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Abstract - A FDTD code employing a graded mesh has
been developed in order to make the FDTD technique
suitable for studying cellular phones equipped with
helical antennas. The graded-mesh FDTD allows the
evaluation of both the radiating properties of the helical
antenna, and the power absorption inside the user’s
head. First, a canonical case has been studied to find the
optimal values for the grading factor “q” and the best
model for approximating the circular wire section. It has
been found that “q” values up to 3 can be used without
introducing significant errors in the field solution, and
that a good model for the wire circular section is a five-
cell cross. Then, the free space radiating properties of 2
phone equipped with a helical antenna (radiation
impedance, radiation pattern, etc) have been evaluated,
and compared with those predicted by MoM, showing
good agreement. Finally, the power absorption in an
anatomical model of the human head has been computed
for a radiated power of 250 mW at the frequency of
835 MHz. Peak SAR values of 0.98 W/kg averaged over
1 g and 0.63 W/kg averaged over 10 g have been
obtained with the phone held in contact with the ear.

I. Introduction

During the last years mobile telecommunication systems
have experienced rapid growth. After the first generation of
analog cellular phones, operating around 900 MHz with a
radiated power of 600 mW, the second generation, based on
digital systems, has entered the market. In particular, at
present, one of the most widely used standards is the Global
System for Mobile communication (GSM) in which the
mobile terminal (MT) operates around 900 MHz and
radiates a peak power of 2 W. However, due to the time
division multiple access scheme employed, the MT
transmits only for one eighth of the time, resulting in an
average radiated power of 250 mW. This generation has
now entered its second phase, represented by systems such
as GSM 1800 in which the MT radiates an average power of
125 mW and operates around 1800 MHz [1]. Together with

the above cited land mobile radio cellular system, satellite
communication systems are also used. These systems work
between 1.5 and 2.5 GHz for up and down links between the
satellite and the MT, employing circular polarization [2].

In all these systems, the MT antenna plays a fundamental
role. Some of the required characteristics are broad radiation
patterns and enough bandwidth to allow real-time voice and
data transmission. One possible antenna that satisfies these
requirements is the helical antenna [3]-[8]. This antenna can
provide wide-band impedance performance both with linear
polarization, when operating in normal mode (i.e. the
maximum radiation is in the plane normal to the antenna
axis) for terrestrial links, and with circular polarization,
when operating in axial mode (i.e. the maximum radiation is
along the antenna axis) for satellite links.

An important issue in cellular telecommunication
systems is the evaluation of the power deposition induced
inside the user’s head by the phone antenna. In [9], helical
antennas operating in the normal mode were modeled within
the FDTD method as a stack of electric and magnetic
sources, and SAR induced in an anatomical model of the
human head was evaluated. In [10], the effects that the
proximity of a human head model has on the performance of
a phone equipped with a helical antenna operating in axial
mode have been studied. In order to fit the antenna geometry
to the uniform 3-mm mesh used for the FDTD simulations,
the antenna structure was modeled as a square helix using a
staircase approximation. It must be noted that, by using the
technique suggested in {9], the antenna radiation impedance
can not be easily evaluated, while the approach presented in
[10] does not allow an accurate simulation of the real
antenna structure. The power deposition induced inside the
user’s head by a phone equipped with a helical antenna
could be studied by using the FDTD technique with a very
fine mesh. In this manner the helix geometry could be
modeled with an adequate number of cells. Unfortunately
this choice would give rise to huge memory occupation and
long computation times. To overcome these problems a
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graded-mesh FDTD code can be used. The graded mesh has
been applied in literature to the modeling of the fine
geometry of the ear in contact with a phone [11]-[13] and to
the study of shielded or open waveguide structures [14]-
[16].

