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A Mixed FDTD-Integral Equation Approach
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Abstract—A mixed finite-difference time-domain (FDTD)-inte- ~ etc., necessary to meet current regulations [3]. The method sug-
gral equation approach for the evaluation of the power deposition gested here uses FDTD-computed electromagnetic field distri-
in the human body model immersed in a complex electromagnetic butions induced in the human body calculated previously for a

environment is proposed. The advantage of the proposed approach b f tial i | Sj d elect i
is that safety assessment for exposure to generic sources ma umber of spatial IMpulSes. since a measured electromagnetic

be performed on-site, in a few minutes, with high accuracy and field distribution incident on the human body can be approxi-
without the need of a high-power workstation. The method uses mated by a weighted sum of the stored impulses, the specific ab-
previously stored FDTD-computed impulse responses (Green's gorption rates of power, or SARs, may be determined by simply
functions) of the human body model by integrating them with the  jteqrating the generic incident field distribution with the set of
complex incident electromagnetic field distribution that can be . . . C.
measured on site. The application of this method to the dosimetry stored Impl_Jlse responses. In th'_s way, very I'ttl_e C_ompl“'tat'on IS
of cellular telephone base station antennas is presented to show itsNne€cessary in the field to determine the SAR distribution due to
versatility and ease of use. a source of interest. A simple laptop computer equipped with a

Index Terms—bosimetry, finite-difference time-domain (FDTD) CD-ROM reader WQUId be e.nOUQh to determine in a few min-
methods, synthetic aperture radar (SAR) computation. utes the necessary information.

Section Il will describe the proposed approach. Section I
will present test results for a 6-mm human body model exposed
to various incident electromagnetic fields. Section IV will show

NOWLEDGE of absorbed energy and its distribution ithe application of the approach to the dosimetry of two realistic
the human body for complex electromagnetic envirorase station antennas for mobile communications. Section V
ments is often of interest for safety assessment. The finite-difill discuss the computational cost of the method.
ference time-domain method (FDTD) [1], [2] has been success-
fully and extensively used with high-resolution human body [I. COMPUTATIONAL METHOD

models for compliance testing of electromagnetic devices orThe main idea for this approach is that the electric field in-

sources. While results are well known for plane-wave expgjge the human body model can be expressed by means of the
sures, there is na priori information on the synthetic aper'following integral equation:

ture radars (SARs) induced by space-variant incident electro-

magnetic far fields. To date, safety assessment due to a generig . y, 2) = / é(a: y, 2|2, o7 - .ﬁ(a:’ . )ds'. (1)
source is possible only by characterizing the source and simu- =~ s T T

lating its coupling with the human body model. However, due = . W , - .
to the large number of FDTD cells that constitute the hum%?rrll (1), Gblsdthe te(r;s:}r_ GtLee_n S.;un(t:t]'fr;d @ 3(;??“;‘;? oflthe
body models, simulations for different devices or sources a gman body mode./ 1S the Incident Tield, anc" 1S the p'ane

. . e . ontaining the incident field. The problem can be simplified by
time consuming and often require high-power computing wor onsidering, at this time, only incident fields polarized along

stations. In fact, simulations involving high-resolution huma&l‘ tical axis of the h bodv. th bei s of
body models may require hours, or even days, with current co & vertical axis ot the human body, these being components o
maximum coupling for frontal electromagnetic exposures [4],

puting workstations. o L2 . . .
For field applications, a fast and reliable method to calcula@' Identifying this direction with the-axis, (1) can be written

the power deposition in the human body model due to a gene?l
source is desirable. This would allow personnel to determing 2, y, 2) = / (G + Goali+ G D)z, y, 2|2, o, 2')
on-site safety distances from electromagnetic sources, antennas, ,

I. INTRODUCTION

Ty ) dS. )
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Fig. 1. Layeraverage SAR (6-mm human body model) for a plane-wave exposure obtained by FDTD simulation and sum of previuosly stored impulse responses
Frequency: 835 MHzE;,,. = 61.4 V/m rms.

