rande Cutdttical Wase qu de

Optical W aveguide Slah Wiz 2aide

- ' L] A 1
U9 2.10 viovhAAUILLAIY

2.6 auN1ANN3TDUIUNIIBIING (The Bio-heat Equation)

= rd P = " o
Tunisainszrdioaud lwIasn1dResanteanin i awwuuman wazanu
wuminvesnszua W iifavuluwieigelea nisgaduaiuisuniiavuluisitelea
& A o 0 a0 '
FagUuuuvesauns niedulsane fdsnanon1snszvwauiou [16-17) lutleauaas

@ o
AITUNIIN (2.90)

ol
pc§=V(k-VT)—hbcb(ab(Tb =Ty, #0., (2.90)
A By
e Ny, = Py, Cp @y
" e d" A 3
P - A TUMU LU UNIZ YR LHBIUD (kg/m)
. . Fr
c = Anamyadeusumzveutee (kg K)
, \ & 2
k = Amminnuauveuiewe (W/m.K)
- o 9 - < - " ; &
h, = Fulszansnismanuiounindean Inaguegluiiawe
1} -~ 3
P = AMUHUUUULGRA (kg/m))
c, = AR WS DUT UNIZYRAADA (J/kgeK)
o - -
w, = AT INALDDA (1/s)
T, = fAguNYEIaea (37 °C)

" - d &
0, = anamdeunnnszuaunwa ludduveaiaaea (Wm)
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Optical Waveguide Siab Waveguide

3Uf 2.10 vevhaduubuAIaY

2.6 auMINNN30UIUNIITIINE (The Bio-heat Equation)
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wunniuvesnszua I iRevuludleweles msgaduaiudouiiavuluiioboren
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Fgduuuvosaums yiednlsnneg Adwaaemsnszawanuiou [16-17] luteauans

AITUNTIN (2.90)

o h
Wo 1, = PyChay

Qm B

pc—aa% =V(keVT)-hc,0,(T,-T)+Q,, +Q..,

AU IR DD (kg/m’)
mngaieus Iz veaiione (ke K)

M Yeuueualte (W/m.K)
dulszangmsmanudeunnideaitlnaduagluiifede
AU UILUIADA (kg/m)

AINITWTOUTUNMIZVDUADA (J/kgeK)

das1nmden (1/s)

A iiiaen (37 °C)

[ 9 = g A 3
mmmsaunmﬂi:mum‘smmiuammmmmaaﬂ (W/m’)

(2.90)



Q, = mnnudounInnouen (Wm')

NAUMS Bioheat (2.90) Mmhwnl¥luaudseniui 1daznsmdanilssuau 2 @9

=) o

= = 1 1 4 4 at d‘- J
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=) ]

a =1 & v ow u’: dy 4
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WwouAulsum Q

ext
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= o i 4 & o W o =
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1 o
SAR=—Q,,, =—|E[ 2.91)
Yo,
P
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SAR = Specific absorption rate (W/kg)
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- anmanuh IWihveuiiews (S/m)
- ANUTILUUIUNIE (kg/m)
A v A oA
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3/ ¥ o <3| o A o 9 a a o = '
mslgnnuieulumssnulsa iumssnmiilvgungi o vSnaniu geliuey
Ture 41 -46 aeruaaFoa (14 - 15] maaneguinwiug awldsvnanszny uaziins
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port

31 214 uaasgaswmdsnuniululaswiduasoima
3 4
2.8.2 13oulvveuvaveanuABILBI (Continuity)

4 F A a4 a 4 ad v VA P
Nau'lﬂluzﬂmmu'lwmmuhuasiiumwmmm“‘lﬁnammﬂmuﬂwaamﬂﬂisn'au“lu

Y o ] d
nundududavesemuin Wihuazmunuuiiman

(2.92)

continuity

1 2.15 uamaSnaiiuveuwaneiios

o d. Al 4 - ﬁi’ 4 4 d' ) o é
nnguTnuiidhunuderies (continuity) sziduuinuiindunaounr L INAINA1INT

1t ar é
Tilgandanaraniia

2.8.3. 1301 lvvouiunvoadinnii(Perfect Electric Conductor)

=

=4 4 é o v =Y (v )
Slunsdiveadoudaninualiesstsenovvasauiy T lumuvuuduraniim

ugud

nxE=10 (2.93)
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e VX

{H}
n
Us}
Uel
U}
{D}
{E}
{B}

VX{H}=U}+{%?]=Us}+Ue}+Uv}+{%g]

V x {E} =—[%}
V-(B}= 0
V-{D}=p
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qumsi (3.5) Suaumsiaaansmmvesnae AU nduLman
{B} = [u]{H}
A [ =] o " = = 4
o (1] = senuFuduudmdnlugiuunyewunsns((Magnetic permeability)

