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f REQUENCY-DEPENDENT FINITE-DIFFERENCE TIME-DOMAIN
§5TD) METHOD FOR INDUCED CURRENT AND SAR CALCULATIONS
RA HETEROGENEOUS MODEL OF THE HUMAN BODY

M Furse,* J.-Y. Chen, and O. P. Gandhi
Uuiversity of Utah, Salt Lake City

This paper describes a new frequency-dependent FDTD {{FD)?TD] method for altrawide-band applications such as irradia-
tion by extremely short pulses, where the effects of dispersive Ussue propertics must be considered. Based on a
differential-equation approach for the time-domain representation of D(f), this method may be used for general dispersive
media where € (®) and jt° (@) can be described by rational functions in the {requency domain, or for human tissues
where € {@) is described by a Debye equation with several relaxation corstants. Based on a single run with a broadband
pulse excitation, the (FD)zTD method is used to calculate SARs and induced currents in a heterogeneous anatomically

based man model over an ultra-wide band.

A weakness of the conventional FDTD algorithm is that the dispersion of the tissue’s dielectric properties
is ignored and frequency-independent propertics are assumed. Although this approach may be permissible
for CW or narrow-band irradiation, it yields substantial errors for short pulses with ultra-wide bandwidths.
We have developed a frequency-dependent finite-difference time-domain [(FD)?TD] method by adding a dif-
ferential equation relating to D and E to the traditional FDTD algorithm. Previously used for homogeneous
models,! the (FD)?TD approach is now extended to the heterogeneous anatomically based model of the
human body, where the tissue properties £" () are described by second-order Debye equations. Using 2 sin-
gle run with a broadband pulse excitation, we obtain layer-averaged SARs and induced currents at various
frequencies by taking the Fourier components of the induced E(r} fields.

THE DIFFERENTIAL-EQUATION-BASED (FD)*TD METHOD
The procedure is similar to that used for the convemioqal FDTD method,? except that an additonal dif-
ferential equation refating D(f) and E(r) is used. This equation is developed from the assumption that the

dispersion of the various tissues can be fitted to a Debye equation with two relaxation constants, as shown n
Fig. 1 for muscle and fat:
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which may be converted to a differential equation in the time domain by assuming e/ time dependence:
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For the (FD)ZTD method, we solve Ampere's law 10 find D and E, and Faraday’s law 1o find H at each
cell location. This D — E — H loop is then repeated for each time step.

APPUICATION OF THE (FD)*TD METHOD TO THE ANATOMICALLY BASED
HETEROGENEOUS MAN MODEL

The (FDYTD muthod is applied to an a2natomically basad heterogensous mart model previously used in
")\Cf'- 2. This model is made up of 24x45x 135 1.31cm (approximately 0.5in.) cells imbedded in a total
region of 42 x 63 x 153 cells; 7.67 MWords of memory and approximately 165 cpuminutes are needed to run
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this test case on an IBM-3090. By comparison, the. uadiﬁoxiél-FDT D takes 6.37 MW words and 155
cpuminutes, but must be rerun for each frequency. Tissue properties in each cell are obtained by volume-
averaging properties for all tissues in each cell. The incident plane wave is a raised cosine pulse with 3 GH:
maximum frequency and F, oolarized (pzrallcl to the long axis of the body), and is frontally incident on 72
body.

Layer-averaged current znd SAR disribusions computed by both FDTD and (FD)’TL methods are
shown in Figs. 2 and 3, respectively, for frequencies from 20 1o 915 MHz. These values differ shightly
because of the slight discrepancies between measured tissue properties and their fit to the Debye equation as
shown in Fig. 1.

This test case illusirates the power of the (FD)2TD method. The new method provides accurate broad-
band and time-domain data for a highly dispersive model from a single run, whereas the wraditional FDTD
method would require a run at every frequency of interest and could not provide accurate time-domain data
for this dispersive model.

CONCLUSION

This paper describes a new frequency-dependent FDTD [(FD)Y?TD] method for general dispersive media
for which permittivity and/or permeability can be described by rational functions in the frequency domain.
This approach was applied 1o a heterogeneous anatomically based model of the human body where the tissue
properties £ () are described by multiterm Debye equations. A single run with a broadband pulse excita-
-tion provides SARs and induced currents in either the time or frequency domain for this highly dispersive
model 4
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FIG. 1.—Fit of Debye equation with two relaxation constants to measured tissue properties of (a) muscle, (b)
fat.

F-dald




915 MHz

500 MHz

20 MH=2

(wa) 3334 03 sane(dy qdey

o
TTT]TI{lll']lll!l‘l?TTTr]’lIlvl{llii v‘/‘\
_ 132
o
o8
g,
5
o
o
o
& o
o~ Qg
a —~ —a
128 g
a [« X ]
fxg ~ P
b
- [ X%
[ of
[WREE SRR SRENE FNERE NNREE FRUNE INET) O.S
0 o e o T} o [Pe] o®
~ 0 Y o ~ e} Q
— vt p = )
(w2) 1334 01 aanjuay 1gdey
o
l]4-’litlllliliIil!Il!lllllIll{T v/-\
! Iy
ke
-
L jog
of
i
L 493
o
tx,
| o
! a {5«
j £ 3
L a'~ @
: “a —~
N O e
3 - og
/ =
" " Jox
SRS
111!1111I411[1f!l]11lli‘!Illllll Q.S
© o re} o It o e
™~ 0 Q o ~ Irel & e
— ot — =
{um2) 1334 01 2anesy 1qfvy
o
‘[T“:]lITYllillIIll]]]’l“l||I|I|l‘lv‘/\
i Iy
i
-
| {og
O
L Jjod
[
e
| o
1™
o
L g
—g
t
L (X7
—%
0 5
o
A4 ‘lliliilllllllllllll‘llll{llil (3_‘3
e o © o © o el A
~ 0 Y o o~ Ired Q ©
— - = =

500 MHz 915 MHz

20 MHz

FIG. 2.~—Layetr-averaged RF current,

WA
~J
~J

Ie)
TIIllll'lll'l!]l!“l‘ll!l‘ll‘lll .;
~ 1.3
— Q RNy
£« Oox
o~ Z
a
“ 0=
- oA
o
v
ap
1 .
Qo
>
-
o
;@
°3
Illllllll 11[!{111Illlli‘lllll!llll Q
o
0 o e o 0 o
2 3 aQ S ™~ re} QA
- - — =
(wa) 1334 031 2anwEY WBEYH
©
11!!‘I("‘illl’ll|ll]l‘[‘[l‘lr“‘ll‘l d
N ——
-~ ap
D
ol
ES
fas
<+
o%
7]
2%
O o
<
i
Ny
Cx
L
— Q
°3
Xlllll(ll’llllllllll[lllllIlllllll g
re} o [re] o 1) o Ire) o
= Y SN N S =~ frs! &
— i v ot
(wmo) 3334 03 3anEpERY By
(‘llll!l‘lT‘(lIIl‘lll'T!l!lYllll“(‘ll
s
- O us
- 2 "o'{
fo Py =
[2] M 1 <=
™ o~
a~ ﬁ
©® 0
a & R 7]
L o o
@«
A .| | ¢
L g
y) aZ
B o
13
©
>
S 3
Bk a e FETEE NN B0 o
o
o n o w0 (o] [te] (@}
& el @ o ™~ © N
— -~ - -
(o) 1334 0} 2anRERY WY
%
%)
50
[
o
3
>
3
}
<
s ]
PN
e
il
)
| @)
—
[