the shape of the human body model and its heterogeneity renttherefore, be obtained by adding, with appropriate amplitudes
it virtually impossible to derive an expression of the Greenthat will depend upon the measured (or calculated) incident
function (closed form or integral form) in a usable fashiorfield, the response from each of the precomputed pulses. The
However, we can assume as a plane of sources incident onrémults must also be scaled by the ratio of cells in the plane
human body a plane just in front of it grazing the toes, and ved incidence and the actual numbéf of the used pulses.
can actually numerically calculate the Green’s function due tdPaactically, this means that i¥/ sources could be positioned
set of spatially narrow pulses selected on the plane of inciderinethe considered plane\{ “available” .J. positions over the

of the field, or the source plane. Selecting appropriately tls®urce plane), the final result should be multipliedMy N to
position and numbe/N of pulses to be considered, (2) can baccount for the larger area occupied by fesources. To avoid
rewritten as follows: reflections from the excitation, “transparent” sources have been
used as excitation pulses.

N
E Y, Z) = G’I‘Z_’ G'zz_’ GZZ? » Yy A|Lay Hiy <4
(@ 9. 2) ;( o + Gualf + GaB)le, ys 2, 4i, 7) lIl. TESTRESULTS
(i, s, 7)) Az Az, () We have calculated the impulse response of a 6-mm resolu-

tion model of the human body to a setdf= 54 pulses at the
Naturally, (3) will not be accurate for cases where the spatitst frequency of 835 MHz, typical of some today’s base-station
variations of incident fields are extremely rapid, unless thentennas for mobile communications. The human body model
numberN of considered pulses is very large. In the majority diias been described in our previous publications, and it con-
the practical cases of human exposure to electromagnetic fiekists of 31 tissue types identified [6]. The cells constituting the
however, the incident fields are slowly varying over the extentodel, originally having a resolution of 2 2 x 3 mm, have
of the body and therefore a reasonable number of pulses viliden combined to reduce the size of the model to the mentioned
give very accurate results. The approach, therefore, consist§ir 6 x 6 mm.
calculating the Green’s functions due Abspatial pulses lying  The 54 pulses used to calculate the impulse responses of the
in the considered plane of incidence of the electromagnetioman body are equally spaced on a plane of dimensions 45
fields by using the FDTD method. The, y-, and z-compo- 198 cm [respectively, in the shoulder to shoulder direction
nents of the electric fields induced in the human body by tlend along the height of the model)], and they are spread over
selected pulses is then stored in amplitude and phase on a feagtid of 3 x 18 in the z- and z-directions, respectively. This
disk or CD-ROM. The results due to a generic exposure cagsumed plane is located grazing the toes of the human body
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Fig. 2. Layer average SAR (6-mm human body model) for a 2-D sinusoidally varying exposure obtained by FDTD simulation and sum of previously stored
impulse responses. Frequency: 835 MHZ .\, inc = 61.4 V/Im rms. (a) Aperture size: 68 180 cm. (b) Aperture size: 68 108 cm.

model in order to consider frontal incidence of electromagnetic TABLE |

radiation. but other configurations may also be used 1-g SARSFOR DIFFERENT APERTURETYPE INCIDENT ELECTROMAGNETIC
! ! FIELDS SINUSOIDALLY VARYING ALONG THE TWO AXES OF APLANE ASSUMED

We have found that the number of sources used is conservan FRONT OF THEINTENDED LOCATION OF THE OPERATOR RESULTSARE
tlvely Iarge, Slnce for most Of the cases Only a fractlon of thi§|VEN FOR BOTH THE FuLL FDTD SMULATION AND THE PROPOSEDMETHOD
number may really be necessary to predict the correct SAR di

tributions, espgciglly for the cases of spatially limited inciden Aperture 1g Av. SAR 1g Av. SAR
electromagnetic fle_:lds (such as those that may be experienc Size (cm) (W/ke) (W/ke)
by several categories of workers). : . '
. . Case - Full FDTD Simulation - | - Pulses Method -

