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Abstract—A multigrid finite-difference time-domain code was
used to calculate specific absorption rate (SAR) distribution in a Coarse grid
human head exposed to microwave radiation from handheld an- ~ computation domain
tennas. The effect of the human body was taken into account and /§/
different antennas and polarization conditions were considered.
The distance between the antenna and human head were varied
to examine the effect of the human body on the SAR distribu- /
tion. From the numerical results, it is shown that the human body 2977
plays a significant role on the SAR value and its distribution in the 134
head [as high as 53% monopole, 41% planar inverted F antenna
(PIFA)]. It is also shown that the effect of the body is more dom-
inant at lower frequencies (monopole 900 MHz versus 1.9 GHz). //
For the monopole case, effect of body is particularly important at Fine grid
larger separation distances from the head, e.g., at = 4 cm versus computation domain
d = 0.5 cm. Effect of body is particularly important for the ver-
tical orientation cases for both the monopole and PIFA.

Index Terms—Biological effects, EM radiation, FDTD calcula-
tions, handheld devices, polarization effects.
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Fig. 1. Coarse- and fine-grid structure in the multigrid FDTD calculations.

body. In this paper, simulation results using the multigrid FDTD
. INTRODUCTION will be reported and discussed. Specifically, the FDTD grid may
EVERAL research groups have examined the Speciﬁc abe used to prOVide accurate SAR distribution in the head, while
Ssorption rate (SAR) values in the human head when excoarse FDTD grid will be used to model and take into account
posed to microwave radiation from handheld devices [1]-[ghe effect of the human body.
Exposures to radiation from various types of antennas were con-
sidered, and effect of frequency, separation distances, etc., were [I. MuLTIGRID FDTD

examined. Furthermore, the radiation characteristics of various=ppis a powerful technique for analyzing electromagnetic
types of antennas were evaluated and the effect of the humagpiems of complex geometry. Nevertheless, difficulties will
head on the _antenna performance was studied [1]. Ir_1 all cas@fse in using FDTD when, for example, modeling circular
however, an isolated human head was modeled and includedifyctres or when modeling electrically large geometries with

the simulation. It is of interest, however, to examine the effegh, 5| scale structures (biological effects of cellular phones
of the human body on the RF absorption by the human head )i, yman heads). This is due to the fact that increasing the

determine the conditions under which it is necessary to take the 5 |ution byn in a three-dimensional (3-D) uniform-grid
effect of the human body into account in these calculations.dhTp simulation increases the memory requirements:By
is the objective of this paper to study such an issue and quangfa(d the time required for simulation by*. It is, therefore,

the effect of the human body on the SAR values and the distficyit, or even impossible, to obtain detailed results because
bution in the head. With the development of the multigrid finit@¢ ihe [imited computer resources.

difference time domain (FDTD) [6]-{[9], itis possible to provide 1o multigrid FDTD developed at the University of Utah,

accurate modeling of the various tissue types in the human hegd; | axe City, proved helpful in simulating electrically large
and, at the same time, take into account the effect of the hu"b”ébmetry [6][8]. It is efficient and memory saving while ob-
taining satisfactory simulation accuracy. In multigrid FDTD,

_ _ . two regions are created: the coarse- and fine-grid regions. The
Manuscript received November 11, 1999; revised February 8, 2000.  coarse-grid region contains the entire structure and the fine-grid
The authors are with the Electrical Engineering Department, University of . is ol d d fi h .

Utah, Salt Lake City, UT 84108 USA. region is placed to surround structures of interest, as shown in
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Fig. 2. (a) Fine-grid region was placed around the monopole antenna and cut some portion of the metal box, while the metal box was placed in a coarse-grid
region. (b) Obtained radiation patterns of the monopole antenna.

