IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 35, NO. 3, MARCH 1988 e S VL

Use of the FInIte-DIfference T 1me- Domaln Method

~for Calculatmg EM Absorptlon n Man Models

- DENNIS M. SULLIVAN, OM P. GANDHI, FELLOW,

Abstract—The finite-difference time-domain (FDTD) method is used
to calculate the detailed specific absorption rate (SAR) within the hu-
- man body. SAR distributions are calculated using incident frequencies
‘of 100 and 350 MHz for three different cases: 1) a homogeneous man

- model in free space, 2) an inhomogeneous man model in free space,
~and 3) an inhomogeneous man model standing on a ground plane. These

“moments (MoM)

I. INTRODUCTION

N a previons paper [1], the finite-difference time-do-

curately calculating local specific absorptlon rates (SAR’s)

in human tissues. The method was described and test re-
- sults using analytic methods to demonstrate accuracy were
displayed. Finally, to demonstrate the ability of the

method to calculate SAR distribution in a large inhomo-

geneous body, the SAR distribution of a 16 000 cell model
~ of the human torso was calculated ‘At that time, it was

least for E polarized incident radiation, because the torso
was taken as an isolated body. '
~ In this paper, we describe results ‘obtained by using

models of a complete man. The SAR’s are computed for

both homogeneous and inhomogeneous models in order
to evaluate the advantages of using detailed inhomoge-

" neous models. Since an isolated man standing in free space

is not a very realistic assumption, an infinite conducting

ground plane has been added to simulate a somewhat more
in these

realistic problem. The SAR distributions
grounded models are then compared to the distributions
obtained for models in free space. The above problems
are run at two different frequencies, 100 and 350 MHz.
The construction of the database is also briefly described,
along with a description of the needed computer re-
sources. . ' S
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~ various cases are used to evaluate the advantage of inhomogeneous
models over homogeneous models, and grounded models versus free
space models. Finally, comparison. is made between the results ob-
tained here and those obtained experimentally or WIth the method of

main (FDTD) method was introduced as a means of ac-

also pomted out that the results were of dubious value, at

o

IEEE

I1. DESCRIPTION OF THE METHOD

The FDTD method was first proposed by Yee [2] and
later SImpIIﬁed by Taflove [3]. It is a direct implementa-

‘tion of the time dependent Maxwell’s equations.

oD B _

—-I-J V><H ——=V XE. 1

=+ =G =VXE ()
The above vector equations are rewritten as six finite-dif-
ference equations for implementation on a computer.
Taking the E and H equatlons In the z direction, for ex-

- ample

= CAZ(I, J, K) X EZ(I,J, K)

+ CBZ(I, J, K) X [HY(I J, K)
— HY(I -1,J,K) ‘
+ HX(I J — 1, K) — HX(I J, K)]

(23)

1 EZ(I, J,K)

“ HZ(I J, K) = HZ(I, ], K)

"+ DB X [EX(I J+1,K)
— EX(I J,K)
+ EY(I J, K) — EY(I +1,J, K)]
(2b)

The method 1s Irnplemented by gencratmg a smusmdal

incident wave which propagates as the equations are

solved. A model of the human body is generated by the

electromagnetic properties, i.e., the dielectric constant
and the conductivity, which are then used to calculate CAZ
and CBZ (or CAX and CBX or CAY and CBY for the equa-

tions in the x or y direction, respectively) in (2a) above.
- Details of the method are glvcn in [l]

- III. CONSTRAINTS-AND LIMITATIONS .

" In the FDTD method, the radiation condition is not im-
plicit; i.e., the scattered waves must be truncated at the
edge of the computlng field. The truncation used is based

on a two-pole expansion which, according to Bayliss and .
Turkel [4], results 1n an error on the order of the followmg

expressmn
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where f1s the incident frequency and r is the dlstance from o - .
_ DIELECTRIC CONSTANTS AND CONDUCTIVITIES FOR HUMAN TISSUES AT 100

" the center of the scattering body to the edge of the com-
puting field. (Details of the implementation are given in

~ [5] and [6].) Equation (3) says that problems using lower

incident frequencies may require a larger volume sur-

- rounding the body to avoid error due to 1mperfect trun-

cation conditions. .
To ensure stability, the time step is given by
of = — ' 4
' 2¢C . - (4)

where 6t is the time step, 6 is the cell size, and c is the
~speed of the electromagnetlc wave. Equation (4) says that

