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Abstract
In this study, Finite-Difference Time-Domain (FDTD) method is used to calculate the Specific Ab-

sorbtion Rate (SAR; defined as the power absorbed by unit mass of the tissue) distribution in a human
head near a hand-held cellular phone. A three dimensional FDTD algorithm is built in cartesian coor-
dinates. A discrete human head model, derived from a Nuclear Magnetic Resonance (NMR) image by
semi-automatic algorithm, is located within FDTD wvolume together with a discrete hand-held receiver
model. FDTD simulations are carried out for both european GSM (operating at 900MHz) and DECT
(operating at 1.8GHz) systems with a quarter-wavelength antenna, mounted on top of the hand-held cel-
lular phone. A new and an effective way of calcuating input, radiated and absorbed power distributions
is introduced where time-domain Poynting vector is traced over a closed virtual surface surrounding the
discrete phone and head models. SAR distributions for various vertical and horizontal slices of the human
head are calculated and are shown to agree with the available calculation and measurement results. The

computational results are interpreted in terms of international safety guideliness for human health.

1. Introduction

In the past few years, very rapid development in mobile cellular communication has drawn attention
to possible health risks of the electromagnetic energy (EM) emitted from the transmitters of hand-held
phones. The interaction between a human head and a hand-held phone under various conditions should be
quantitatively evaluated in order to establish the safety in cellular mobile communication systems [1]. These
evaluated values should be within the safety limits given in ANSI/IEEE C95.1-1992 RF Safety Guideless [2].
Three different limits are defined for the current safety studies: 1) a whole body avarge SAR; 2) a local peak
SAR; and 3) a Specific absorption(SA), which limits the power of short pulses. Within these three, 1) and
2) must be avaraged over a defined period of time. Due to the high non-uniformity of the SAR distribution
induced by a cellular mobile phone within a human head, the peak SAR is the relevant parameter to asses
the risk caused by these devices. According to [2], in uncontrolled environments, a peak SAR of 1.6W /kg,

as avarged over any 1 g of tissue must not be exceeded. But, according to [3], the limit on the peak SAR is

227



ELEKTRIK, VOL.6, NO.3, 1998

fixed at 1W /kg, as averaged over any 100g of tissue. The hand-held cellular mobile phone is stated to be safe
in [2] when a cellular mobile phone’s radiated power is less that 0.7 W (at 900MHz) and when the distance
to human head is greater than 2.5 cm. Beside public biological concerns in cellular mobile communication
system, there is also a great demand to know the deterioration of the antenna performance because of the
existance of human head. This is an important feedback for antenna designers to develop better structures.
Analyzing possible range of variations of the induced field strengths in various tissues requires an extensive

efford, since local field strengths strongly depend on various parameters. Among the others
e operational frequency and antenna power
e mutual positions of the between device and -head
e design of the device
e size and the shape of human head
e distribution of tissues within the head
e clectrical properties of the tissues

can be listed as important parameters which strongly affect the SAR distribution. Since some of the listed
parameters are different for various individuals and can even change with time, analytical formulations (even
the approximate ones) in SAR distribution calculations are extremely difficult.

The SAR distributions in a human head exposed to EM fields from hand-held cellular phones have
been estimated through experimental [4-6], and numerical calculations [7-12]. The models used in these
studies are quite different where from simple to enhanced geometries and from a few to many different tissue
types are taken into account with different electrical properties. Morover, quite different values have been
used in some of these studies [9] parallel to more accurate measurements of human tissues [13]. For example,
there are more than hundred percent differences in some of the tissue parameters in [9]. Within the limits
of the used models, these studies have presented the dependence of both local and global SAR distributions
in a human head to the distance of the mobile cellular phone, as well as to its position. Also, it has been
shown in these studies that SAR distributions within human neck and body casued by EM radiation above
300MHz are almost negligible. It is, therefore, quite acceptable to use isolated head and hand-held culluler
phone during SAR distribution calculations.

