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Fig. 1.2. human voxel model of NICT from Japan
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Fig 1.3. Development of dosimetry by computing process
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Define parameters
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Convert geometry into FDTD cells

v

Initiate values for field
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v

Source excitation
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Update H from E

v

Update E from H

v

Apply Boundary Condition

Yes

¥

Post processing

v

Obtain owtput
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Fig. 2.3. Flowchart of the FDTD method
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olgh bR FAHA wHonE A dve "ad FRA o
St current vector potential method, scalar potential finite-difference
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Fig. 3.2. 2-D impedance network
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3.3 849 57 99

¥d 57 YY) (surface  equivalence  principle)® 19364
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Fig. 3.4. Surface equivalence principle
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Fig. 3.5. Structure and human head model
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Fig. 3.6. Equivalence surface and human head model
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3.43 FDTD €94 Wl S7F &4 o|4

FDTD 7] ol A] ?J/\P AA7 95 Fdet7] f1gke] FA = Yee?t

initial condition method)& A}-&3FA ). shA R

A JAHE A2E adshA XA, Ao 27 %
A AL d9s 2A ek Pk ol g Al A

8l AA -4k oo WA (total/scattered field formulation method) 0]
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Fig. 3.9. Total/scattered field formulation

method for 2-dimension
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Fig. 3.10. Total/scattered field formulation components for
1-dimensional FDTD
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Fig. 3.11. Location of electromagnetic field components
in the plane j—-k (Ey(—>), E(1), H(=), H(1))
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n+1__ m+ 1 +1/2

Ezzn,];k [ Ziy ik ] (2.21) C;LEJimjvk * H;?iin—l/zjk (325)

o isig-1/2 WA ApAe] w4

+1/2 _ +1/2 o n
Yiy—1/2,4.k [ yrzﬂ—l/Q,j,k](ZN) vaHylin_ 1/2,5.k * EZ b ik (326)

+1/2 _ +1/2 n
Hrz, 1/2,5.k [Hﬂj l/QJI.] 2 18 + va Hzli[]_ 1/2’.77k ¢ Ey7iiu.j,k (3.27)
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o i=ip WA AAY WA

+1__ +1 +1/2
Eyn,k - [Ezz_]-,k](mo) - Q;,EJ|i1,j,k * HZ@]H/Q_J.‘L, (3.28)

— +1 +1/2
E'Z]JJrkl o [EZT;-,J"IC ](2‘21) + Cl;,EJQ,j,k * H;’Liiﬁrl//lj‘k (329)

o i=i+1/2 "ol M AAS WA

+1/2 __ 1 +1/2 n
H;:;*l/zj‘k - H;'ﬁ,+1/2.j,k](2'l7) +-Db7H-U|Z1+1/27]7k ¢ EZ,Z’,;P]:]C (330)

+1/2 __ [Hn-i- 1/2
Zi+1/2,k

_ n
Zv?l+1/2.j,k](2~18) Db,Hz|i1+1/2,j,k ¢ Ey,iil‘jk (331)
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Fig. 3.12. Location of electromagnetic field components
in the plane i-k (E, (—), E(1), H (=), H(1))
i=jo Wl A HA e WA A
n+l_[pmn+1 +1/2
E:E,;Jmk [ ] (2.19) Q),@|i,j0,k 250 41/ (332)
B =B o + Gl = Hit (3.33)
i=io~1/2 oA ALA o] wHg 2]
+1/2 _ +1/2
‘ri,]hfl/zk'_[ xlh*l/?k](216)+Db,HI|7/,jU_1/2,k L4 Ez7ii,jﬂ.k (3.34)
1/2 2 n
L_]—[j_l//2k [ +711//2k] 218 vaHzl%Jo_l/Zk * Emﬂ;i.jn,k (335)
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o j=jp HolA A w2

Tl [gntt +1/2

E"‘?’f B [Ef?w»k](m) + C@E,'i,jpk ‘ Hzﬂzm (3.36)
= +l +1/2

E:M o [Ezn,k ](2.21) - CI;,EJi,jl,k ¢ H;L,l-i‘jﬁl/?_k (3.37)

o j=jitl/2 Wl A Ao WA A

+1/2 _ +1/2 - .