~ to use smaller cells, i.e., higher resolution, a proportion-
ally smaller time step is necessary, and therefore a higher
number of time steps will be required. '

1V. HUMAN MODEL

The model for the human body was taken from A Cross-

Section Anatomy by Eycleshymer and Schoemaker [7].
This book contains cross-sectional diagrams of the human
body which were obtained by making cross-sectional cuts

at spacings of about one inch in human cadavers. The pro-k '

cess 1s fully described in [1].
In this paper, we report on the SAR d1str1but10n using

incident frequencies of 100 and 350 MHz. Two different

man models are used for the two different frequencies.
For 100 MHz, we use a model composed of 2.62 cm cu-

~ bical cells. The entire man model resides in a rectangular

volume with the dimensions 23 X 12 X 68 cells. For 350
MHz, we use 45 X 24 X 135, 1.31 cm cubical cells. Both |
represent a ‘‘standard man,’’ 175 cm tall, weighing about
70 kg. Two separate models are needed for the following

reasons: 1) the relative dielectric constants e and conduc-
tivities o for the various human tissues have different val-
ues at the different frequencies (see Table I) and 2) the
two frequencies require different cell sizes. The reason for

the two cell sizes 1s dictated by (3) and (4). At 350 MHz,

a cell size of 1.31 cm i1s used. According to (3), the lower

- incident frequency at 100 MHz dictates a larger surround-

ing volume to avoid errors. Rather than use an enormous
amount of computer resources, the cell size was increased
to 2.62 cm. Of course, the price we pay for the larger cell
s1ze 1S loss of resolution. '

V GROUND PLANE

earth or any other grounded surface.

To accomplish this, we must now restrict ourselves to
the case of incident waves which are propagating parallel

to the ground plane and having an electric field polarized
perpendicular to the ground plane. The implementation
requires only two changes in the programs: first, the scat-

tered field space below the total ﬁeld space underneath the

_ TABLE I

MHz AND 350 MHz

, Dielectric e C-onductivity Dielectric Conductivity
Organ - Constant - (S/m) Constant | - (S/m)
- 100 MHz 100 MHz 350 MHz 350 MHz
s S W—— | E— '
1. Muscle 735 | 1.4 53.0 133
2. Fat/bone 7.5 |  0.067 5.7 -~ 0.072
3. Blood . | 740 - 1 I 65.0 1.2
4. Intestine | 36.2 055 | 265 0.66
5. - Cartilage | 7.5 N f0.067 5.7 0.072 i
6. Liver ' . | _77.0 - l 0.62 50.0 0.82 _
| 7 Kidney | 90.0 . 1.01 53.0 1.16
8. Pancreas a 90.0- 1.01 '53..0 - 1.°6 |
9. Spleen 100.0 0.82 90.0 ' . 0.9 l __
10.  Lung 75.0 1.03 35.0 1.1
1. Heanr 76.0 1 0.75 , 56.0 1.0
12.  Nerve |82.0._ 0.53 60.0 0.65
13. ' 24.5 ' 17.6 0.44

Skin

omadl,
-

Eye

055

1.9

1.9

Since the SAR distribution of a man ﬂoatrng in free_ '

space is not a very realistic problem, the next logical step

towards a practical situation 1s to add a ground plane un-
der the man’s feet. This would adequately simulate the

- SAR distribution of a man standing on high conduct1v1ty |

85.0

80.0

|

man’s feet is removed, including the radiation boundary

condition, so the feet of the man are right on the edge of
“the ground plane The tangential E fields at this ground

plane are set to zero and never changed. Second, the ra-
diation boundary conditions around the rest of the space

lattice must be changed slightly. In the free space model,

we assumed, for the purpose of calculating the radiation
‘condition, that the scattering was emanating from the cen-
ter of the total field region. For the grounded model, we
assume that the scattered field radiates from a point on the

ground plane halfway between the man’s legs.
This approach has been validated numerically for a

- grounded dielectric cylinder by comparing the SAR dis-
tribution against an ungrounded cylinder twice as long in

free space. The two distributions agree to within 5 per-

~cent, as predrcted by 1 1mag1ng theory.