In this paper the graded-mesh FDTD has been used to
study the radiating properties of a phone equipped with a
helical antenna and the power absorption in an anatomical
model of the human head. In particular, for the simulation of
the phone equipped with the helical antenna, a small cell
size (0.3 mm) has been used in the region where the helix
geometry must be modeled. Starting from this region, the
cell size has been increased successively by a constant factor
“q” (geometric series) up to the largest cell size (3 mm). In
this manner, the phone radiation impedance can be directly
evaluated as the ratio between the voltage and the current at
the feed point, and the real helix geometry can be modeled
with an adequate number of cells but with limited memory
occupation.

I1. Methods

The finite difference time domain (FDTD) numerical
technique [17]-[19] has been used for computing the power
deposition in a human head model due to a cellular phone.
The head model has been obtained from a tissue-classified
version of the “Visible Human Project” data set developed
at Brooks Air Force Base laboratories [20]. The model has a
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total dimension of 63x83x85 cells with a 3-mm resolution,
and discriminates 19 different types of tissues/organs. For
the electrical characterization of the tissues at the
frequencies of interest Gabriel’s data [21] have been used.

A cellular phone model equipped with a helical antenna
has been considered [see Fig. 1(a)]. The phone antenna
operates in the normal mode at the frequency of 835 MHz,
and it is realized with a wire of diameter equal to 1 mm. The
diameter, the pitch, and the length of the helix are 4.2, 1.4,
and 16 mm, respectively [9]. The dimensions of the metal
case are 24x52x147 mm. The helix is mounted on the right-
hand corner of this case in the far end with respect to the
side of the earphone, and a straight metal connection of
20 mm in length is placed between the box and the helix.
For comparison purposes, we have computed the
characteristics of this phone in free space by using the freely
available NEC implementation of the Method of Moments
(MoM) [22]. This same phone has been also studied by
considering the metal case covered with a plastic shell of
thickness 3 mm and dielectric constant £.= 2.7.

A detail of the phone section parallel to the x-z plane and
passing through the helix axis is reported in Fig. 1(b). The
figure shows how the top of the case, the straight metal
connection, and the lower part of the helix are reconstructed
in the graded mesh.

HHRE

feeding gap

(b)

Fig. 1 (a) Cellular phone model considered (the plastic shell enclosing the metal case is not present). (b) Detail of the graded-
mesh reconstruction of the phone section parallel to the x-z plane and passing through the helix axis (smallest cell size equal
to 0.3 mm, largest cell size equal to 3 mm, grading factor equal to 2).
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Fig. 2 Phone-head positioning in the (a) uniform and in the (b) graded mesh domain. Note that in Fig. 2(b) the entire
geometry looks deformed due to the uniform representation of the graded mesh produced by the 3D visualization program.

In particular, for the graded mesh generation the
following procedure has been adopted. First, the side lengths
of the parallelepiped region to be studied are chosen taking
into account the phone and head dimensions and the whole
geometry of the problem. At the same time the center and
the sides of the high-resolution region are fixed considering
the position and dimensions of the helix. Then the size of
the smallest cells (uniformly filling the high-resolution
region) is chosen taking into account the smallest detail to
be represented (typically the cross section of the helical
wire), while the largest cell dimension is chosen considering
the accuracy of the FDTD method that imposes the use of
cell sizes not exceeding 1/10 of the wavelength at the
highest frequency of interest. Finally, the graded sides 8,(i),
3,(j), 8,(k) of the cells in which the domain is divided are
determined assigning the smallest cell side to the cells filling
the high resolution region and increasing the cell side
outside this region with a given grading factor “q” till the
largest cell side is reached. Once all the cell sizes are
determined, the phone-head geometry is sampled in the
resulting graded mesh. In particular, the helix is built filling
with conductive material the cells placed around the helix
analytical curve drawn in the FDTD grid. The result
obtained applying this procedure to the previously described
phone, kept in close contact with the head model, is shown
in Fig. 2. In particular, Fig. 2(a) shows the real phone-head
geometry, while Fig. 2(b) shows how this geometry is
represented in the graded mesh (with cell sizes varying
between 0.3 and 3 mm). In Fig. 2(b) the entire geometry
looks deformed due to the uniform representation of the
graded mesh produced by the 3D visualization program. The
figure shows that a good model of the helix geometry is
obtained by using the fine resolution of 0.3 mm.