H;w“ﬂk B Hz,mvm](zm) Db7HI|z‘7j1+1/2,k * B (3.38)
+1/2 _ +1/2 .

e = 0y T Dy gl e+ B (3.39)

_42_

.H b 1_'_]'| (<1 e

— 1



= A = =
| | | |
A M M ) M
—t e e —Ls —hze
s e " e
F N ) 0 F
- == =t e e
0 M M 4 M
s == - - i
. LI > LI 3 ixl, LI 5
i 0 i h | /
e -t B - R
A A A A
Jo I

9 313, i) B dAe AA A5 X
(E,(—), E(1), H (), H(1))

)

Fig. 3.13. Location of electromagnetic field components

in the plane i-j (X, (—), Ey(T), H, (—), Hy(T )

o keko WM AAC] R

n+1__ [m+1 +1/2
Emi,j,ko o [E‘Tz]k“ ](2'19) + szELJivj’ko * H?Zii,j,kﬂ—l/fz (340)
n+l_ [rm+1 o +1/2
Eyi,]:kn - [Eyi,j,kq ](2~20) Oé,EJi,j,kU ° H;;ii,j,ku—l/Q (341)

o k=ko=1/2 Woll A A2 A2

+1/2 _ +1/2 . . I
HZ,]‘,k"—l/Q - [H:i,j,kh—m](zw) vaHJi’jvko_l/Q Ey7ii,j.k(, (342)
+1/2 _ +1/2 n
H?Z,;;ku—/l/z - [H(?me/l/z](?’”) +vaﬂy|i’j’k0_ /2 * Em’iivm (3.43)
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o keky WA AA L] g

=B g9 — /2 (3.44)
Egifk - [Exi,j,kl](llg) CE?Er|i7j7k1 * H;fzi‘j.k,ﬁrl/Q

=l e (3.45)
Eyn,k B [Ey,,m ](2.20) +Cl§,Ey|i,j,k1 * H;,zi_mﬂ/z,

o kekit1/2 "ol A A 9] WA A

y . B, 46
xi;i/iz - [H;l,';i/l/z](zlﬁ) +D, HJi, ik +1/2 Ey,lj_jkl (3.46)
+1/2 B . r
y’:ﬂi/li - H;:-,.ivkﬁ/l/?] (2'17) Db’ Hy|i7j7 kl + 1/2 E;/?Zi.jkl (3 )
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Total field
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Fig. 3.14. Modified total/scattered field formulation
method.
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Fig. 3.15. Modified total/scattered field formulation components for
1-dimensional FDTD

At
n+1 _ rm +1/2 1 +1/2
E E - (H;zcmvli+ /2 H;loN[LC 1/2)

H”“}lﬁ 5 (3.48)

At At
+1/2 _ 1/2 n _m n
H!Zauu I+ /2 = Hneuz I+ 1/2 T ,LLOA (Ezsz:a!71L+1 Ezwu[L) + MOA Ezi’]L (349)
Ertl— g At (Hn+1/2 Hﬂ+1/2 At Hn+1/2
2o dp Ziot’IR 6 YAN Yseatr Ir 1/2 Yo Ip T 1/2) PIVAN Yisdp— 1/2 (350)
_ At At
+1/2 _ 1/2 _ _
HZZtuL’ ]R_ 1/2 o H;ism7lﬁ_ 1/2 + IU/OA (Ez,,zstfa!7[H E;fot‘rlﬁfl) /’LOA E’Z’[R (3.51)

_46_

ol

1_'_]'| ©

1_

I

TU



HAE Aol dA-abdAe] A7 waE A7 Ao B3

Lo

7F wkR A "o ol &
i=ig=1/2914 7l=std v&3 2o

En+1:[En+1]()_O +1/2

e H
b, B i . k 25 Y +1/2,5k
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Apply basic FDTD variables

Set equivalent surface

¢ Step 1

Calculate J, M on the equivalent surface

:

Modify the J, M by quasi-static approximation
and Fourier transform if needs

¢ Step 2

Solve time-domain Maxwell's equation

End

19 316, AtE =9 VIR e 55 =

Fig. 3.16. Flowchart of proposed hybrid technique
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n A 7] vol Z2HE wAstE dAle thed o] @ E 6l

N eik’l” “ Z 7/ 2
E(r) =—iwpull |7 —+(—) 2cost . (4.2)

71N wie A FIE, pE FAE, kT go|th

webA Faraday &l os) AHAl= vh=3 2o d=

— 1 —
o
=— ikl e [1+i inf
4ar kr st

AsS 98l A (42), U3)E s7F FhAA AteaL 7 ARFE
] Z

Table 4.1. Hertzian electric dipole:

Parameter information of external electric field simulation

A T 1 MHz
FDTD9 & AA <+ 60 x 60 x 60
s7F el A 8 x 8 x8
S7F 29 49 9A 30, 16, 30

Aol A27] (mm), At (ps), T 20, 0.33, 100A

600%1 ¢ REEA L 5 A3 7 (t=500, 600)°llA ¢ 2=

HEEIE
Mo agd 2o A%E AUtk Gy A7 Aot Mg 5
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2.5E6

2.0E6

E-field [V/m]
o
i

1.0E6

5.0E5 ~

0.0 1

wAE R S vhebdT

—=— Exact solution
—&— Proposed method

0.0

0.3

position z [m]