Recent progress in computer technology enables us to use FDTD method to numerically calculate the
EM interactions of a inhomogeneous, realistic human head and mobile phone models. In FDTD, spatial and
time derivatives in Maxwell’s equations are replaced with their central difference approximations in specially
organized unit cells [14]. FDTD has been described in several publications and in a couple of recent books
[15, 16]. In the unit cell, made up by Az x Ay x Az, six components of electromagnetic fields are arranged
to minimize the computational storage needs [14]. The entire computation domain is obtained by stacking
these unit cells into a larger rectangular volume. FDTD is very easy to implement and to trace the wave
phenomen a and can handle complex geometries with inhomogeneous materials, either conductors or lossy
dielectrics. FDTD has been applied to a large amount of EM problems, including planar microstrip analysis
[17, 18], scattering and inverse scattering problems [16], [19], antenna simulation together with near-to-far
field transformations [1] [15], [20], etc. Its comparison with other powerful time-domain techniques has also
been presented [21].

In this study, EM interaction of a human head and a mobile phone is investigated by using an FDTD

algorithm. Since the input and radiated powers determine the degree of this interaction, a new and effective
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way of power calculation is introduced. Both volume (tripple) and closed surface (double) integrations
of related field components are performed during FDTD simulations to obtain these power values. Also,
absorbed power in lossy tissues is calculated in a similar way by using conductivity of a tissue at each
FDTD cell. In Sec.2, both FDTD algorithm and prototype (discrete human head and phone) models are
egplained. Mobile cellular phone transmitter, radiation boundary treatment and SAR evaluation processes
are presented in this section. Then, in Sec.3, various SAR distribution calculations are performed and the

results are evaluated in terms of safety limits given in [2]. Finally, the conclusions are outlined in Sec.4.

2. FDTD and SAR Evaluation Process

2.1. FDTD Method

As indicated by its name, FDTD method solves Maxwell’s equations directly in time domain. Assuming a

piecewise uniform, homogeneous, isotropic and lossy media, source-free Maxwell’s curl equations

oH =
MQE:—VXE (1)

E L
Ea—ZVXH—O'E (2)

ot

are discretized both in space and time with (¢, j, k) and n representing the discrete space and time nodes,

E.(x,y,2,t) = EZ(i,j,k);z =i x Az,y=j x Ay,z =k x Az, t =n x At (3)

respectively. All six components of electromagnetic fields are located at specific points of unit cells as
suggested by Yee [14], where E and H are interleaved in both space and time. This FDTD arrangement is
shown in Figure 1. Here, electric field components E,, E,, E, are located on the three edges and magnetic
field components H,, H, and H, are located in the middle of the three surfaces and are assumed contant. In
addition to one-half spatial-cell displacement between E and H , there is also one-half time-cell displacement.

Applying the discretization and rearranging the equations suitable to iterative calculations yield,

Ao Al At o .
H:(la]ak):H: I(Z?Jak) - m[EZ(Z?]ak)_EZ(Z7]ak_1)]
At o
- MOAy[EZ (Z?]ak) - Ez (Za] - 1ak)] (4)
e A1/ - At nye - - .
Hy(i,j, k)= H; " (i,5,k) — MOAx[EZ(z,],k:)—EZ (i —1,4,k)]
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- E[Em(l,]ak)_Em(la]ak_l)] (5)
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H?(Z?]ak) :H';L l(la]ak) - MOAy[E;L(Z?]ak)_E;L(Za] _Lk)]
At o
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+ @Ejf#m[ﬂf(i,ja k) — H"(i,j —1,k)] (7)
Ey(i, j, k) = %E{j—l(i,y} k) — @E_%T%[Hf(i,j, k) — H"i—1,5,k)]

* @Ej,#mz[ﬂﬁ(m k) = H (i, j, k= 1)] (8)
E}(i,j, k) = ;i%ji:l??—l(i,j, k) — @E_%T%[Hg(i,j, k) — H'i,j —1,k)]

+ @E_%,%[Hﬁ(i,j, k) — HD(i— 1,4, k)] 9)

where 7 =n+1/2. In eq.s (4)-(9), it is assumed that no magnetic materials are present so that each cell is

characterized by constant medium parameters pg,e and o given for the reference point of the cell.

