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Abstract: Problem statement: Electromagnetic Radiation from mobile hand setlentified as one of
the side effects for increasing rate of brain tunidwe to this reason, Mobile phone industries are
attentive towards safety issues of human healtkecip Absorption Rate is one of the important
parameter while modeling the radiation effect omhn head. Brain material with homogeneity is tiate
as an equivalent model of human head. The radiatimsed by antennas mounted on mobile set is
assumed to be monopol#@&pproach: Apart from the Specific Absorption Rate, periodexposure to
radiation is an extremely important parameter whisessing the effects on brain tissue. Correlation
between the amount of radiation versus sphericaleinof brain is a complex phenomena, addressed in
various simulation models. In the present workftalel distribution inside the head are modeled gisin
Dyadic Greens Functions while describing the effefctadiation pattern. Multilayered homogeneous
lossy spherical model is proposed as an equividdmtad Results: In this paper we present the depth of
penetration of radiation and its effect on bragsde. In essence the amount of electromagneticrpowe
absorbed by biological tissues for various exposoralitions and types of emitting sources, utitiza
detailed model of the human he&bnclusion: Bio-heat equation is used to predict heat digtidim
inside the brain when exposed to radiation. Theinmeds assumed to be homogeneous, isotropic, linear
non dispersive and stationary. A critical evaluatid the method is discussed.

Key words: Electromagnetic radiatiorspecific absorption ratdractional human head modeBrain
material, complex phenomena

INTRODUCTION human organ exposed to their radiation and
specifically the human head. The current exposure
The Radio Frequency (RF) hazard due to thdimits are based on Specific Absorption Rate (SAR)
electromagnetic absorption in the human head i®f the exposure heat. A SAR limit of 2W/Kg
becoming a burning problem. Extensive usage of lmobi averaged over any contiguous 10g head was
phones and other personal communication servieethar recommended by the European Council (Fourie and
main sources of Electromagnetic Radiation andNitch, 2000). Most research groups studying
absorption. In chorus with the expanding usageestipn  biological effects of mobile phones have focused on
has been raised repeatedly as to whether freqeagewf two methods. Experimental measurements and
such a device which radiates GHz electromagneticl i Numerical techniques like FDTD. The Specific
on the human head is unsafe. The rapid expansien h&bsorption Rate (SAR) is the most appropriate
thus pushed the research toward the necessity afietric for determining Electromagnetic effect
analyzing mobile phone for radiation performance toexposure in the near field at Radio frequency saurc
address the safety concern (Wong and Wiart, 200%. The SAR is a metric to quantify and register
broadly accepted that mobile phones causes hedaftitigg ~ localization of deposited microwave energy. The
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accuracy and reliability of a given SAR value degeeon  segmented in to box shaped cells which are small in
three key parameters namely tissue density, coivityct comparison with the wavelength The electric fields
and electric field but the most significant of tees  (Ex(i,j,k), Ey(i,j,k) and Ez(i,j,k)) are located atme
induced electric field. The induced electric fielsl a edges of the box and the magnetic fields (Hx(i,j,k)
complex function of several physical and biological Hy(i,j,k) and Hz(i,j,k)) are positioned on the facas
variables which include the microwave frequencye th shown in Fig. 1. This orientation of the fields is
source size and polarization, composition of tlesug  known as the Yee cell (Fourie and Nitch, 2000) and
including orientation. However its impossible toasare is the basis for FDTD. The time is divided into §ma
the energy absorbed in the actual human body, thlpses where each step represents the time required
measurements fluctuate from person to person dagedo for the field to travel from one cell to the netiven
factor and other characteristics of the human bddy. an offset in space of the magnetic fields in relatio
order to eliminate such problems, simulated humarthe electric fields, the values of the field inpest to
bodies, called biological tissue-equivalent phargcame time are also offset. The electric and magnetilisie
used (Yu and Mittra, 2004; Dey and Mittra, 1997hey are updated using a leapfrog scheme where the
simulate various electrical constants of biologitssues electric fields come first, then the magnetic oaess
(e.g., the relative permittivity and conductivigid come computed at each step in time. When many FDTD
in various shapes from simple ones such as splaees cells are combined together to form a three-
cubes to shapes closely resembling human bodiegsimensional volume, the result is an FDTD grid or
Various numerical techniques are available to eatalthe mesh. Each FDTD cell will overlap the edges and
Electric field intensity. Typically 40-70% of radéal RF  faces with their neighbors. Therefore each cell wil
power from a mobile phone can be absorbed by tee ushave three electric fields that begin at a common
which depends on spectrum. Parts of human body asich node associated with it. The electric fields at the
neck and legs absorbs more energy in the frequeacgt  other nine edges of the FDTD cell will belong to
of 100kHz-20MHz. The influence of radiation in thend  other adjacent cells. Each cell will also have ghre
of 20MHz-300MHz is much higher on the surface ofmagnetic fields originating on the faces of thel cel
entire human body depending on degree of closembss. adjacent to the common node of the electric fiedd a
third range of frequencies in the band 300MHz-10GHzshown in Fig. 1.