19 42 A7 tholZo| o3 wAE 9B A& vlw 23}

Fig. 4.2. Comparison result of external electric field generated by

electric dipole
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Fig. 4.3. Electric dipole and dielectric sphere
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A7) A h,2 FH A Z(spherical hankel function)o]iL, M3} N
& =z Wy 9% WA A (homogeneous vector wave equation)®] af o]
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3l Artstel AyE wlastdvh £l AbgE WM
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o
=
o obd ®

F 42 & A7) tho]E: el Hr1HE AU 4 W
Table 4.2. Hertzian electric dipole:

Parameter information of induced electric field of sphere simulation

=4 Z-ﬂr‘r 1 MHz
FDTD®| & AA 70 x 70 x 70
S/t wde A% & 8 x 8 x 8
S/t B TA9 A 35, 15, 35
ZA29] A7] (mm), At (ps), T 20, 0.33, 100A
Tol Wi AR 0=0.3 S/m, €,=30, r=100 mm
T =49 9 35, 50, 35

TR fw A ke sk s 600w wEANE Pt
(e}

Atk E AFoNA ALES FDTD 71HL 71&40 4 5
A71ol AAMAA A LA 2 F(staircase error)”Z} Y gt
oANM Hol= olE Y FTUANAMY EAHHS SolHAYE

oz Ay wito] WA Axs T Aks Wl s} o]

=3 A A% As & 3
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4.0

—=a— Exact solution
—&— Proposed method
3.5 1 '\
— 3.0 1
£ :
a S
=
Lol
= 2.5
(o
2.0+
1.5 | T I T I T I T I 1
-0.10 -0.05 0.00 0.05 0.10

position z [m]
a9 44, A7) dolEFEEE T Wi /= A%
Wl 73}

Fig. 4.4. Comparison result of induced electric field in the sphere from

electric dipole
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HAF D71 EAE Adg WHoRE bgE FagoME A&
ASS Hol7] fdl 2 AgsA 2 3 T35 g9 Edd gsiA A
=< 39t sl =34+ 100 kHz, 1 MHz, 10 MHz©]

3E 43 1A A7) golE T3 FIFoA T {rlE= A7 A
Wy AH
Table 4.3. Hertzian electric dipole:
Parameter information of induced electric field of sphere simulation

of middle frequency

FDTDY = 474 + 150 x 150 x 150
S7F FHe AR F 20 x 20 x 20
7t 329 S A 75, 20, 75
AAe] A7) (mm), T 2, 100At
T w3 g 0=0.3 S/m, €,=30, r=50 mm
T TA° $14 75, 105, 75
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Comparison result

20

z axis [mm]
=~
=

Error [%4]

o
=

80

20 40 60 80
y axis [mm]
(c)
9 45 vAa A7) gol & x=0 @] 100 kHzol A 7+ WF9 %=
A7)

(a) o]& &, (b) Ak WH, (o) vl A}
Fig. 4.5. Hertzian electric dipole: Induced electric field cross—sections
at 100 kHz in the plane x=0

(a) Exact solution, (b) Proposed method, and (c) Comparison result

3E 44, A& "] thelE: 100 kHzel 4] A
Table 4.4. Hertzian electric dipole: Simulation result of 100 kHz

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Error (%) 8.43 8.64 7.28
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Exact solution

[t Al Avsuagut pjay a1nodjs

2 £ & 8 =

u
[a | [ | — i Wy

350
300

0

(a)

y axis [mm)]

[w] sixe 7

Proposed method

350

300

[y A] Ksuagur piay o1naa|s

2 8 & 8

o
e = - —

[wiw] s1xe z

0

y axis [mm]

(b)
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20

z axis [mm]
.
)

o
=

&0

19 46, WA 7] tholE:

(a) o] dll, (b) Xﬂ"&fi

Comparison result

40 60 80
y axis [mm]
x=0
q7

, (c¢) vlxL

Error [4]

«l 1 MHzol A+ W59

A%

Fig. 4.6. Hertzian electric dipole: Induced electric field cross—sections

at 1 MHz in the plane x=0

(a) Exact solution, (b) Proposed method, and (c) Comparison result

s A7) HolE: 1 MHzel 84 A

Table 4.5. Hertzian electric dipole: Simulation result of 1 MHz

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Error (%) 8.59 8.92 757
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Exact solution

350

300

20

[ A] Awsuagun paty 210025
2 8 & B

L
o = — —

= o
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[wui] sixe 7

80
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[ A] Awrsuagun proaty 210027
2 &8 & B

i
Fa | L | sl sl
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300

80
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(a)
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Proposed method