The graded mesh domain has been bounded by using a
four-cell uniaxial perfectly matched layer (UPML)
absorbing boundary condition with parabolic profile and 1%
reflection coefficient [19]. In all the simulations a gaussian
pulse excitation has been applied at the antenna feed point
[see Fig. 1(b)], and the simulation has been interrupted when
the antenna feed current was reduced at least by three orders
of magnitude with respect to the peak value. A soft E-field
excitation has been used with a 50  resistance placed in the
feed point to simulate the generator internal impedance. The
antenna radiation impedance has been computed as the ratio
between the fast Fourier transforms of the voltage and
current signals recorded at the feed point. The radiation
pattern and the SAR distribution inside the head have been
evaluated only at the operating frequency of 835 MHz
through the discrete Fourier transform of the field
components. The radiation pattern has been computed
applying the near-to-far-field transformation [18].

IIL Results
INI.A Graded Mesh Optimization

In order to evaluate the optimum mesh-grading factor to
be used in numerical simulations, the radiation impedance of
a 16.6-cm long dipole has been studied at the resonant
frequency of 900 MHz. The dipole has been inserted in a
FDTD domain of 200x200x360 mm and has been modeled
as a stack of cells both within a uniform grid of 2-mm side
and within a graded mesh with cell sizes varying between 2
and 10 mm. In this last case different values for the grading
factor “q” have been tested. In order to quantify the error
due to the use of the graded mesh, the percentage error in
the real and imaginary part of the radiation impedance (Zg),
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evaluated with the graded-mesh FDTD, with respect to those
evaluated with the uniform mesh (Zg = 95.02 + j51.28), has
been considered. Fig. 3 shows the percentage errors for
grading factors “q” ranging between 1 and 3. From the
figure it appears that the error increases with “q”, and for
grading factors greater than 1.5 the error in the real part of
the radiation impedance grows more rapidly than the error in
the imaginary part. However, for all the grading factors
considered the error is lower than 0.9%. For all the
simulations that have been performed in this paper a value
of 2 has been chosen for the grading factor “q”. This choice
is justified by the fact that for “q” = 2 the error is limited,
and the memory occupation is significantly reduced with
respect to the uniform mesh [23]. For the considered ratio
between maximum and minimum cell size (10:2), using a
grading factor greater than 2 would not yield any further
reduction in memory occupation but would slightly increase
the error.
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Fig.3 Percent error in the real and imaginary part of the
radiation impedance Zy as a function of the “q” factor.
Reference value: Zg = 95.02 + j51.28.

Another important point is the choice of the cell
configuration to be used for modeling the real circular
section of the wire. To address this issue the 16.6-cm long
dipole with cylindrical branches 2.26-mm in diameter
(4-mm® section area) has been studied at the resonant
frequency of 900 MHz. The dipole radiation impedance (Zg)
obtained by using MoM has been compared with that
obtained by the graded-mesh FDTD considering different
approximations of the wire cross section (Fig. 4).

The MoM-evaluated Zg, used as reference value, is
94.21 + j45.77 Q. Table I shows the Zy values obtained with
the graded-mesh FDTD using “q” = 2 and a five-cell cross
[see Fig. 4(a)] for approximating the circular section. The
different rows of table I correspond to different cell sizes
employed in the high-resolution region where the dipole is
built. The wire diameter is computed as the maximum
distance between two points belonging to the wire section.

@ ®) G

Fig.4 Cell configuration for modeling the circular cross
section of the wire: (a) five-cell cross; (b) thirteen-cell star;
(c) nine-cell square.

TABLEI RADIATION IMPEDANCE VALUES OBTAINED WITH
THE GRADED-MESH FDTD USING “q” = 2 AND A FIVE-CELL
CROSS FOR APPROXIMATING THE CIRCULAR CROSS SECTION
OF THE WIRE.