reflects non-uniform absorption phenomena whichais This knowledge of field values associated with
point of our concern (Wong and Wiart, 2005). Forthe characteristics of the tissue help to deterrttiee
numerical dosimetry FDTD numerical techniques iSsaR in the tissues without requiring an invasive
suitable because it descritises the space intombeuof 1 oaq e Now we present the Maxwell's equations in
cells and assigns each cell a corresponding pérityitt three dimensions. We suppose the absence of

and conductivity. Also this FDTD technique offersgter . . X

flexibility in modeling the heterogeneous structuref magnetic or electru_: cu_rrent source§ and the existe

biological organs (Yu and Mittra, 2004). Om.P.Gandh ©f a@bsorbing materials in the space:

and Cynthia M Furse were reported in theirs litgnatas

FDTD is an efficient numerical tool for predictirthe DwatLH:

SAR and Electric field intensities in human orgdisi ot

and Mittra, 2004). Also they reported for two ageups

the near and far field strengths in the conteX3AR. Primary grid
The remainder of the paper is outlined as follows: } 2

Section (2) focuses on the method of calculation3 b. L

Section (3) discusses the modeling of a dipoleraraén ] -

a free space. In Section (4) and Section (5),ritexaction || /’;

between the mobile handset and the human headeleas b , By T '

studied as well as Electric Field and Specific apton ‘ fiods _ '

rate are evaluated. Section (6) Near to far field . tH_- E.

transformation is discussed. Section (7) illussathe | v e

effect of frequency on the distribution of the SARnally - e Elge

we present our conclusions in section (8). Secondary grid - [ '

0 1)

FDTD formulation: In the FDTD formulation both space Fig. 1: Positions of the electric and magnetic dFiel
and time are divided in to discrete segments. sgsice components in a Yee cell
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OxH +sa—D-oE 2 works in the time domain and allows direct
at visualization of Electromagnetic fields.

where the displacement vector is related to thetide Modeling dipole antenna in spaceA simple dipole
field through the complex permittivity: is illustrated in Fig. 2, consists of two metal arnA
dipole antenna functions with a current flow thrbug
the arms, which results in radiation. FDTD simuate
a dipole in the following way. The metal of the AAm
are specified by setting the Ez parameters to zero
1 1 the cells corresponding to the metal; except ictela
ENG,j k+>2) =g, Er (i, j k+2) where the source is placed. This insures that the
2 2 corresponding Ez field at this point remains zeso a
Hn-é(i ey k+%)—H”_%(i D +é well as it would if that point were inside the meta
4 2" 4 2" (4) ~The antenna length was held constant at each
Ax simulation. Perfectly Matched Layer (PML)
boundary conditions were employed. The source is
o o specified by setting the Ez field in the gap teeaain
H, 2('vl+5vk+*§_"‘x -5k +*§ value. For the FDTD simulation, dipole is fed a th
Ay center (x = icAX, y=jc Ay, z=kcAz) gap of lengti\z
with a Gaussian pulse (Taove and Hagness, 2005).
So, the electric field in the gap of the dipole is:

/() =¢r - by D(&) = £ E() (3)

0

—0,,

—0,,

mzoo 1.1 P R |
HY2(4 2, j+2 k) =HD 2+ ] +— K o V(nat
z ( 2 J 2 ) ( 2] 2 ) Ez |c,|c,kc:_ (AZ )