Ey(i+1,j,k+1)

Ez(i+1K) '5"”Hx<i+l,j,k> ]
Ez(i+1,7+1,k)
| Ex(ij,k+1) Ex(ij+1,k+1) 9
9 Hz(i,j,k+l
Ey(i+1,jk
YK o
D
Hy (i j+1,K)
Ex(i,j,K) @ @HX(LLK) g 9 Ey(i,j.k+1)
Ex(i,j+JL,I<(),,»""/
Ez(i,j.K) HxGjk) |
" ‘ 9 Ez(i,j+1,k)
z =
s
| y Ey(ijk)

Figure 1. FDTD unit cell suggested by Yee and locations of EM field components.

FDTD method is mainly based on calculation of eq.s (4)-(9), with suitable excitation representation
and with satisfaction of the necessary boundary conditions at ¢,, = nx At time instants. The most important
points in FDTD calculations are the stability and numerical dispersion [18]. Since, FDTD algorithm is based

on iterative calculations of six field components, a certain relation between spatial and time intervals

1
At < s;c=3X 103m/s free — space EMwavevelocity (10)

/()2 + ()2 + ()
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needs to be satisfied for stability (named as Courant criteria) [16]. Similarly, the spatial discretization must
be done to allow to trace the highest frequency (minimum wavelength) component in the desired frequency

band ( numerical dispersion).

2.2. Configuration in FDTD

The basic configuration within FDTD volume in cartesian coordinates system is shown in Figure 2 where
discretized human head and hand-held cullular mobile phone are placed. The region of interest extends
from the coordinate origin (0,0,0) t0 Ximaz, Ymazs Zmaz ) FDTD computation volume is a rectangular box
made up with Na x Ny X Nz unit cells. where Nz = X002 /A%, Ny = YVinao /AY Nz = Z00/Az. FDTD
volume is bounded by six boundary surfaces, where special treatment is necessary as explained in Sec.2.3.
Typical dimensions of the FDTD volume is taken as Nx = 50, Ny = 50, Nz = 50 with a total of 125.000
cubic cells. The cell sizes are chosen to be Az = Ay = Az = 0.65¢m, which means that a cubic volume
of 32.5cm x 32.5cm x 32.5¢m is allocated for FDTD calculations where human head and hand-held cellular
phone are located.

A realistic and accurate near field box model is used to simulate the cellular mobile phone. This model
consists of an infinitely thin quarter-wavelength wire antenna (monopole) placed on a perfectly conducting
rectangular box. As shown in Figure 2, hand-held cellular phone is represented with the box model used by
[10] and [15]. The dimensions of hand-held cellular phone is 3.25cm in z, 6.5cm in y and 13cm in z. Total
of 5x 10 x 20 cubic cells are reserved for hand-held cellular phone and is located 3 cells (1.95 cm) away from
the human head model at the level of right ear. A quarter-wavelength (infinitely thin) monopole (13 cells
in 900 MHz and 6 cells in 1.8 GHz) is mounted on top of the box model (paralel to z axis). Between wire
antenna and the box, one unit-cell gap is available for excitation of the antenna. Along the wire antenna
longitudinal component of electric field is set to zero to simulate perfectly electric conductor (PEC). The
case of the box is modeled with a plastic cover (with &,=2.2 as in [8]) and the internal circuitry with a good
conductor (equal to the copper value, o = 5.8 x 107.S/m). Total of 1000 cubic cells are used for the box
model given in Figure 2.

A three dimensional (3D) EM model of a human head is derived from an NMR image. The gray
levels in NMR image are traced with a semi-automatic algorithm to separate brain, muscle, fat, bone and
other tissu types [8]. In FDTD volume, human head is represented with 24 vertical slices (in yz planes)
located along the x axis, with nose pointing positive y direction (see Figure 2). The dimensions of the
discretized human head model in cubic-cells are 24 by 33 by 31 in =, y, and z directions, respectively. This
corresponds to 15.6cm x 21.5e¢m x 20cm cubic volume. The human head model is located 10 cells away
from x =0, y =0 and z = 0 planes. The tissue types, number of occupied cubic cells and their electrical
properties at two operating frequencies are listed in Table 1 [8]. As listed in Table 1, seven different tissues
are used in discretized model of the human head. It should be noted that, as much as 120 tissue types can be
obtained and used while discretization of the NMR image [10]. Since the SAR distribution is calculated over
a certain amount of tissue, highly distributed small scale tissues are not taken into account in this model.
Also, average brain tissue is used instead of brain with grey and white matters [8]. The discretized form of
the human head model is shown in Figure 3 at horizontal and vertical slices, respectively, where the slice
numbers are mentioned. Although some are indistinguishable, all the tissues in the head are represented
with defferent gray tones. Total of 24552 cubic cells are used for the human head model. Nearly half of
these cubic cells are occupied by the tissues (12192) and the rest (12360) are modeled as free-space. As a
result, nearly 10 percent of the FDTD volume is occupied by the discrete human head model and 1 percent