20

(] sixe 7
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Comparison result

20

z axis [mm]
=~
=

Error [%0]

o
=

80

20 40 60 80
y axis [mm]
(c)
Y 47, "4 A7) tol&E: x=0 @A 10 MHzol A T WH9 F=
A 71 A

(a) o] & 3l, (b) Akg B, (c) ¥l A3
Fig. 4.7. Hertzian electric dipole: Induced electric field cross—sections
at 10 MHz in the plane x=0

(a) Exact solution, (b) Proposed method, and (c) Comparison result

3 46, 1A "] trelE: 10 MHze] &4 Az}
Table 4.6. Hertzian electric dipole: Simulation result of 10 MHz

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Error (%) 11.70 11.68 11.43
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AEe 98 A @IDW} UIDE S BWeIA Al 57b
g oo} Ak PUS o §3te] BAE AN 18T yFe)
e A @IS A PR B ANl AnE wlashgic
o AHg

| Wes2 okl F 479 2o

Mro
2ox

¥ A7 W2 Z7] tholE: R A A W AR
Table 4.7. Hertzian magnetic dipole:

Parameter information of external electric field simulation

24 Fa 1 MHz
FDTD® & A = 80 x 80 x 80
S7h mhel A% & 16 x 16 x 16
7 EH A $1A 40, 20, 40

Azte] 27] (mm), At (ps), 7 20, 0.33, 100A
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30

—a— Exact solution

—&— Proposed method

20

E-field [V/m]

10

;- Ty

|
015 020 025 030 035

position z [m]

Y 49, M FE e o8] AR 9% A/ mu A3

Fig. 4.9. Comparison result of external electric field generated by

small loop antenna
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Fig. 4.10. Magnetic dipole and dielectric sphere

= =
- d= =
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—"(—1‘3’,): wkipG, & 2n+1 [ 31, (p3)]

£ M. (k
" 47T771 n:1n(n+ 1) Cn p3 Oln( 2) (4.15)
- Szl)hn(pS)Neln(kz)
ANA n =i/ e, 2 A B 1 dHrolu, YA WM

A5 A8 A @1DF (41205 F7F xHelA Artste] 571 AR
5 4L & fAA 75 wAsk At S ol &3 EAE 3As
Atk 2 zEe F UERER FEE AA #S A 415)S T ALt
&to] ol & dfote] AxE HlustAth A AHEH WEES ofd ®

F 48, "2 A7) golE: Fol f71EE A dA W AR
Table 4.8 Hertzian magnetic dipole:

Parameter information of induced electric field of sphere simulation

A FI 1 MHz
FDTDY & AA & 80 x 80 x 80
S7F ke AA F 16 x 16 x 16
57t ¥W F4e 914 40, 20, 40
A2l A7) (mm), At (ps), T 20, 0.33, 100A
To] wE AR 0=0.3 S/m, €,=30, r=100 mm
T A9 A 40, 60, 40
T WHe fx AA #s ZRlskr] 9 600 o] WHEALS 4 3]
ATt 27 4119 E A7] tolE ¥ v AR Al A [0 o] &
o] Sold EAE A9t o slet A dATS & 5 Uk
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—=a— Exact solution
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Fig. 4.11. Comparison result of induced electric field in the sphere

from magnetic dipole
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Table 4.9. Hertzian magnetic dipole:

Y
~
iv)
o
i

Parameter information of induced electric field of sphere simulation

of middle frequency

FDTD2 = ZAxA} & 150 x 150 x 150

7 ¥ AR F 20 x 20 x 20

S/t ®W T4 91A 75, 20, 75

Az A7) (mm), T 2, 100At
To] wja AR 0=0.3 S/m, €,=30, r=50 mm
= 240 95 75, 105, 75
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80
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y axis [mm]
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Comparison result

Error [%4]

20 40 60 80
y axis [mm]

(c)
a9 412 vA Z7] gholE: z=0 ©H o] 100 kHzol A ++ WF-9 F =
A7) 7%
(@) o] & 3fl, (b) Atg B, (c) vlw A}
Fig. 4.12. Hertzian magnetic dipole: Induced electric field
cross—sections at 100 kHz in the plane z=0

(a) Exact solution, (b) Proposed method, and (c) Comparison result

¥ 4.10. "4 A7) tholE: 100 kHze] &4 23}
Table 4.10. Hertzian magnetic dipole: Simulation result of 100 kHz

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Error (%) 10.24 11.56 9.94
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Exact solution

|t A] Ansuagut pray o1noa[a
w = e o =

0

(a)

Proposed method

y axis [mm)]
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=t =]
[wu] srxe x
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80

20

[ty A Aysuanur pjay 21moa| 4
e =t hdt | ™

= =2
=t =]
[wu] sive x

80

—_—

0

y axis [mm]
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Comparison result

Error [4]