3 = v o ] o a
deaums (3.5) udasmnnuFusumimanlugduuuveuwaing

p, O 0
[plzp'o 0 pTY 0
0 0 n,
A ' e - T ] o
We = mAnuFnFuFuLiman lugygy N A
' &8 &R W [ -
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Analysis of SAR distribution
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Microwave Ablation Therapy for Lung Cancer

using Open-Tip and Multi-Slot Coaxial Antenna
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Abstract -This paper presents the treatment of pulmonary carcino-
ma using microwave coagulation therapy with open-tip and multi-
slot coaxial antennas. Because lung is a common site for cancer and
usually has substantial functional reserve, MW 2blation of lung
cancers is an attractive option for minimally invasive treatment. We
performed finite element analysis simulation of microwave ablation
and analyzed heating characteristics of open-tip and multi-slot
coaxial antennas. We also performed in vitro experiments and ana-
lyzed heating characteristics in swine-lung tissue during application
of microwave energy through open-tip and coaxial-slot antennas.
The validity of the analysis was confirmed by comparison of the
results from the simulation and in vitro experiments.

Keyword: MCT, lung Cancer, open-tip, multi-slot

. INTRODUCTION

Microwave coagulation therapy (MCT) has been used extensive-
Iy ftor the treatment ol hepatocellular carcinoma [1], [2]. Micro-
wave ablation technigue is minimally invasive, thus it requires
In the
treatment. a thin microwave antenna is inserted into the tumor,

shorter recovery period compared to surgical resection.

and the microwave energy provided by the antenna heats up the
tumor to produce the coagulated region covering cancer cells.
The input power of the antenna is usually less than 50 W. The
goal of microwave ablation is to elevate the temperature of un-
wanted tissue to above 50 °C where cancer cells are destroyed

[3].

From our literature review, no previous studies have
discussed the use of microwave ablation for treatment of lung
cancer. However. previous studies using radio-frequency (RF)
ablation for lung cancer have been reported [4]. Using micro-
wave is potentially more eftective than using RF due to air-filled
anatomical structure of the lung. For RF ablation of lung carci-

noma. the major problem is that the size of coagulated region is
generally insufficient due to low RF energy deposited in lung
lissue.

In this paper, we used finite element method (FEM) 10
determine electromagnetic ficlds and heating patterns of various
antenna designs. Then we constructed the antennas with desirable
characteristics and utilized them to perform in vitro experiments
using swine lung tissue.

1. MATERIALS AND METHODS

(a) Open-tip and multi-slot coaxial antennas

Fig. 1 (a) and (b) show the configuration of the open-tip antenna
(OTA) and multi-slot coaxial antenna (MSCA). Table 1 lists all
related structural parameters of the antennas. Here. d, is the di-
ameter of the antenna: d, is the thickness of the dielectric: d, is
the thickness of the conductor: d, is the length from the tip 1o the
center of the slot; and dy is the width ot the slot. We used a thin
semi-rigid coaxial with a diameter of 3.6 mm. Table 2 provides
values for the relative permitlivities of the materials used in the
antennas.

Coaxial fur Lung

cable Dielectnc Conductor

d, dy d,

101 12 mm

g

(a)
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Figure | Structural configuration of (a) OTA and (b) MSCA
TABLE |

THE DIMENSION AND RELATIVE PERMITTIVITIES OF THE COAXIAL
ANTENNAS USED IN MW

Dimension of Antenna

" da (diameter of the coaxial antenna) [mm)] 3.66

[ dbithickness of the dielectnic), de (thickness of the
conductor), de (length between the slots), d; (width of
the slot) [mm] 1

Rdg.‘l |c11éiﬁ.I:FﬁlH the tup 1o the center of the slot) [mm] 65

dlength of the up) [mm] 18 82

 S—

Relative permittivity

. (relative permitivity of the inner dielectric) [mm] 203
| .. (relative permittivity of the catheter) [mm] 236
TABLE 2

ELECTRICAL AND THERMAL PROPERTIES OF THE TISSUE [5]-[6]

Electnical and Thermal properties of the media Lung
Thermal conductivity [W/m - K] 0.3158920
Relatve permittivity 20476801
["Conductivity [S'm] 0 8041280
| Blood Now rate [m3/kg - s| 6675107
Density of the blood [kg/m’) 1060
Specific heat of blood [J/kg - K] 3960
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(b) Finite element studies of coupled thermal-electromagnetic
analyses

Since our goal is to compare the characteristics ot different an-
tenna designs in terms of energy and heating distribution. we
performed all analyses using the bio-heat and Maxwell’s equa-
tions. Finite element analysis was utilized to obtain approximate
numerical results of the coupled
electromagnetic problems by dividing the domain of interest into
many small areas with simple geometry. We describe the bio-
heal equation and calculation of the specific absorption ratio
(SAR) in this section.

complex thermal-

Bio-heat equation

We can calculate the temperature distribution inside the biologi-
cal tissue by solving the bio-heat transfer equation

T Gethevr B |
p e =V po el T-TI0, 40, ¢
where 7' is the temperature ("C). ¢ is the time (s), p is the density
(kg/m*), ¢ is the specific heat (J/ kg- K). k is the thermal conduc-
tivity (W/m'K), py is the density of the blood (kgfm"). ¢y is the
specific heat of the blood (J/kg-K). w is the blood perfusion rate
(msfkg-s). Ty is the temperature of the blood ("C).