is occupied by the box model for hand-held cellular phone.
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Figure 2. Discrete human head and hand-held cellular phone models.
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Figure 3. Horizontal (k=17, 20, 23, 26, 29, 32) and vertical (i=32, 29, 26, 23) slices of human head model showing

different tissues.

2.3. Source and Boundary Implementation in FDTD

Since the computational space of FDTD solution must be truncated because of finite limitation of computer
storage capacity, the boundary surfaces need special treatment to simulate open regions. There are quite a
few Radiation Boundary Conditions (RBC) used for different type of EM problems. First and second order
dispersive boundary conditions (DBC) [22, 23] and modified DBC [24] are especially well-suited to planar
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microstrip structures. On the other hand, in antenna simulation and radar cross-section (RCS) analysis first
and second order Mur [25] boundary conditions are used. In this study, first order Mur simulations are used
at the edges and corners and second order Mur is used everywhere else on the boundary surfaces.

In Yee arrangement [14], there are two tangential electric and one normal magnetic field components
at each boundary plane. For example, at © = Xmax plane, the tangential electric field components are
E. and E, and the normal magnetic field component is H,. Since, H, at this boundary is calculated in
terms of E, and E, (see eq.(4)), only tangential electric field components at the boundary planes are used
to simulate RBCs.

For the first order Mur [25] RBC along « direction

0o 10 o 10

———=|E,=0 d |———-=|E.=0 11
[ax c@t] Y o [ ] (11)
should be satisfield at both z = 0 and x = Xmax planes. FDTD discretized form of eq(11) at x = 0

boundary plane will then be (for E, component)

cAt — Ax

E*Y(1.5. k)= E™2,j, k) + ———~
z (aja ) z( aja )+CAt+A$[

Eg+1(2ajak)_E?(1ajak)]' (12)

This condition allows to absorb the plane waves propagating with velocity ¢ towards x = 0. However, waves
with spherical wavefronts need higher order conditions at these boundary planes. The second order Mur [25]

for of the same boundary simulation is given as

At — A
EZTN (L, k) = —EP N2, k) + (o2 ) [EPN (L, 4, k) + BP (L g, k)]
cAt + Ax

2Ax
— ) [E2(2,5,k)+ EV(1,4, k
+ (s ) B2+ B2 )

(%) 21,5 +1,k) = 2E2(1, 4, k)

+

Recently, a new and effective absorbing boundary simulation, perfectly matched layer (PML), is introduced
for the cases, where high accuracy is essential [26]. Although it increases the simulation time and storage
requirements, PML and its other implementations [27] give quite high performances, especially for antenna
arrays and RCS calculations [28,29)].

Typical excitation of wire antenna geometries in FDTD calculations is performed using a gap voltage
in one cell left for the feed point [15]. In this study, the z-directed quarter wave-length monopole antenna

located one cell above the box model is excited at the source cell with a voltage source Vi

V,(nAl)
Az

where (is, js, ks) represents the labels of the source cell, the gap between the wire antenna and the box

Eg(isajs; ké) = E?(isajsa ké) + (14)

model. For this voltage source model, current flowing through the wire antenna is calculated from Ampere’s

law
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Is(ﬁ) = [H:;L(Z,]a k) - H;L(Z,j + 1,]€)]A$+ [H;ZL(Z,]a k) - H’ZL(Z + 1ajak)]Ay (15)

and the time ofset of At/2 between source voltage and current is generally neglected since it is assumed to
be small. The time step At is taken as 12.5ps for 900MHz calculations. Hence one period corresponds to
89 At for sinuzoidal voltage. The simulation time is fixed to 1500 time steps (nearly 17 periods), which is

larger than 3-5 periods necessary to reach the steady state regime.