20 40 60 80
y axis [mm]
(c)
a9 413, M)A A7) tholE: z=0 ©H el 1 MHzolA + Wi F %=
A7)

(a) o= &, (b) AlFst W, (c) vl 2}
Fig. 4.13. Hertzian magnetic dipole: Induced electric field
cross—sections at 1 MHz in the plane z=0

(a) Exact solution, (b) Proposed method, and (c) Comparison result

3 411 w4 A7) thel&: 1 MHzo| a4 23
Table 4.11. Hertzian magnetic dipole: Simulation result of 1 MHz

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Error (%) 10.25 11.56 9.97
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Exact solution

20

[y A Ansuogui pfay 210025
ury = 3 L |

= o
b =

[ut] sIxe x

80

0

y axis [mm]

(a)

Proposed method

[y A Ansuogui pray 2100215
ury =t 3 b |

= o
<t R

(Lt ] SIxXe x

80

0

y axis [mm]

(b)
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Comparison result

Error [%0]

20 40 60 80
y axis [mm]

(c)
a7 4.14. v]a A7) grelE: 2=0 @ el 10 MHzol A ++ WlF9 =
71 %
(a) o] & 3l, (b) Akg B, (c) ¥l A3
Fig. 4.14. Hertzian magnetic dipole: Induced electric field
cross—sections at 10 MHz in the plane z=0

(a) Exact solution, (b) Proposed method, and (c) Comparison result

¥ 4.12. 1A #7] tholE: 10 MHze] &4 Az
Table 4.12. Hertzian magnetic dipole: Simulation result of 10 MHz

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Error (%) 13.09 15.28 13.27
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Fig. 4.15. System for calculating the interior electromagnetic field of a

sphere from dipole antenna radiation
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3E 4132 Aol ALEH Wy A

f

A4 W An

F 413 tpol & SHHIL Tl #FYlE= AAE

Table 4.13. Dipole antenna:
sphere simulation

Parameter information of induced electric field of

v Fas 1 MHz
FDTDY| & AA 80 x 80 x 80
S} wdel A 12 x 12 x 32
S7F 1 TAe HA 40, 15, 40
ZAzLe]l A7) (mm), At (ps), T 20, 0.33, 100A
To wA AR 0=0.3 S/m, €,=30, r=200 mm
T A HA 40, 62, 40
t}o]Z Zo] L 200 mm
F9% 9] A9 R 620 mm

1-‘—|—l‘
oz O

g

¥z Aol ztol= H o] (Maximum difference) @t ¥
(Average difference) = AlAtalth 5 WH el AANA 2ol 7} AA
st7] Wit F AyE BT J]sEsidd. 7 vl Wy oed

DY

FEKO—
O— proposedmethod ‘XlOO) (4.17)
proposedmethod

Mazimumdi f ference = Max(

FEKO— proposedmethod <100

Z dmethod
Average dif ference = propose :lne 0

(4.18)

414= G2 A A7) o afolek et Apololt

=
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¥ 414, TholE <kelnk: Av) Aolst W o] A
Table 4.14. Dipole antenna: Comparison results based on maximum

difference and average difference

Electric field Magnetic field
Plane Plane Plane Plane Plane Plane
x=0 y=0 z=0 x=0 yv=0 z=0
Max.
] 29.42 24.85 20.21 31.16 25.32 20.83
diff.(%)
Ave.
] 10.42 7.08 7.66 11.02 7.15 761
diff.(%6)
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FEKO

11
£ .g
P
0.5
0 10 ‘
Y axis
Proposed method x ]50-?
-10 '
11

X axis
[ ]

10 .
-10 0 10
Y axis
a9 4.16. Dipole: z=0 @9 o] ++ YH9 F= A7H
(%11 FEKO, of#fi: At )
Fig. 4.16. Dipole: Induced electric field cross—sections in the plane z=0
(top: FEKO, bottom: Proposed method)
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FEKO

X axis
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Y axis
Proposed method < 10"
11
L
é 1
it
10 0 10
Y axis

19 4.17. Dipole: z=0 @t o] + W] =7]%
($1: FEKO, of#f: Ak W)
Fig. 4.17. Dipole: Magnetic field cross—sections in the plane z=0
(top: FEKO, bottom: Proposed method)
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Fig. 4.18. System for calculating the interior electromagnetic field of a

sphere from loop antenna radiation
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¥ 415 FEZ Lk Tl f718E AAE A W A
Table 4.15. Loop antenna: Parameter information of

induced electric field of sphere simulation

=4 T 1 MHz
FDTDY| & AA =+ 80 x 80 x 80
s7F xHe A ¢ 16 x 16 x 36
7 ®2¥ FAe 914 40, 18, 40
A2l =27] (mm), At (ps), T 20, 0.33, 100A
Fol ujA AR 0=0.3 S/m, €,=30, r=200 mm
T Z=A9 9 40, 62, 40
T2 QU WA E Dy 60 mm
FHY o] AL R 520 mm