. wire wire cross
cell size diameter section Re (Zr) Im (Zg)
[mm] [mm] [mm’] [Q] [Q]
0.6 1.90 1.80 92.66 51.70
0.7 2.21 2.45 94.29 51.09
0.8 2.53 3.20 95.75 50.30
0.9 2.84 4.05 97.28 49.45
1.0 3.16 5.00 98.66 48.72
1.1 3.48 6.05 100.04 47.94

From the table it appears that the real part of Zg, which is
directly correlated to the power radiated by the phone, is
closest to the MoM value for a cell size of about 0.7 mm,
corresponding to a wire diameter of 2.21 mm and a section
of 2.45 mm’. Therefore, for a five-cell cross model of the
wire section the best choice to reproduce the real part of Zz
is to choose a cross having a diameter equal to that of the
real wire. Under this condition the error in the imaginary
part of Zg remains below 15%. Other cell configurations for
the approximation of the wire section, such as a thirteen-cell
star [see Fig. 4(b)] and a nine-cell square [see Fig. 4(c)],
have been also tested. These configurations have been found
to yield the same degree of accuracy as the cross, with the
best approximation for the real part of Zy obtained using
once again a diameter equal to that of the real wire.

TILB Free-Space Analysis: Phone Model Validation

After these preliminary results, the free space radiation
impedance and the radiation pattern for a realistic phone
equipped with a helical antenna have been studied. The
helical antenna considered is the one described in section II
and is realized with a 1-mm diameter wire. This wire has
been modeled, in the fine region of the graded mesh, with
the five-cell cross. Following the indication of the previous
analysis, the size of these cells has been chosen to be
0.3 mm. The largest cell size is 3 mm and the growing factor
is 2. Fig. 5 shows, for this phone, the behavior of the real
and imaginary parts of the radiation impedance as a function
of frequency.
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Fig. 5 Frequency behavior of the real and imaginary part
of the antenna radiation impedance. The results obtained by
using MoM are compared with those obtained with the
graded-mesh FDTD technique for cell sizes varying between
0.3 and 3 mm with “q” = 2.

In the figure the results obtained with the graded-mesh
FDTD technique are compared with those obtained with
MoM. The values obtained with FDTD follow those
predicted by MoM quite well. At the frequency of 835 MHz
the error in the real part of the radiation impedance is about
18%. The highest errors are located around the first parallel
resonance, while errors below 20% are found at the lower
frequencies and around the first and the second series
resonances. The phone bandwidth obtained at 835 MHz for
‘a return loss better than 10 dB is about 7% evaluated both
with MoM and FDTD.

The normalized radiation patterns at the frequency of
835 MHz on the z-y and x-y planes obtained by using the
graded-mesh FDTD are reported in Fig. 6(a) and 6(b),
respectively. The figure shows that the helical antenna
operates in normal mode with a 30° down tilting and is
almost omni-directional in the horizontal plane. On the same
figure the results obtained for this phone by using the MoM
are shown, and an excellent agreement between the two
techniques is observed.

H1.C SAR Evaluation

The interaction between the phone model with the metal
case covered with plastic and the human head model has
been studied at a frequency of 835 MHz and for a radiated
power of 250 mW. Table II summarizes the main results of
the simulations carried out for different positions of the
phone. When the human head model is placed close to the
phone, with the ear in contact with the case (first row), about
50% of the radiated power is absorbed inside the head. Peak
SAR values of 0.98 and 0.63 W/kg averaged over 1 g and
10 g, respectively, are obtained. The peak SAR as averaged
over 1 g is 0.2 W/kg in the brain, while it is only
0.011 W/kg in the eye.
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Fig. 6 Normalized radiation patterns of the phone in (a)
the vertical plane and in (b) the horizontal plane. The results
obtained by using the MoM method are compared with
those obtained with the graded-mesh FDTD technique with
“qU=2.