2.4. Power Calculations and SAR Evaluation

With the source simulation described above, attention should be paid to power radiated from the hand-held
cellular phone, radiation impedance of the antenna and total power absorbed in the human head. Power
radiated from the antenna can be calculated in two different ways. First way is based on the calculation of
free-space radiation impedance (Zg,). Assuming the source has an impedance equal to complex conjugate
of the free-space radiation impedance (Z; = Zg, ), radiated power (600mW for 900MHz) is obtained directly
from [10]

Vs(is, js, ks) = v/8 X 0.6 X Rpo (16)

where Rpo = Re{Zpo}. The radiation impedance Zgo is obtained from the maximum amplitude of the
current (calculated from eq.(15)) and the phase difference between the current and impressed voltage.
The second way to compute the total radiated power is to integrate Poynting vector over a closed

surface around the hand-held cellular phone antenna (excluding the human head model);

Prag = / /S (E x E)ii,dS (17)

where @, is the unit vector perpendicular to the surface S and pointing outward of the volume. In this study,
Poynting vector is calculated at each time step and integrated over a closed surface enclosing a rectangular
volume which contains the discrete models. First, the human head model is removed from FDTD volume
and antenna power is calculated after the steady state regime has been reached. Then, discrete human head
model is placed within FDTD volume and the same closed surface integration of Polynting vector is carried
out to find out the radiated power. Since the head model contains lossy dielectric tissues, the difference
between these two power values is the absorbed power within the tissues.

For SAR evaluations, total power absorbed in human head should be calculated during FDTD
simulation. The absorbed power P is related to the conductivity (o) of different tissues in head and
determined by integrating the absorbed power density over the volume V' of the human head model,;

ro=[ [ [ 20, Breav (18)

where 7 represents coordinate of the cell under evaluation. The conductivity o(7) is in Siemens per meter,

and electric field strength E (7) is in volts per meter. Finally, the local SAR is computed from
SAR = |E[*  [W/kg] (19)
P
with p, [kg/m3] representing density of the tissue.
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3. Numerical Implementations

As mentioned in Sec.2.4., eq.s(17)-(19) are used for the radiated power, absorbed power and SAR computa-
tions, respectively. The first numerical tests are done to evaluate the antenna output, radiated and absorbed
powers. To find out the antenna output power, first human head model is removed from FDTD volume and
antenna is excited as given in eq.(14). FDTD computational space is a cubic volume made up by hundreds
of thousands cubic Yee [14] cells (see Figure 1). Second inner cubic volume (5-10 cells away from bound-
aries) is chosen for the power calculations. Poynting vector is integrated for every cell on six square surfaces
closing this volume. Since FDTD volume is free-space and contains only the hand-held cellular phone, this
integration yields the antenna output power. In Figure 4 the time variation of the antenna power obtained
by closed surface integration of Poynting vector is plotted. Here, positive values correspond to net outward
power flow. Solid and dashed lines in Figure 4 correspond to instantaneous and average powers, respectively.
At 900MHz operating frequency, one period corresponds approximately to 1.1 ns (89 At) and time variation
is given for 15ns. The transient effects within 4-5 periods, and steady-state settlement of the power thereafter
is clearly seen in Figure 4. The gap voltage in eq.(14) is chosen as to give an average transmitted power of
600mW (see Figure 4).