3 416, FZ eV Ho Zpol ok it Zpo] A Bjw
Table 4.16. Loop antenna: Comparison results based on maximum

difference and average difference

Electric field Magnetic field

Plane Plane Plane Plane Plane Plane
x=0 y=0 z=0 x=0 yv=0 z=0
Max.
] 21.85 22.65 22.29 22.98 23.61 23.55
diff.(%6)
Ave.
) 8.65 8.87 8.24 7.81 8.05 7.96
diff.(%6)
a9 419¢ 24 = A7 A3 vlaela, 1% 4.19¢ 23 A
717 Axp vlalolth, F a9E z=0 @A H et Acksk wHe A
3 2EE Uit

_89_

#;rx_'! _CI:I_ 1_]| -_.fJ]_ T_III_



FEKO

& 12
e
-10 0 10
Y axis
Proposed method 107

#

B 12

o

-10 0 10
Y axis
29 419, Loop: z=0 ©He + WH9 F% 7%

e}

o

(%1 FEKO, oFefj: Altgh %)

Fig. 4.19. Loop: Induced electric field cross—sections in the plane z=0
(top: FEKO, bottom: Proposed method)
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Hes
g 0
B Bl

10
-10 0 10
Y axis
a9 4.20. Loop: z=0 @] - WyFo 27]%
(9]: FEKO, o}&: Alekat k)
Fig. 4.20. Loop: Magnetic field cross-sections in the plane z=0
(top: FEKO, bottom: Proposed method)
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a9 421 g 2o dHVERY w718 = o WA A1

AL 98 A2

Fig. 4.21. System for calculating the interior electric field of a sphere

from the excitation of various structure

29 4212 o dAMol AREE Al

AE r2 200 mmeolal, 57 %

2 800 mm©o]t}.

Jepd o

o714 el
A el 2474 AR R

T 19 4228 APl AbgE A2 Fxoitt AF (a)9 AA

Dy 60 mmo] 12, =°] HE 50mmelth. 238 (b)) (a)¥

el = ME AU e A7 Dys 50 mmytE "ol
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£ Jow

(a) (b)

O 422 229 (a) YAE orHY, (b)) FA AE AE AJaH

Fig. 4.22. Sources: (a) helix antenna, (b) Wireless power transmission
(WPT) system

A4 g 57 Eve AF Aol Agd B 4149 /B ot
2 417 3o AHgE W\ ARE YER A, 3 418
3 419% 747 B8 @31 ()] At Aolsk BT Aol E vhehdnt,

i
Tg
%
N
=
ke

F 417 F F2A el frlEe A7 A B AR
Table 4.17. Various structure: Parameter information of

induced electric field of sphere simulation

v ok 1 MHz
FDTDS & AA 80 x 80 x 80
7 Y AA 16 x 16 x 36

s7F 29 FAY 1A 40, 18, 40
Azl A27] (mm), At (ps), T 20, 0.33, 100A

T M R 0=0.3 S/m, €,=30, r=200 mm
T TA° $14 40, 58, 40
WY 79 F4 Ag R 800 mm
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#* 418 W1 H

Rbelvh: o Apelel g+t Apo] Ax} v

Table 4.18. Helical antenna: Comparison results based on maximum
difference and average difference

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Max. diff.(%) 30.02 30.95 30.48
Ave. diff.(%) 9.87 11.25 10.33
¥ 419 54 AE A Alz=E Ho Zolef Het o] A HlxL

Table 4.19. WPT system: Comparison results based on maximum
difference and average difference

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Max. diff.(%) 30.33 28.57 29.56
Ave. diff.(%) 10.52 9.27 10.30
% 4233 4247 Z+7F 1A () (b9 22 = A7 A3 v
Wiel 249 aw A7)

i B [ i R s
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1%l 4.23. Helix: z=0 &9 7 W9 f=
($]: FEKO, ofefl: A|¢rak wi)

Electric field intensity [V/m]

Electric field intensity [V/m]

Fig. 4.23. Helix: Induced electric field cross—sections in the plane z=0

(top: FEKO, bottom: Proposed method)
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19 4.24. WPT: z=0 @¥H ¢ 5 W79 %= H7]%

(%11 FEKO, o}&j: A|tgt o

Fig. 4.24. WPT: Induced electric field cross-sections in the plane z=0
(top: FEKO, bottom: Proposed method)

_ 98 _
S o
far) 1 =



Z12AQ) FxE e Hue Y Aol mivA R U | <t
U A9 e s B FARE 23E Bt BE QHHUel A A e
oA =LA Yeh=d o] AL A VW=l

oA el oY Forty WAJT I 9o ¥

Y

_99_

M E-t)) &
| = ] =+—



432 A H¥S TF AL WA} FDTD 7|He vl

Al <l

Al
=

2ol

i} 4.3.14°] A

5]