™

1 -l
At Eyz(i+1,j+1,k)—Ey2(i,j+1,k) _ .
-= 2 B (5)  Electric current: The current in the antenna at the
H Ax feed point is obtained by applying Ampere’s law to
the surface S with the bounding contour C on the
ny: 1 . n /s 1 . i i ,. s + :
At EX(I+E,J+1.|<)—EX ('+E,J,k) wire at (ic, jc, kc +3/2)
i By oF
H Lo e
qCSH.dI _QJ'CFSHOHSE e (8)
o(i,j,k +%)At This gives the current:
1_
- 1
25(i,j,k +5) ned e n+1/2
ng(i,j,k+1)=—2 I 2 :AX(HX ic.j:g—zllz.kullz_H Jic+1/2,jc+1/2,kc+ 1,2) ()]
. 1
a(i,j,k +5)At
1+721 n+1/2 n+w/2
25(i, j, k +E) +AX(Hy io+1/2,jckor 112 1 Jic—llz,jc,km—l/Z) (10)
(6)
. 1
At/ o(i, j, k +E)At
- 1
1 28(i, jk +=)
gZz(i,j,k+7)=—%
ofi,j k +2) At
l+444444217
25(i, jk +=
(i.] 2)
The various components of the fields are evaluategig. 2: Shows schematic diagram of a three layer
on the basis of neighboring components of eachelaps spherical head model exposed to radiation of
time and each cell in the modeling area. This nettho an arbitrarily shaped wire antenna
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Fig. 3: Input current in terms of time I(t)
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Fig. 4: Input impedance of the dipole antenna
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The input impedance calculation:The input impedance
of an antenna is a very important parameter. Affwer

final time domain results are obtained, the current
and voltage are transformed to those in the Fourier
domain. The input impedance was calculated in the
centre fed dipole over a range of frequenciesst i
determined from the ratio of the Fourier transfarn
the voltage wave and that of the input current wave

V,.(f)
Iin(f)

Z,(f) = (11)

It should be noted that the time differens#2
between voltage wave and current wave is ignored
since its effect is very small.

The input impedance of the dipole antenna is
shown in Fig. 4.

The input impedance is well matched at
75.48+j1.12 at the resonance frequency of 1800MHz
In Fig. 4, the resonant frequency which is arour@l 1
GHz. was chosen as a frequency through the whole
study.

The Input Return Loss (S11) and the Voltage
Standing Wave Ratio (VSWR): The results of input
impedance are then used to obtain the return loss
characteristics of the antenna. So the reflection
coefficient S11 of the half-wavelength dipole amzn

is:

DFT[Eref]
DFT[E,.]

1S = (12)

where, E. and Es are known as incident and
reflected electric fields respectively;{ds computed
in dB by:

S,/ = 20l0g,[| ] (12A)
From the calculated reflection coefficient, the

Voltage Standing Wave Ratio (VSWR) can be
calculated as follows:

(13)

The bandwidth of the antenna, which was
determined by the impedance data, is the frequencie
corresponding to a reflection coefficient of the
antenna (less than or equal to 1/3) that corresptnd
VSWR<2.
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Fig. 6: Exposure of a spherical head phantom bwpl& h
wave dipole antenna

Ez(vm™"

Fig. 7: The transversed electromagnetic field itistron

phantom model is used. Head phantom is
approximated as a spherical model with radius r =
10cm and the relative permittivitgr =43.5 and
conductivity ¢ = 1.15S/m. Tissue equivalent
dielectric properties were chosen according to
existing literature to simulate the brain tissue at
986MHz and 1.8GHz. The interaction between the
mobile handset and the human head is studied from
two viewpoints: first the impact of the distance
between head and phone; second the effect of head
type (homogeneous, heterogeneous) on the
absorption and distribution of electromagneticdeel

in the human head and on the radiation pattern.

The following Table 1 summarizes the dielectric
constant, the conductivity and the mass density of
the tissues used for the calculations at 900 arid) 18
MHz (Zhuet al., 2008).

NEAR-FIELDS: The near-fields have been
simulated in the plane defined by z = 0.0 mm. The
results are viewed in Fig. 7 and 8 for the simaolai
The origin of the plane wave has been aligned én th
xz-plane with the feeding point of the handset nhode

of the dipole antenna in the homogeneous head BHomogeneous headThe calculations were made at

=00mm

Lt01z(v m™")
[=1]
(5]

— 740
B, o

40 ~60 Xen cellules

Yen cellules 60

a frequency of 1.8 GHz. for a homogeneous spherical
head of dielectric permittivity of 51.8 and a
conductivity of 1.5 S/m. We calculated the
distribution of the electric field in the near heaehar

the antenna. This latter is located at a distarfce o
5mm at the side of the spherical head. To see the
effect of the position of the antenna on the raaimat
pattern we have traced the appearance of the
reflection coefficient S11 for several distances
between the header and the phone.