After calculating the transmit power of hand-held cellular phone, the human head model is located
within FDTD volume as explained in Sec.2.2. Similar closed surface integration of Poynting vector is carried
out for this case. Both instantaneous and average powers are again plotted in Figure 5. As seen from
Figure 5, the average power leaving the volume is calculated to be 464mW. This is the radiated power and
the difference between transmitted and radiated powers (600-464=136mW) must be the power absorbed in
human head. The absorbed power in human head is also calculated from the volume integral given in eq.(18).
All the time variations of the average powers are plotted in Figure 6. The absorbed power in human head,
calculated from the volume integral in (18) by using conductivity values of the different tissues, is obtained
to be 139mW. The relative difference between two values of absorbed power is about 2%. The electric field
components in Yee cell are located at different edges as explained in Sec.2.1. Averaging these field components
at the same point in each cell and then evaluating the volume integral yields better agreement in absorbed
power. Better than 1% agreement is obtained in power calculations for both GSM and DECT systems. The
results in Figure 6 show that after the transient time period (3-5 periods) an excellent agreement in power
conservation is obtained in FDTD calculations. The instantaneous powers are also plotted with respect to
time in Figure 7. Here, solid and dashed lines correspond to antenna power and total of absorbed plus
radiated powers, respectively. Before doing the SAR calculations given below, the degree of the numerical
errors caused by discretization (i.e., cell sizes) is also tested. A spherical, homogeneous test tissue is located
inside the FDTD volume and power calculations are done with different cell sizes. The parameters are chosen
in such a way that discretization errors are negligible (i.e., less than two percent).

For GSM system (i.e., at 900MHz), the peak SAR distributions are calculated via eq.(19). Maximum
peak SAR, averaged over one period, is obtained as 1.2W /kg which has a normalized value of 1.93 or 2.85dB.
This value is obtained in muscle (numbered as 3) at cell (32,27,26). In Figure 8, peak SAR distributions
are given at six horizontal slices mentioned in Figure 3a with the dynamic range of 40dB. Similarly, SAR
distributions at four vertical slices mentioned in Figure 3b are plotted in Figure 9. The peak SAR values,
averaged in one period, are 2.85dB, -0.04dB, -4.36dB and -9.17dB at these vertical slices, showing the range
dependence of peak SAR. In all figures, high SAR values are in black and are obtained near the antenna
feed point.
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Figure 4. Time variation of the antenna power calcu- Figure 5. Time variation of the radiated power calcu-
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Figure 6. Time variations of average power calcu- Figure 7. Time variations of instantaneous power cal-

lated during FDTD simulation with both two dimen- culated during FDTD simulation with both two dimen-
sional closed surface and three dimensional volume in- sional closed surface and three dimensional volume inte-

tegrations given in eq.s(17)-(19). grations given in eq.s(17)-19).

The same computations are carried out for European DECT system (i.e., at 1800 MHz operating
frequency) by using quarter-wavelenth antenna mounted on top of the box model and the transmitted power
of 250mW. In Figure 10, time variations of both antenna power and radiated4absorbed powers are plotted.
Excellent agreement between the results are clearly seen from the figure. Finally, peak SAR distributions for
DECT system are given in Figure 11 and 12, at the same horizontal and vertical slices used for GSM (i.e.,
900 MHz) calculations, respectively. Also, the power scales in both calculations are same (i.e., normalized
to antenna power). Compared to Figure 8, the peak SAR distributions are low in DECT system throughout
all six horizontal slices shown in Figure 11. For the vertical slices, the maximum peak SAR value for each
system is obtained at the same vertical plane (slice (a)). For DECT system, maximum peak SAR averaged
over one period, is obtained as 0.75W /kg which has a normalized value of 3.08 or 4.89dB. This value is again
detected in the same tissue, numbered as 3 (corresponds to muscle) but at slightly different cell (32, 24,
28), which is nearer to antenna feed plane than the one obtained for GSM system. The peak SAR values at
1.8GHz, averaged over one period, are 4.89dB, -5.34dB, -11.28dB and -15.04dB at these vertical slices. This
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shows that the decrease in absorbed power with respect to distance is steeper in DECT compared to GSM
system.

3 - +10dB
- 0dB

(a) (b) (c)
* -10dB

-20dB

-30dB

(d) (e) ®

Figure 8. Peak SAR distributions at six different horizontal slices (k=17, 20, 23, 26, 29, 32) given in Figure 3a.
Maximum value is obtained in (d) at (32,27,26)

+10dB
0dB
(@ (b) = -l0dB
o g -20dB
ﬂg’ﬂ” -30dB
] i
¥
(c) (d)