VI. RESULTS

In this section, the results of using the FDTD method .
to compute SAR distributions in human models wrll be
displayed. As mentloned earher s1x different cases will
be reported:

- 1) homogeneous man model at 100 MHz

2) inhomogeneous man model at 100 MHz

3) grounded inhomogeneous man model at 100 MHz

4) homogeneous man model at 350 MHz

5) inhomogeneous man model at 350 MHz

6) grounded inhomogeneous man model at 350 MHz.

In each case, the illumination was an E-polarized plane

‘wave 1nC1dent on the front of the man model. We W1ll use

three methods to display the results:

1) a layer-—by-layer average of the SAR d1str1but10n
throughout the bodies . -

2) the average SAR distributions in selected organs.

3) contour diagrams of the SAR distributions of se-

lected Cross sectlons of the bodies.
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all the SAR values on one level in the z direction (the axis

of the man model) and d1v1d1ng by the number of points
within the body on that level. The SAR distributions

within the organs in item 2) are calculated by simply av-

eraging the SAR values within various regions in the body. |
For the most part, these regions represent only a small
volume within the respective organ. (Rect- o

rectangular
angles are used so that area can be identified easily.) These
- volumes vary from two points for eyes (in this case, the
two points that represent the locations of the eyes) to 160
points for the 350 MHz model of the liver. The wrist,

~ knee, and ankle SAR’s are calculated by using all the

pomts in the respective level of the lrmb Results are given
in Table II. Finally, we show a group of contour dragrams '
which demonstrate the ability of the FDTD method to de-‘ .

termine a high resolution of SAR distribution.

Figs. 1 and 2 show the layer—averaged SAR proﬁles A '

mass density p of 103 kg /m’ is assumed for the tissues to

convert the energy absorbed per unit volume oE?
-SAR’s Note that this is not a true SAR since SAR

/ p. We are using the absorbed power per unit volume '-
since our model does not allow for variations in p at

the present time. In bone and in tissues such as lung, this
could be substantially different than the SAR, and in the

future better models will be used. However, for the sake
of simplicity, th1s quantity will be referred to as SAR in

~ this paper. Notice that the basic shape of the profiles is

determined marnly by the geometry; i.e., narrow sections
such as neck and ankles have the hlghest SARaverach '

The reason 1s the higher current densities for smaller
cross-sectional dimensions and resulting hrgher SAR’s.

However, the relative magmtudes change as we go from

homogeneous to 1nhomogeneous, or ungrounded to
grounded models. And the effects are clearly mOre pro-

~ nounced at 100 MHz than 350 MHz. At 100 MHz, for
~ instance, the peak that occurs at 50 cm (at about the knee)

- 1s much hlgher when the 1nhomogeneous model is used.

And when the model is grounded, the SAR’s in the lower
part of the body are severely affected. In contrast, at 350

MHz there is not much difference in the shape of the pro-

files. Groundmg the model affects the average SAR’s In

the lower legs, but not much elsewhere

Table IT gives the SAR’s in various organs for all three

' 'cases at both 100 and 350 MHz. Here it can be seen that

even when there is not much drfference in the layer-av--

eraged SAR’s, there can be s1gn1ﬁcant drfferences in the
“internal SAR distributions. For instance, at 350 MHz there

is not much difference in the shape of the homogeneous

and inhomogeneous profiles. But Table II shows signifi-

~ cant d1fferences in the absorptlons that occur in the brain,
“heart, ‘and knee. S1m11arly, in the 350 MHz example there
1S no energy absorption in the kidneys, while in the 100

MHz examples there are small but not insignificant
“amounts. This is due to the fact that the hlgher rate of
energy absorption for a hrgh frequency does not allow
much energy to penetrate to an organ that is located to-
wards the back of the body We can also not1ce that

" The layer averages in jtem 1) are computed by adding '.
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TABLE II
AVERAGE SAR’s WITHIN VARIOUS ORGANS IN THE BODY '

_ 1OOMHz-- *'