TABLE |
PROPERTIES OF THETISSUES IN THEFDTD MODEL: 900 MHz

Bone Brain Muscle Eyeball Fat Skin Lens
Dielectric 9.67 52.7 59.1 80.0 4.67 59.1 59.1
constant
Conductivity 0.0508 1.05 1.26 1.90 0.0583 1.26 1.26
[S/m}
TABLE I
PROPERTIES OF THETISSUES IN THEFDTM MODEL: 1900 MHz
Bone Brain Muscle Eyeball Fat Skin Lens
Dielectric 7.75 46.0 553 80.0 9.70 59.1 553
constant
Conductivity 0.105 1.65 2.0 1.90 0.270 1.26 2.0
[S/m]

Muscle

The fine-grid cell size is set as an integer fraction of the B¢
coarse-grid celliffact = A¢./A¢; wherenfact is the integer
refinement factor andh/. andAZ; are the coarse- and fine-grid
sizes, respectively). For stability, the time increment in the fine
grid is also reduced from the coarse-grid time increment by the*,
same integer. ’

To show the validity of the multigrid FDTD for the calcu-
lation of antenna radiation problems, the radiation pattern of a
monopole antenna on a conducting box was calculated. The ge
ometry of antenna is similar to the antenna in Fig. 2(a). To com-
pare our results with those published in the literature [10], ﬂﬁg. 3. Human head model. A fine-grid computation domain was used for
sizes of the antenna were selectedas 60 mm,b = 10 mm, modeling the head.

h = 50 mm,w = 30 mm, ande = 200 mm. The operating fre-

quency was 1.5 GHz. A fine-grid region was constructed arougglihe different tissues into a permittivity and conductivity as-
the monopole, withifact = 5 [see Fig. 2(a)]. The results aregignment in the computational grid. A fine grid with a 2.45-mm
shown in Fig. 2(b). As can be seen, the obtained results wergsjflia| resolution was used for the human head, resulting in a
good agreement with those published earlier [10]. grid with 100x 100 x 100 fine grid cells. The basic parts con-
stituting the human head are shown in Fig. 3. The dielectric and
conductivity of the tissues in the human head model are given
in Tables | and Il for 900 and 1900 MHz, respectively.

1) Head Model: Anatomical human features were modeled 2) Body Model: The body was modeled using a coarse-grid
within the FDTD framework by mapping the spatial locatiomegion in the multigrid FDTD simulation. The size of the cubic

Fat

Eyeball

Bone

Il. SIMULATION MODELS
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Fig. 4. Antenna models used in the multigrid FDTD simulation.
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Fig. 5. FDTD regions in the multigrid FDTD simulations.

TABLE Il
TOTAL SARS IN THE HUMAN HEAD: VERTICAL POLARIZATION
Distance Frequency
(cm) 900 MHz 1900 MHz
w/o w/ increase (%) w/o w/ increase (%)
0.5 1.04 1.29 24 1.03 1.12 8.7
4.0 0.30 0.46 53 0.45 0.48 6.7
7.0 0.17 0.24 41 0.28 0.30 7.1
10.0 0.13 0.16 23 0.18 0.21 17
15.0 0.099 0.12 21 0.11 0.136 24

cell was four times larger than the fine grid cell, i.e., 8.9 mnhomogeneous with relative permittivity equal to 2/3 the value
The dielectric constant of the body tissue was assumed tofbemuscle tissue [11]. The conductivity is the same as muscle.
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(b)
Fig. 6. Total SARs in the human head: vertical monopole antenng. £ap00 MHz. (b) f = 1900 MHz.

TABLE IV
ToTAL SARS IN THE HUMAN BRAIN AREA: VERTICAL POLARIZATION CASE

Distance Frequency
(cm) 900 MHz 1900 MHz
w/o w/ increase (%) w/o w/ increase (%)

0.5 0.65 0.84 29 0.53 0.597 13
4.0 0.15 0.21 40 0.20 0.23 15
7.0 0.08 0.094 18 0.14 0.16 14
10.0 0.059 0.051 -14 0.089 0.11 24
15.0 0.046 0.032 -30 0.058 0.072 24

SAR

(@) (b)
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Fig. 8. Maximum SARs in the human head: vertical monopole antenng. £ap00 MHz (b) f = 1900 MHz.