From Fig. 9 we can say that the radiation of the
antenna depends on the distance between the phone
and the header. Hence, we can conclude that there i
a coupling between head and the anteim@able 2,

Fig. 8: The totally simulated electromagnetic field the results of the calculated driving point input
distribution of the dipole antenna in the jmpedance zin of the dipole antenna are presented

homogeneous head z = 00 mm

Table 1: Dielectric constant, the conductivitand the mass density

986MHz 1800MHz
Density ()

Tissues er c er c kg/cm
Skin 40.5 0.87 39 1.20 1100
skull 17.0 0.25 14.88 0.45 1845
Brain 52 0.97 43.34 1.15 1045
Bone

(Cortical ) 12 0.285 42.23 1.18 1200

Interaction between the handset and the human head:
In this section how human head is interacting withbile

for each position of the handset in front of the
homogeneous human head phantom.

Table 2 Results of the driving point input
impedance, VSWR and the input return loss (S11) at
each distance d(cm) between axis of dipole antenna
and the outer surface of the homogeneous human
head phantom.

The VSWR for each case is then determined in
respect to the free space input impedance. In this
case the antenna input impedance changes
drastically and the input power to antenna decrease
considerably. In the presence of the human head, th
resonance frequency is detuned approximately 5%

handset has been studied. Simplified homogeneoas heat GSM frequencies.
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0.0 =A< Heterogeneous head:A spherical heterogeneous
Sy " 7 | Human head model was utilized. This phantom
-10.0 J Y A N consisted of three layers with materials simulathneg
{ YA VAR Wi human head structure whose outer diameter is
g BT 17 identical to that of homogeneous sphere previously
> “.} I; ; used. In Table 1, the type of each layer and its
= =300 Ik ' corresponding relative permittivity, conductivityca
E | density are depicted according to. In Fig. 7, 8 a46d
=4 | we see that the highest values of the electrid fiel
i occur near the antenna. The magnetic field reathes
L T s 5% i maximum value above the start of the antenna wire,

near the feeding point, where the current reactses i

Frequency (GHz) .
maximum value.

Fig. 9:Input return loss (S11) of the antennadifferent ) o
values of d SAR evaluation: The radiation source of the cellular

phone was modeled by an equivalent dipole antenna.
After having obtained the induced electric field by
the FDTD method, the local SAR in W/Kg for:

=]
=N

=
bl il )
in

T 025
Z 02
Z o1s . o(i,j, k) [EGi, . k)|*
* 025 SAR (i,j k) = # (14)
05 (i, j k)
1 d
Lo & 0 E is the electric field magnitude in V/ng is the
6
% 10 = 10 . .. . .
2 "0 B material conductivity in S/m ang is the mass
y direction (cell mumber) 129 30 2 x direction (cell number) density in kg/cubic metres.

Fi. 8: The simulated eleCtromagnetiC field disttibn Homogeneous headAn half wave d|po|e of 77 mm
of the dipole antenna in thieeterogenous Head jrradiating at 1800MHz is placed 10 mm away from
forz =00 mm the outer surface of the spherical human head. The
values of SAR (or electric fields) are the highiest
tissues around the antenna. These SAR values
decrease rapidly when one gets away from

0.30 «

§ o radiotelephone antenna. As a result the tissuasdro
| the ear are most exposed to electromagnetic fields.
0.33 -
0. Heterogeneous head:Energy distribution of local
8 3 c > SAR values are obtained directly from electricdiel
¢ direction (cel number) 20 30 xdirection (cell number) distribution via computer simulations. Figure 12lan
13 shows the SAR absoption is dominating in the
Table 2: Calculated driving point input impedadie skin of the head and the surface of skull. Duedorp
d(cm) Re(z) Im(Zi) VSWR Abs(S11)dB conductivity of the skull, energy absorption is low
1.00 402  6.19 1.7888 -9.998 and variations in dielectric properties of related
1.60 47.08 17.98 1.6777 -10.98 tissues (Rhattogt al., 2005).
g'gg ?i"gé gg'gé i'iggg j‘l"gg We can state that the maximum absorption occurs at
3.00 7655 1567 1.2000 -18.09 the point where the phone is closer to the heaohgJs
Free space 75.04 1.13 1.0450 -30.87 oE?