Homogeneous  Inhomogeneous Grounded
. of points mW/kg - mWkg mW/kg
~ Brain 12 39.9 43.3 62.9
Eyes 2 62.0 . 56.0 86.5
Lung 12 30.4 . 515 71.2
 Heart 4 29.9 - 40.8 53.6
~ Liver 12 25.6 33.8 44.4
~ Kidney 2 21.4 31.6 18.4
Wrist 21 324.0 350.0 226.0
~ Knee 51 238.0 470.0 298.0
Ankle 38 99.0 1152.0 469.0
‘Whole Body 5,889 107.7 116.0 . 105.8
' 350 MHz
~ Number Homogeneous  Inhomogeneous  Grounded
~ Organ - of points - mWkg mWkg mW/kg
Brain | - 96 38.5 77.4 77.6
~ Eyes 2 1 104.0 189.0 182.0
' Lung 60 96 : 14.7 t4.9
Heart 60 13.9 26.5 29.3
Liver 120 16.4 24.0 26.9
Kidney 12 0. 0. 0.
Wrist 59 12380 227.0 246.0
“Knee 161 61.6 99.8 98.4
~ Ankle 115 100.0 98.4 125.0
Wholg body * 58,47

40,067  56.39 56.59

S e . a  Yieiiel e v @ w S ——i

' goundrng the model has little effect on  the SAR’s in Or-
‘gans in the upper half of the body at 350 MHz. At 100
- MHz, we see that there is not only substantial dlfferences

between homogeneous and inhomogeneous SAR’s, but

that groundrng the model has an effect on absorptron

' throughout the body

Lastly, we show some contour diagrams to 1llustrate the
SAR distributions at various levels for the different
models Fig. 3(a) and (b) shows SAR distributions through
the head at eye level for homogeneous and inhomoge-
neous models at 350 MHz, respectively. Note the homo-
geneous model misses the peaks that occur at the eyes,
and a relative ‘‘hot spot”’ that occurs 1n the middle of the
bram These features are both missing in the homogene-

ous model. Fig. 4(a) and (b) shows contour plots of a

level containing the kidneys and liver for homogeneous
and inhomogeneous models at 100 MHz. Here the results
are less dramatic, but strll substantial. Notice that al-
though the shapes of the contours are not radrcally differ-
ent, the values through vrtal organs are.

VII. COMPARISON TO OTHER METHODS ' .
In order to verify the results given here, a comparison

was made with the experrmental results of Stuchly and his

associates [8]. This comparison was made using the 350
MHz man model. Stuchly uses a model composed of a
viscous fluid which has the electrical properties of about
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R ~ Fig. 3. (a Contour dlagram of the SAR dlstnbutlon through the head ofa ,

homogeneous man model. Incident plane wave was 1 mW /cm® at 350 |

MHz. Each contour is 20 mW /kg. (b) Contour diagram of the SAR , _
~distribution through the head of an inhomogeneous man model. Incident N ,
plane wave was | mW / cm at 350 MHz. Each contour is 20 mW/ kg. ' -
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(b) . _
Fig. 4. (a) Contour dlagram of the SAR d1str1but10n through the l1ver of a

"homogeneous man model. Incident plane wave was 1 mW /cm? at 100

- MHz. Each contour is 20 mW /kg in the arms but 10 mW /kg in the
body. (b) Contour diagram of the SAR distribution through the l1ver of

- an inhomogeneous man model Incident plane wave was 1' mW /cm” at
- 100 MHz. ‘Each contour 1S 20 mW /kg in the arms but 10 mW /kg in the

body.

two-thirds muscle tissue (¢, = 38, o . 0.95 S /m). The
experiments were performed utilizing implantable non-

perturbing electric field probes and a computer-controlled

scanning system to measure SAR’s in the model, which
is irradiated by antennas located at sufﬁcrently large dis-
tances to produce far-field exposure conditions. The layer-

are the same, the rnagnltudes through the torso region are
substantlally different by greater than 2:1 variation in
many places. And the whole body averages are somewhat

‘different: 40.7 mW /kg for the experimental results ver-
“sus 56.4 mW /kg for the FDTD. However, a couple of

averaged SAR’s are cornpared to those of the FDTD

method of Fig. 5.

Although the bas1c shapes that the two rnethods present

points should be remembered. First, Stuchly reports a 25
percent uncertainty in determmmg the SAR averages for
the experimental model. Based on the results in evaluat-
1ng the FDTD agamst analytic results an uncertamty of
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150 ' - <<

50 E ~

0 50 100 150 200 250 300 350
~ 8AR (mW/kg)

Fig. 5. Comparison of layer-average SAR’s for experimental data [8]
(dashed line) versus FDTD data (solid line) at 350 MHz. In both cases,
a homogeneousmodel with €, =

‘‘standard man’’ of 175 cm and 70 kg is used. Whole body average is
40 7 mW /kg for the experrmental method versus 56 4 mW / kg for
FDTD. . _ N _ _

12 percent should be allowed 1n estlmatrng whole body

“averages [1]. These uncertainty ranges could, at least
“mathematically, account for the d1screpancy But there is

a more plausible explanation. Even though each method

employed a model of the same height and welght they .

did not use exactly the same model.