Figure 9. Peak SAR distributions at four different vertical slices given in Figure 3b (i=32, 29, 26, 23). Maximum
value is obtained in (a) at (32.37.26)
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Figure 10. Time variations of instantaneous values of both antenna and radiated+absorbed powers for DECT

system (f=1.8 GHz and antenna output power 250mW)
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Figure 11. Peak SAR distributions for DECT system at the same six horizontal slices given in Figure 8. Maximum
value is obtained at (32.24.28)

4. Conclusions

In this study, the effects of hand-held cellular phones to isolated human head is studied with FDTD method.
The SAR distribution in a human head exposed to EM field emitted from a hand-held cellular phone is
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calculated for both GSM (i.e, at 900 MHz) and DECT (i.e, at 1.8 GHz) systems. Particular attention has
been given to accurate power calculations. In order to give dependable compuational results input and
radiated powers must be accurately calcuated. Here, the surface integration of the Poynting vector with and
without human head model and the volume integration of the absorbed power are calculated separately and
the results are shown to agree very well. Accurate SAR calculations are done within the limits of the used
discrete models and EM parameters and agreement with the results in the literature is obtained. The peak
SAR values, over any 1 g of tissue for phones radiating 600mW (for GSM) and 250mW (for DECT) of power
in free-space are obtained and are shown to be below the ANSI safety limits. It should be mentioned that, the
safety limits themselves are uncertain because of the complex EM behaviors of human tissues. This may be
directly observed in the differences of the limits of the European and American safety organisations. These
numerical simulations and the laboratuary measurements based on human prototypes should accompany

long term medical investigations in order to talk about the safety limits of these electronic devices.
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Figure 12. Peak SAR distributions for DECT system at the same vertical slices given in Figure 9. Maximum value
is obtained in a) at (32.37.26).

The comparisons of GSM and DECT systems show the relation between antenna and absorbed powers
in human tissues. As given in Table 1, tissues are lossy dielectrics and their conductivity values increase with
frequency. As the operating frequency increases, the peak SAR value increases as expected from eq.(19), but
total absorbed power in human head decreases, because of the decrease in penetration of EM fields through
tissues. Optimisation between the peak SAR and total absorbed power should be made in choosing the
operating frequency and antenna power for mobile communication systems.

FDTD is a powerful technique to calculate EM effects in environments where human tissues are present
beside electronic devices. The presented algorithm may be used directly to test various antenna types as well
as antenna orientations. Also, the effects of the human head to the antenna radiation pattern and efficiency
may be calculated with the same FDTD algorithm, by applying time-domain near-to-far field followed by
discrete Fourier transforms [1] [19].
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Table 1. Tissue types, number of model cubes, their densities and electrical propeties used in FDTD calculations.

Frequency | 900MHz 1.8GHz
Tissue Cells | plkg/m?] | &, olS/m] | e, o[S/m]

0 | Air 12360 | - 1.00 0.00 1.00 0.00
1| PEC - - - x - o<

2 | Bone 2188 1850 8.00 0.11 8.00 0.16
3 | Skin/fat | 2318 1100 34.50 0.60 32.99 0.52
4 | Muscle 3490 1040 58.50 1.21 55.00 1.90
5 | Brain 4066 1030 55.00 1.23 53.00 1.70
6 | Humour | 16 1010 73.00 1.97 75.00 2.40
7 | Lens 8 1050 44.50 0.80 41.00 1.29
8 | Cornea 106 1040 52.00 1.85 50.00 2.32

Numerical modeling of human head-cellular phone is a very important problem. The importance of

the problem has just been re-evaluated in a special session of an IEEE AP-S conference [30], where the most

recent studies of the well-known groups were presented and discussed. In that conference, the points listed

below were especially mentioned by all of the researches:

There is a great demand to build a canonical head, hand, neck and phone models, where the results of

all the algorithms may then be compared on the same platform.

Care should be given when using box or sphere or other simple models for the worst case SAR

calculations, because of extreme difficulty in worst case definition.

Since it does not account for the tissue dosimetry, the FDTD based SAR calculations should be

evaluated in connection with the medical research society.

Accuracy of these numerical simulations strongly depend on the reliability of electrical parameters of
the tissues. Therefore, parallel studies should be continued with groups who conduct measurement
researches.

Finally, long term meaurements, simulations and statistical evaluations should be done before making
any declerations related to public health and safety.
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