3) Antenna Models:Two antenna types were examined in IV. RESULTS

this paper. The first is a monopole over a metal box, as shown inThe human body effect on the absorption in the human head
Fig. 4(a). The second is a planar inverted F antenna (PIFA), &S5 result of exposure to radiation from handheld devices will
shown in Fig. 4(b). The sources of both antennas in the FDI2 examined next. The distance between the metal box holding
are implemented as hard sources. the antenna and the human head (Fig. 5), the polarization of

4) FDTD Simulation RegionFig. 5 shows the two com- the antennas, and the frequency were varied, and the resulting
plete FDTD simulation regions of the human head, includingaAR values were calculated. Results will be presented for both
the human body. monopole and PIFA antennas.
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Fig. 9. Vertical cross sections of the human body showing SAR distributions for vertical monopole antenna at 900 MHz with and without body.

TABLE V
MAXIMUM SARS IN THE HUMAN BRAIN: VERTICAL POLARIZATION
Distance Frequency
(cm) 900 MHz 1900 MHz
w/o w/ increase (%) w/o w/ increase (%)

0.5 t35x10*  1.75x 10" 29 3.1x10* 29x10* -7

4.0 458x10°  355x107 22 9.7x 107 8.4x10° -13

7.0 236x10°  1.83x 107 22 59x 103 6.0 x 107 2

10.0 1.57x10°  1.39x 103 -11 3.2x107% 41x10°3 28

15.0 1.05x10° 1.15x 103 10 1.8 x 107 2.4x107° 33

A. Monopole Antenna, Vertical Polarization are concerned only with the changes of the SARs due to the

presence of the human body. Fig. 6 also shows the obtained

Two values of working frequencies were considered in theS&AR values as function of the distances between the antenna
calculations. Table Il shows the SARs in the human heathd human head.
when the monopole antenna was vertically polarized. In thisThe total SARs in the brain area were also calculated with
table, “w/o” refers to the case of without body, “w/” meansnd without the effect of the human body. The obtained results
with body, and “increase (%)” represents the percent increame given in Table IV and Fig. 7.
in SAR values when body is present, compared to the casérhe maximum values of the SAR are also of importance in
of without body. It should be noted that all SAR values werevaluating the safety from radiation devices. The maximum
relative values and resulted from voltage excitation with consté®AR values in the human brain were also calculated and the
magnitude at the antenna feed. This is justified because vesults are listed in Table V.
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Fig. 10. \Vertical cross sections of the human head illustrating SAR distributions for vertical monopole antenna at 1900 MHz with and without body.

TABLE VI
SARS IN THE HUMAN HEAD: f = 900 MHz; HORIZONTAL POLARIZATION

Distance Polarization
(cm) Horizontal Vertical
w/o w/ increase (%) w/o w/ increase (%)

0.5 0.82 0.82 0 1.03 1.12 8.7
4.0 0.39 041 6.0 0.45 0.48 6.7
7.0 0.26 0.30 13.5 0.28 0.30 7.1
10.0 0.16 0.18 129 0.18 0.21 17
15.0 0.10 0.12 18 0.11 0.136 24

Fig. 8 shows the maximum SAR in the human head when esensidered in this case. The results are shown in Table VI and
posed to radiation from a monopole anteniia=£ 900 MHz, Fig. 11. Results for the vertical polarization case are also listed
f = 1900 MHz). Figs. 9 and 10 show the SAR distributiongor comparison.
on a vertical cross section of the human head containing theFrom the results shown in Table VI, as well as those shown in
monopole antenna. These results show clear differences for [ig. 11, it is clear that the human body has much reduced effect
cases with and without the body effect, particularly for a sepax the horizontal polarization case. Highest difference between
ration distance of 4.0 cm between the antenna and head. the cases with and without the human body was 13.5% com-

pared to 53% for the vertical polarization case.
B. Monopole Antenna, Horizontal Polarization

The effect of the human body on the absorption by the he&d PIFA Antenna, Horizontal and Vertical Polarization

when antennas was also calculated for the case of horizontallfFinally, SAR values in human head when PIFA antenna was
polarized antenna. Only one frequency (i.e., 1900 MHz) wased were calculated with and without taking into account the
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Fig. 11. Vertical cross sections of the human head showing SAR distributions for the vertical and horizontal polarization cases of monopolattéfiia a

with and without body.
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Fig. 12. \Vertical cross sections of the human head showing SAR distributions for vertically and horizontally oriented PIFA antenna at 900 MHwiththu&nd
the effect of the human body.