The first, second, and third terms on the right hand side
of (1) denote thermal conduction. heat dissipation by the blood
flow, and heat generation by the electric field (Qgyy). respective-

ly. Qmet is the amount of heat generated by metabolic process

and is comparatively much smaller than the previous terms. Thus
Qmer is considered negligible in this study.

Calculation of SAR

We can calculate SAR using equation (2):

sar=Z|E?| (W /kg) (2)
¥e)

where o is the electrical conductivity |S/m]
p is density [kg/m’] and
F is the electric field intensity (rms) | V/m]
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Software simulation

In this study we performed finite element analyses using COM-
SOL version 3.2b. We ran all simulations on a PC with Intel Pen-
tium M. 1.5 GB of RAM. and 50 GB of Hard disk space. There
were three types of MW antennas used—OTA, 1-slot MSCA,
and 2-slot MSCA. For each case. we set the input power to 80
W. for a duration of 30 s.

In vitro Studies

We constructed the OTA. 1-slot MSCA, and 2-slot MSCA using
the semi-rigid coaxial cables. We tested each antenna in in vitro
experiments using swine lung tissue. The microwave power ge-
nerator was built in house and was able to supply 0-100 W to the
MW antenna. Swine lung tissue was placed in a saline bath and
MW energy was delivered to each antenna. In addition, we
measured SAR and temperature distribution along the shaft of
each antenna using the Bird Site Analyzer (Electronic Corpora-
tion. Cleveland (Solon) Ohio, USA).

I11. RESULTS

Fig. 2 illustrates SAR distributions along the axial surface of
OTA. I-slot MSCA. and 2-slot MSCA from finite element ana-
lyses. Table 3 lists VSWR for each antenna used. Table 3 lists
Voltage Standing Wave Ratio (VSWR}) measured with the Bird
Site Analyzer in in vitro experiment. Graph 1 shows the distribu-
tion of SAR in lung tissue from the three antennas. Fig. 3 com-
pares temperature distributions of the three antennas along their
axes. Graph 2 shows corresponding temperature distributions and
Fig. 4 displays temperature gradients within lung tissue for in
vitro experiment.

TABLE 3

VSWR VALUES OF EACH ANTENNA MEASURED WITH BIRD SITE
ANALYZER

Coaxial 1 Slot VSWR: 1.33:1
~ Coavial 2 Slot VSWR 1451
Open-up VSWR 1291
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Simulation Results

(a) (b) (¢)

Fig. 2 the quantities of SAR distributions of the antennas in pulmonary tissue (4)
I-slot (b) 2-Slot ¢) Open-tip

1 Slot
2 Slot
250 Open-ip
20
-
E
% 150
3
100
50
o e VS S
[} oov ooz ool oo4 005 006 oor o8

Arctengmim]

Graph 1 SAR distnbutions within Jung tissue from the simulation of 1-slot. 2-
slot, and open-up antennas

Fig. 2 shows the simulation values of SAR in pulmo-
nary tissue corresponding to the lIslot, 2 slot, and open-tip re-
spectively. SAR values relates to the values of electric field by
Eq. (2). Graph 1 shows that the | slot has the highest level of
whole electrical field, and the 2 slot has the highest level of elec-
tric field around the slots. Finally the pen-tip has lower level of
electric field than the 1 and 2 slots.

(a) (b) (c)

Fig. 3 the quantity of temperature distribution in pulmonary tussue (a) 1-slot (b)
2-Slot (c) Open-tip
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Graph 2 graph shows the comparison of temperature distributions from the simu-
lation of 1-Slot. 2-Slot. Open-up coaxial antennas in pulmonary tissue

Fig. 2 and graph 2 show the level of temperature distribution of
the tree types of the antennas in pulmonary tissue. As shown in
fig. 2 and graph 2. the | slot has the highest level of temperature.
I'he | and 2 slots have the temperature distributions around the
slots and the tips of the antennas. The open-tip has lower level of
temperature than the | and 2 slots

Experiment Results

Figure 4 Lesions created in swine lung tissue using |-slot MSCA, OTA, and 2-
slot MSCA

Fig. 4. in vitro experiment, shows that the analysis with the finite
element method gave the simulation result similar to the in vitro
experiment.

I'V. CONCLUSIONS

different antenna designs—OTA and
MSCA—for use in lung cancer treatment. Due to high electrical
resistivity in lung compared to other tissues, using microwave
ablation can be potentially more effective than RF ablation. With
OTA design. the location with optimal SAR occurs at regions

This study presents 2
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adjacent to the outer conductor. For MSCA, optimal SAR is dis-
tributed close to the slots. From both FE analyses and in vitro
experiments, 1-slot MSCA appeared to have a higher maximum
temperature compared to that of OTA. When we increased the
slot from | to 2. the maximum temperature in lung tissue de-
creased, however, the maximum temperature region was more
widely distributed. The different results obtained from each an-
tenna design can be applied to appropriate treatment criteria
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