_CH
A Al 2'e a9 4259 2}

=& A FDTD 71¥ ¥ vus

=

3l

-+

AR
i\ _F____ __/ q,.”_,. | /__
AR R

__.__,_

Equivalent
Surface

71¥ =

o
IT

BE QA FR mdo

Fig. 4.25. System for calculating the induced electric field of a

realistic human head model from WPT system
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FDTD method %107

y axis [mm]
Electric field intensity [V/m]

20 40 60 80 100 120 140 160 180
X axis [mm]

Proposed method x107

y axis [mm]
Electric field intensity [V/m]

20 40 60 80 100 120 140 160 180
X axis [mm]

a9 426 z=0 EHEY HA g W Feo] AV 32
(%1 FDTD, o}ef: Alrst wH)
Fig. 4.26. Electric field distribution cross-sections of voxel model in

the plane z=0
(top: FDTD, bottom: Proposed method)
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FDTD method
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O 427 x=0 @ e 54 wd e dr) Zx
($1: FDTD, ofeff: Atk o)

Fig. 4.27. Electric field distribution cross—sections of voxel model in

the plane x=0
(top: FDTD, bottom: Proposed method)
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FDTD method ><?|n"‘
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9 428 y=0 T HA md Fe] A7)
(¢ FDTD, o}&l: A|Qkstk W)

Fig. 4.28. Electric field distribution cross-sections of voxel model in

M
55

the plane y=0
(top: FDTD, bottom: Proposed method)
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3E 420, A FH OEE:

Ao} Aolsl W o] A} wla

Table 4.20. Human head model: Comparison results based on

maximum difference and average difference

Electric field
Plane Plane Plane
x=0 yv=0 z=0
Max. difference (%) 360.84 87.81 2779.83
Ave. difference (%) 11.05 9.98 0.69
AE Yo E 4209 ARE AES] A AN W N5
4000 o] vt ¥k FDTD 71¥-& 35719 34& =l 8654409 whHia
AXS stk ol# 3 AAS 26 GHz Intel(R) Xeon® E5-2650 v2
CPUZE o] &&= Aets WH-& 2547ko] F Qx| FDTD 7|9
o 2598 ARsgh AL WHE J1E9 Wl v 2158 w3k
omn ¥} o] 5710%9 Aolwks Btk F Ao] FHEL 0 LA o}
F ae gEAM wAsaEd QA6 nxE 9 P dE F8
) et}
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7z=() plane

10 20 30 40 50 60 70 80 90
X axis [mm]
(c)
29 4.29. 100 kHzol A EAa wd g d7)1d 3
(a) x=0 ¥, (b) y=0 @4, (¢) z=0 &H
Fig. 4.29. Electric field distribution cross—sections of voxel model at
100 kHz in the plane
(a) x=0, (b) y=0, and (c) z=0
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z=() plane

90
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X axis [mm]
(c)
19 430. 10 MHzol A HA =g W7o d7)4d &3
(a) x=0 ¥, (b) y=0 ©@H, (¢) z=0 &4
Fig. 4.30. Electric field distribution cross—sections of voxel model at
10 MHz in the plane
(a) x=0, (b) y=0, and (c) z=0
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Fig. 4.31. Wireless charging system for cellular phone
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3421 7 S Alad e AR

Table 4.21. Parameter information of wireless charging system

4 T 150 kHz
Y AYHA~ 0.412 pH
TR ATPAE A~ 0.273 nF
IS 20
74 AA 100 mm
A 7+ A 5 mm
1.0 -
0.8 -
0.6 -
oo}
=,
mﬁ 0.4 4
0.2 -
0.0 -
| J I ] |} 1 |
0 100k 200k 300k 400k 500k

Frequency [Hz]

7Y 432 AzEle] AEAS

Fig. 4.32. transmission coefficient of system
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Uha 3 4.22% 150 kHzol A ICNIRP¢F IEEE®] 7]+

)3 ol e},

¥ 4.22. 150 kHz9 ICNIRPS} IEEE 7<= A
Table 4.22. Metrics of ICNIRP and IEEE Guidelines at 150 kHz

Metrics Values Guidelines

J (A/m?) 0.3 ICNIRP1998
Eoe(V/m) 20.25 ICNIRP2010

brain 44175
Esnr(V/m) heart 847.006 IEEE

limbs 94.0299

other tissues 31.3881

head and trunk 2
SAR;0y(W/kg) Limbs (pinnae %) |4 ICNIRP/IEEE
SARwn(W/kg) 0.08

_‘HQ/] }JL‘-oﬂ}\‘] EQQ'E 99% “5_1"?’] '/—F, E5mm'E Z\}}d

A3}

FTE, SARi< 10g Hvr dA9 554,
A S e 99 7= 5 dF
A7) A (electrostimulation)ol] w3k A=