If the phone is shifted by 3 mm towards the back of the
head [y direction in Fig. 2(a)] the power and SAR values
remain almost the same (see second row in table II). On the
contrary, strong variations are observed when the phone is
moved along the x direction in Fig. 2(a). In particular, when
the phone is pressed against the ear, applying a 3-mm shift
in the positive x-direction, the SAR as averaged over 1 g
reaches 1.62 W/kg (third row in table II) and reduces to
0.55 W/kg when a 3-mm shift away from the ear is applied
(fourth row in table II). Lower variations are observed in the
peak SAR as averaged over 10 g and in the peak SAR in the
brain and in the eye when the phone is moved towards and
away from the ear (third and fourth row in table II).
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TABLE II ABSORBED POWER AND SAR VALUES FOR

VARIOUS PHONE POSITIONS (FREQUENCY: 835 MHz,
RADIATED POWER: 250 mW).
absorbed peak peak brain eye
power SAR1g | SAR10g | SARIg SAR 1g
[mW] [W/ke] [Wikel [(Wikg] [Wikg]
phone in
contact 124 0.98 0.63 0.20 0.011
with the ear
3-mm shift
towards the 119 0.90 0.57 0.18 0.013
head back
3-mm shift
towards the 125 1.62 0.97 0.20 0.013
ear
3-mm shift
away from 111 0.55 0.37 0.14 0.011
the ear
60° tilted
phone in 108 | 08 | 049 | 0.12 | 0.009
contact
with the ear

The effect of phone tilting on SAR values, with the
phone in contact with the ear, has been also studied. The
tilting has been chosen to bring the bottom part of the phone
case in front of the mouth, and this has been obtained
leaving the phone in the vertical position and rotating the
head in the forward direction by 60° [24]. The results
obtained with the tilted phone are reported in the fifth row of
table II. The comparison with the vertical position (first row
in table II) shows a small reduction in the computed SAR
values similar to that obtained shifting the phone towards

~ the head back (see second row in table II). In [9], a SAR
value of 1.35 W/kg averaged over 1 g was computed by
using the same phone geometry and the same radiated
power. Despite the differences in the head model, this value
falls in the ranges obtained in the present work.
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Fig.7 SAR distribution on a vertical plane passing
through the feed for a radiated power of 250 mW.

Finally, Fig. 7 shows the SAR distribution obtained on
the vertical plane where the maximum SAR value is located,
when the phone is kept in the vertical position and in contact
with the ear. The highest SAR values are obtained in the
middle of the ear where the phone case is in direct contact
with the earlobe. Similar SAR patterns have been obtained
in [25], [26].

IV. Conclusions

A graded-mesh FDTD code has been implemented for
the study of phones equipped with helical antennas. The
analysis of a canonical case has demonstrated that grading
factors up to “q” = 3 can be used without introducing
significant errors, but significantly reducing memory
occupation, and that a good model for the circular cross
section of the wire is a five-cell cross having the same

diameter as the real wire.

The free space radiating properties of a commercial
phone have been evaluated and compared with those
computed with MoM, showing good agreement between the
methods. The proposed technique has also proven effective
for the assessment of the power absorption in the head of the
user allowing the evaluation of the induced SAR distribution
with an acceptable computational cost.

In particular, the technique has been used to study the
influence on computed SAR values of the phone position
and orientation. For a phone radiating a power of 250 mW at
the frequency of 835 MHz peak SAR values lower than the
limits suggested in international safety standards have been
found when the phone is just touching the ear. A 65%
increase in peak SAR values averaged over 1 g has been
found when the phone is pressed hard against the ear.

It is worth noting that by using the graded mesh it has
been possible to model the whole geometry of the above
described problem employing only 2.3 millions of cells.
This figure must be compared with the 927 millions of cells
that would be required to solve the same problem employing
a uniform mesh with 0.3-mm cell size, corresponding to the
one adopted in the high resolution region.

Handheld units of satellite systems, employing helical
antennas operating in axial mode, can also be studied with
this technique [23]. In particular, both mono and quadrifilar
antenna configurations can be easily modeled.
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