Three test cases, typical of some exposure conditions, ha -
been considered at the frequency of 835 MHz and solved k _4 |} 63 x 180 0.81 0.87
means of complete FDTD simulation and by using the previ B || 63 x 108 0.74 0.77
ously stored impulse responses. These include exposuretove ¢ 63 x 48 0.48 0.48

cally polarized plane wave and two two-dimensional (2-D) spa
tially sinusoidally modulated radiation of different size [aper-

tures of sizes (a) 6% 180 cm and (b) 63< 108 cm, respec- reconstruct the solution. In fact, while case (a) has been solved
thE'y] The electric field intensity for the pIane-wave case hq%/ means of the whole set of 54 pu|sesy On|y 30 pu|ses have
been assumed to be 61.4 V/m rms (1 m\Wdnctident power peen used for case (b). An even smaller number of pulses would
density), while for the remaining two cases the spatial peak age necessary for narrower apertures, increasing considerably
plitude of the electric field is 61.4 V/m rms only in the centhe efficiency of the method. In fact, for an aperture size of
tral position of the aperture, decaying to 0 because of Sinusoi@gl x 48 cm On|y 15 pu|3es were necessary to reconstruct the
variation toward the ends. SAR deposition in the human body model.

The agreement of the layer average SAR between complet&Ve have also compared the 1-g SARs for these cases, and the
FDTD simulation and sum of previously stored impulseesults are given in Table I. It is evident from Table | that, even
responses for these three cases is shown in Figs. 1 and 2dapeak 1-g SARs needed for safety assessment, the proposed
and (b). All of the considered cases show excellent agreemeargthod provides results withitt10%.
between the two methods. Some slight difference can beFor lower frequencies, it is possible to use a lower-resolution
observed in the case of plane-wave near the ends of the hurhaman body model and a lower number of pulses. At the fre-
body model (head and feet) due to the use of a finite size plaqgency of 200 MHz, for example, we have found that 27 pulses
to simulate a plane wave exposure that can cause some “ead® adequate to cover an aperture of the size of the human body.
effects at the edges of the model. The two spatially sinusoidaNjoreover, at this frequency it was possible to use the 12-mm
varying incident fields exhibit instead a remarkable agreememtsolution body model. Fig. 3 shows the layer average SAR at
between the two methods. It is worth noticing that due to thke frequency of 200 MHz for an aperture of sizex6380 cm
space-limited nature of the considered incident fields for someth a spatial peak amplitude of the electric field equal to 61.4
of these cases, less than 54 pulses have been necessaly/rtorms in the central position of the aperture, decaying to zero
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Fig. 3. Layer average SAR (6-mm human body model) for a 2-D sinusoidally varying exposure obtained by FDTD simulation and sum of previously stored
impulse responses. Frequency: 200 MHZ,..x.. inc = 61.4 V/m rms. Aperture size: 6% 180 cm.

by sinusoidal modulation toward the ends. The agreement Iltiee radiating characteristics of the source. This allows us to sim-

tween full FDTD simulation and pulses method is extremelylate the desired antennas with coarser resolution but still using

good. cell sizes less thak, /10 required by the FDTD method. In this
way, we can obtain the field distribution in front of the antennas
in the absence of the human body model with computation time

IV. SAR CALCULATIONS FOR FIELDS RADIATED BY MogiLe 0N the order of 2-3 min.
COMMUNICATIONS BASE-STATION ANTENNAS The first of the considered base-station antennas is a horn an-

tenna with a rectangular aperture of dimensions<300 cm,

We have applied the proposed method to the calculation of theliating a time-averaged power of 120 W for all the channels
SARs induced in the human body for two typical base station the frequency band 825-849 MHz. To calculate the fields ra-
antennas used for mobile communications. diated in front of this antenna for the purpose of SAR calcu-