A much better correlation was obtalned when compar—-_

ing the 1nhomogeneous 100 MHz SAR distribution of the
FDTD method with one obtained using method of mo-

ments (MoM) [9]. Results are shown in Fig. 6(a) and (b)
[10]. Fig. 6(a) is a comparison of free space 1nhomogc- |

‘neous man models at 100 MHz and Fig. 6(b) is a com-

~ parison of inhomogeneous grounded man models at 100

MHz. Not only are the profiles very close, but the whole-
body-averaged SAR’s are also close: 116.0 mW /kg for

FDTD versus 101.4 mW /kg for MoM for free space;
105.8 mW /kg for FDTD versus 93.0 for MoM for the

grounded case. For these comparisons, however the same
model was used for both methods

VIII. CONCLUSIONS '

The FDTD method has been shown to be capable of o

calculatrng detailed SAR distributions for human models.
The strength of this method is the fact that computer re-

178 .,
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- Fig. 6. Comparrson of layer-averaged SAR’s as determmed by method of
sources increase only linearly with the number of cells

used in the model. And with supercomputers such as the
CRAY II, models of 40 000 cells are possible. However,
drawback of th1s method 1s the llmrtatlon of frequency

moments [10] (dashed line) versus FDTD data (solid lme) at 100 MHz.
In both cases, an mhomogeneous model representing a ‘‘standard man
of 175 cm and 70 kg is used. (a) Free-space model. Whole body average

7 'is 101.4 mW /kg via MoM versus 116.0 via FDTD. (b) Grounded-model.
' Whole body average 1s 93. 0 mW / kg via MoM versus 105. 8 via FDTD '
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range for a given cell size. At the present time, use of
frequencies less than 50 MHz or greater than 700 MHz
would put a strain on computer resources. As explained

in Section III, low frequencies require more time steps
~and a larger total space. Higher frequencies would need a

very small cell size, which would require an inordinately

large number of cells for the man model. -
Some comparisons of inhomogeneous versus homoge-
neous, and grounded versus ungrounded, models have
also been presented. It is shown that homogeneous models
are capable of determining total SAR’s or even layer-av-

eraged SAR’s for man models, but cannot give the correct

SAR distribution through internal organs. It 1s further

shown that the SAR distribution of an ungrounded model
does not vary significantly from that of the grounded

model at 350 MHz, but does so at 100 MHz.

At the present time, the biggest drawback to the FDTD

method is the constraints described in Section III and il-
lustrated in Section IV. These constraints imply that given

a certain cell size, there is a limited band of frequencies

at which a problem can be accurately and economically

run. Equation (3) puts an upper limit on the frequencies

for which accuracy can be expected. Frequency-depen-
dent error due to the radiation boundary condition, along
with the need for more time steps at lower frequencies (4),

- place a limit on the lower frequency due to the need for

additional computer resources.

An obvious possibility for extending the lower range is
higher order radiation boundary conditions. For instance,

if we were to use three-pole expansion instead of only
two, which we are presently using, then the error term 1n

(3) would be raised to the 3.5 power instead of 2.5. This

would give a substantially smaller error at any given fre-

quency f, so we could afford a substantially larger r (1.e.,
a smaller scattered field) which would cut down compu-

tation time considerably. For instance, we could run the
- 100 MHz incidence on the 1.31 cm man model for only
“about three times the cost of the 350 MHz incidence rather

than six times the cost. Such improved boundary condi-

tions are being developed. - S

Even though we now have a detailed inhomogeneous
model of a man standing on a grounded surface, we are
~still restricted to the case of the incident plane waves. A
major extension would be the ability to generate arbitrary
near-field sources. This may be possible by actually mod-
eling the generator within the space, i.e., model the gen-
erator according to its dielectric constant and conductiv-
‘ity, and then assign it E-field values, similar to the way

an antenna is stimulated by applying a voltage. Concep-

tually, the coupling to the surrounding air would result in
the appropriate incident field. ' '
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