TABLE VI
SARS IN THE HUMAN HEAD: f = 900 MHz; PIFA ANTENNA

Distance Polarization
(cm) Horizontal Vertical
w/o w/ increase (%) w/o w/ increase (%)
0.5 0.018 0.019 6 0.017 0.010 -41.0

effect of the human body. The results are presented in Table VIIFrom these results, the following observations may be made:
and Fig. 12 for 900 MHz and when the handset is vertically arid SAR values for the PIFA case are much smaller than those
horizontally placed. for the monopole case. 2) Both the vertical and horizontal ori-
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entations of the PIFA antenna show similar SAR distribution[10] R. Luebbers, L. Chen, T. Uno, and S. Adachi, “FDTD calculation of

and differences between the cases with and without the human radiation patterns, impedance, and gain for monopole antenna on a con-
. . ducting box,”IEEE Trans. Antennas Propagatol. 40, pp. 1577-1583,
body are just differences between small SAR values. Dec. 1992,
[11] “Radiofrequency Radiation Dosimetry Handbook,” Elect. Eng. Dept.,
Univ. Utah, Salt Lake City, UT, Rep. USAF School Aerospace Med.,
V. CONCLUSION Oct. 1986.

The multigrid FDTD code was used to evaluate the SAR
values and distributions in the human head taking into account
the effect of the human body. Two antenna geometries were
used in the calculations, i.e., monopole with a metal box and
the PIFA antennas, at two frequencies, i.e., 900 and 1900 MHz.
Furthermore, calculations were made to examine the effect g
the antenna orientation on the calculated SAR values. Fr(
the obtained results for vertically oriented monopole antenna
900 MHz, it is shown that neglecting the effect of the huma
body may result in underestimating SAR values by 53% wh¢
the separation distance between the head and the handhelc
vices is 4 cm. An isolated model of the human head with
neck, on the other hand, provide reasonably accurate SAR gineering students at the University of Utah. Since
sults when the handheld device is held very close to the head then, over 95 projects have been sponsored by 29 cor-

e.g. distance = 0.5 cm). Less dramatic differences betweeﬁorations from across the U.S. The Clinic Program now has a large endowment
( 9. © o ) for scholarships and a professional chair. From 1997 to 1999, he was Program

the CalC_U|ati0n3 with and without the human head were observ§hctor, Physical Foundation of Enabling Technologies, in the Electrical and
at the higher frequency of 1900 MHz. SAR results for the PIFSommunication Systems Division, National Science Foundation (NSF). While

antenna were much lower than those for the monopole amen\ﬁiﬁ] the NSF, he formulated and directed a “Wireless Technologies and Infor-
mation Networks” initiative in the Engineering Directorate. This wireless com-

and while for the vertical orientation case the human body rginications initiative resulted in funding over 29 projects in the microwave/mil-
sulted in a small change in SAR, the results from the horizontaleter-wave devices, propagation, and antennas areas. From 1994 to 1997 he
orientation of the antenna were smaller when human body was the Dirgctor of the Conceptual Learning of Science (CoLoS) USA Consor-
. tium, which is sponsored by the Hewlett-Packard Company and has 11 member
fects were taken into account. universities from across the U.S. He spent sabbatical leaves at the Polytechnic
For the case that demonstrated the most significant effect @miversity of New York, Ecole Superieure D'Electricite, University of Cali-

the SAR inthe human heaﬂ — 900 MHz. a monop0|e am(-_mna1‘0rnia at Los Angeles, Harvey Mudd College, Tokyo Institute of Technology,
' ' Polytechnic University of Catalanya, and at several universities in China, in-

placed at a distance of 4 cm from the head, the radiation pattgffdiing Tsinghua University, South East University, Shanghai Jiaotong Uni-
of the antenna was also calculated and presented. versity, Suzhou University, and Yangzhou University. He was a member of the
WTEC wireless panel, which visited many wireless companies in Europe and
Japan to assess the U.S. competitiveness in wireless technology. He authored
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