For safety assessment tests, two methods may be usedhtions, we have assumed all of this power to be at the center
determine the field distributions incident on the human bodyequency of 835 MHz. We have simulated the antenna alone,
model. The first and more likely used method would use theith a resolution of 4 cm for the FDTD cell size. The simulated
measured field distributions on-site and using this informatioadiation pattern has been compared with the data provided by
in the computer program that will add the fields induced by thtae manufacturer to insure the accuracy of the simulation and it
pulses with appropriate amplitude and phases and provideisneported in Fig. 4.
real time the desired SAR information. This is, of course, the We have then calculated the SARs that would be induced in
preferred method because of the rapidity with which this can ktiee human body for exposure to this antenna at distasioé4,
carried out with computation times on the order of 2-3 min. 2, 3, and 4 m by using the pulse superposition method. Results

Since we did not have data of electric field measuremerfts the layer averaged SARs are shown in Fig. 5 at the consid-
in front of the considered base station antennas, we have useed distances. As expected, the layer average SAR approaches
the second method of obtaining the necessary incident electimat for the plane waves exposure at larger distances. Table I
magnetic fields, that is by computer simulation (FDTD). Thgives the 1-g SARs values calculated for each of these distances.
assumption in this case is that the human body model is nofThe second antenna we have considered is a dipole antenna
strongly coupled to the radiating source. This means that the di§dength 0.45X backed by a finite-size metal reflector placed
tance between the radiating source and the human body maateh distance of 0.18, and radiating a total power of 10 W at
is such that the presence of the model does not significantly al8&5 MHz. The field radiated by this antenna has been calculated
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Fig. 4. Comparison of the simulated and measured radiation patterns for the base station horn antenna with a rectangular aperture of dimeGims 30

radiating a time-averaged power of 120 W in the frequency band 825-849 MHz.

Layer & SR (i)

Fig. 5.
stored impulse responses. Frequency: 835 MHz, radiated power: 120 W.
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Layer average SAR (6-mm human body model) induced by a base station horn antenna at theldistan2e3, and 4 m calculated by sum of previously

by a FDTD simulation that used a cell size of 2 cm. We hawaiperposition method. The layer average SARs for this case are
calculated the SAR induced in the human body model by ttesown in Fig. 6, while the results for the 1-g SARs are given in

antenna for distances= 0.5, 0.75, and 1 m by using the pulseTable 1.
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Fig. 6. Layer average SAR (6-mm human body model) induced by a base-station dipole antenna at theddistén6e0.75, and 1 m calculated by sum of
previously stored impulse responses. Frequency: 835 MHz, radiated power: 10 W.

TABLE I TABLE Il
1-g SARSFOR VARIOUS DISTANCES FOR ACELLULAR TELEPHONEBASE 1-g SARSFOR VARIOUS DISTANCES FOR ACELLULAR TELEPHONEBASE
STATION USING AN APERTUREANTENNA OF DIMENSIONS 30 X 90 cm. STATION USING A DIPOLE-REFLECTORANTENNA. LENGTH OF THEDIPOLE:
FREQUENCY. 835 MHz. RaDIATED POWER 120 W 0.45\. DISTANCE OF THEREFLECTOR 0.18 A. FREQUENCY. 835 MHz.
RADIATED POWER 10 W
1 g Av. SAR v SA
1 v. R
Distance (W/kg) & 8
Distance (W/kg)
(m) - Pulses Method -
(m) - Pulses Method -
1 12.75
0.5 2.7
2 4.26
0.75 1.7
3 2.55
1 1.06
4 1.70
V. COMPUTATIONAL COST putation required to process the data is the sum in amplitudes

and phases of the impulse responses with appropriate weights.
The proposed method has the considerable advantage in thatthe complete FDTD simulation that could be used as an al-
requires minimal computation for rapid assessment of the SA&native requires a considerably longer computational time and
induced in the human body by generic spatially varying electra-much larger computer memory, which renders impossible the
magnetic fields. This gives the possibility of performing SARafety assessment of electromagnetic exposures on site. Two
tests “on-site,” in a few minutes, by using a laptop computgossibilities to solve the complete FDTD problem are available:
equipped with a CD-ROM where the necessary “Green’s funitte simulation that includes in the FDTD space the antenna and
tion” data has been stored. Even the memory requirements fioe human body model (case A), and the simulation that instead
this approach can be efficiently minimized, since the only conmcludes only the human body model and in which the incident
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