the relations D & .E and =SAR, the ratio

The presence of the human head also increasesigbe i petween the SAR values in these tissues under a
impedance of the dipole. Hence the impedance behavi uniform field distribution is around 0.35. In addit,

of the GSM dipole shows quite a strong dependemce othe maximum SAR values are substantially higher for
the surroundings. the heterogeneous model of head.
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Fig. 11: The simulated SAR distribution of the d&o
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Fig. 14: The virtual surface used for the nearto-fa
field transformation and the coordinate
system used for its calculation

Near to far field transformation: While using
FDTD method, the provided data are near fields.
Therefore, these near fields are transformed to far
fields. Then, the far fields are used to calculhie
radiation pattern. First, we work within the freqog
domain and assume that the analyzed antenna is
surrounded by the enclosed surface S. Then, let's
assume that this closed surface has the local unit
outward normal vector.n

Thus, the electric and magnetic current densities
can be written as follows:

J =nx H

e (15)
M, =nxE

Where:

r
r
b

The position of the observation point (x, y, z)
The Position of the source point on S (x'zy),
The angle betweenrand 'r

E and H are electric and magnetic fields that
propagate on the surface. Later, we can define the
time harmonic vector potentials N and L (Rhateby
al., 2005):

L =LM xe"k"' and L:IS M " ds (16)

j = -1, k is the numerical wave numberjs the unit
vector to the far field point and r’ is the vectorthe
source point of integration. To obtain the fardiel
information from the equivalent currents, it is
necessary to integrate them over each of the six
faces of the virtual box, here labeled surface l&tT
integration can be done by using the following pair
of vector:
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Ny = [[(3, cosp+ ] sip )od— 3 stn e (17)
NgD :J‘.[S(Jx sin(p+ 4] co® )J'é"cosw ds
L, :J-J‘S((chos<p+ M, sing) -

cos9- M, sing )" ds

L= ”S(—M ,SiN@+M, cosp)e ¥ ds

Finally the far electric field can be calculateg the
following relation:

H —jkr
eo=LC (L, +nny)
i (19)
_ ike™
E(p_ - (L8+r]0Nq))
the radiation pattern is given by:
k2
G0,9)=- +NNg F+ | L+ 20
©.9 SmOF’e(lL"’ NoNo f+ L+ N, f) (20)
Where:
Pe = The input power antenna
Juo/eo=n, = The free space

The radiating patterns were simulated in the

XY plane (plan E) and in the YZ plane (H plane) foe
dipole alone at the center frequency of the bar®iGHz).

Figure 16: Radiation patterns for linear dipole
in the presence of homogeneous

antenna radiating
spherical head model. Figures 15 and 16 show tleetef
of the head model in the XY plane (plane E) andhim
YZ plane (H plane). We can see that the head bltuks
radiation patterns in the head direction. In the pMane
the radiation in halfspace where the head is stlas
affected seriously. So in the XY plane the radiatioore
decreased towards the head’s direction.

Effect of frequency: To see the effect of the frequency

on the distribution of the SAR, we have drawn tH&RS
profile for the two used frequencies (900 MHz aBdd
MHz) and a homogeneous head.

Figure 17 illustrates the profile of the maximumedl

frequency. We can observe that the SAR decreased
faster in thehigher frequency range as expected due
to the weak depth penetration.

Thermal simulations: After SAR has been
calculated and recorded it is utilized as souroe e
the transient bio heat equation (Zwal., 2008):

Fig. 15: ap = 90deg, xy plane.

120 e

30

Wk N RO o o = N
hih Do o oL oW o L
sl da ol lal "

Fig. 15: b,p = 90deg, yz plane.

y 5%
HINAN
x = = Helix. Homogeneous Sphere A\ 2
z s 3 v
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90° - =

2 S~ 60° T 1~ o

<5 3

SAR across the homogeneous spherical head model. T LTV
the point of the sourc ©p

distance was measured from
closest to the head model.

normalized to the maximum to show the effect of theFig. 16: b,p = Odeg, and=90deg. yz plane.

The SAR values were
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sets of

[O(k(OT(r,t) + p(r)SAR(r) + Q(r)—

dT(r, 1)

(21)
B(N(T(r.t) =T =C(rp (N~

CONCLUSION

The important parameters affects the energy absorb

in the human head when exposed to radiation frorilao
hand set is the distance between the antenna add he

observed that the power consumption at 1800MHz
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