& (thermal)oll W3+ SHAE F+74 skt
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= HEdd A A9 1 Al2d 2 S g2 9 2
= 4% NICTe &34 2l TAROS M4l 2= 2-mme| HF=E
23 51709 A Apow TR © 2
F I el depx] 7)o Gabriel®] Cole-Cole model= H-H # gt gk
= Ydgste] AF&sHAl EH64-67]. TARO+ & 320x160x866°] AA}&
7HAM Fd e S Ala"ake] A 2= 310 mme]t

i

310 mm 310 nun

+ L4 *
lfi:lmm-I_ 1750 ol
WET 280 non 2 | 732 non

13 4.33. ZA A 2"y oA TR 9 oA md
Fig. 4.33. Head and Whole—body models with respect to the wireless

charging system

- 112 -

* ;a-} 2

o 8}

" 1.



FDTD+=

uE% Q)

3

[e)

200081 #3000 o] T},

W At=Az/V3c

0.38ps 2] A

PSRl
1=

3)

=
=

2mm?®] A2}

To-

H71 5l

AE

3)

=
=

Al

=
LN

upebAl 150 kHzo

o Axpe] =

©
T

FDTD 7]

o

o

%

Np

o

=N
N

wr
-

il

- 113 -

;
[

i

11’

Gk
el

r,
b |

o]



Electric field (mV/m) Current density (ma4/m?) SAR (uW/kg)
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Table 4.23. Computation results in head and whole-body

Head (tissue name) _Wh()le body
(tissue name)
J (mA/m?) 3.48 (CSF) 4.15 (Muscle)
Jens (mA/m?) 1.40 (Grey matter) 1.41 (Cerebellum)
Ego(mV/m) 9.36 (Cortical bone) 11.57 (Cortical bone)
Eogens(mV/m) 761 (CSF) 763 (CSF)
Esmm(mV/m) 19.53 (Cortical bone) 31.09 (Fat)
Esmmens(mV/m) 10.93 (Grey matter) 10.95 (Grey matter)
SAR 0. (nW/kg) 2.63 (Cerebellum) 15.65 (Muscle)
SARym(nW/kg) 0.44 0.30
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Abstract

Analysis of Bioelectromagnetics
Under Low-Frequency Using
Hybrid Numerical Technique

Minhyuk Kim
Dept. of Electrical and Computer Engineering
The Graduate School

Seoul National University

The harmful effects of electromagnetic field on the human body
are evaluated through theoretical analysis, numerical analysis and
experiments. Among them, the numerical analysis method is widely
used because it can apply complex model with various media without
limit of frequency unlike the theoretical analysis or experiment.
Among various numerical  techniques, the  finite-difference
time-domain (FDTD) method is widely used in the interpretation of a
problem requiring a high resolution like a human body as it does not

require the calculation of the inverse matrix.

At low frequencies, however, the number of required

iteration for satisfying the condition becomes very large as the
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standard FDTD method must satisfy the
Courant-Friedrichs-Lewy (CFL) stabilization condition. Various
studies have been conducted to overcome the limitation of the
FDTD method, but they have been limited to the theoretical
source or to consider only the magnetic field excitation.
Therefore, it i1s required to develop a low frequency numerical
technique that can simultaneously consider both the electric
field and magnetic field induced from an arbitrary source to the

object to be analyzed.

In this paper, we propose a quasi-static FDTD method
based on surface equivalence principle to solve this problem. In
the proposed method, the surface equivalent principle 1s applied
to consider arbitrary source, and the quasi-static FDTD
technique 1s used for fast convergence of the FDTD technique

in the low frequency band.

In order to examine the feasibility of the proposed method,
the analytical results of the proposed method are compared with
theoretical solutions. The electric field induced in the dielectric
sphere 1s calculated using the electric and magnetic dipole for

the dominant electric and magnetic field, respectively.

Next, we show that the proposed method 1s applicable to
practical problems through simple examples. The dipole and
loop antennas are wused as a source to calculate the

electromagnetic fields induced in the dielectric sphere. As a
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result, it 1s confirmed that the electromagnetic field induced

from the arbitrary source can be analyzed quickly.

Finally, simulation using a realistic human body model is
performed, and the results are confirmed. The proposed method
has been successfully extended to use the FDTD method at
low frequency, and we expect that it will have a great effect
on the human harmfulness evaluation of the low frequency

electromagnetic field.

keywords : finite-difference time-domain (FDTD), surface
equivalence principle, quasi-static analysis
Student Number : 2009-20764
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