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Abstract — The Finite-Difference Time-Domain (FDTD) method to
calculate the cellular phone far and near field and the specific
absorption rate (SAR) in the user’s head is described. The
conventional A/4 monopole and a simple planar antenna are
simulated. A multidimensional grid is developed to optimize
simulations in the near and in the far field, in the presence and in the
absence of the cellular phone user’s head at 1.9 GHz. These
calculations show that significant improvement in the antenna
radiation efficiency and in the reduction of the SAR in the head are
obtained when planar antennas are used.

Index Terms — Finite-Difference Time-Domain (FDTD), Specific
Absorption Rate (SAR), Cellular Phone, Biological Effects, Planar
Antennas.

1. INTRODUCTION

The use of mobile phone in professional and private
activities has grown substantially in the last years. In
parallel with this, an increased concern has been
demonstrated by the scientific community, the authorities
and the population regarding the safety of these phones,
since they employ monopole or whip antennas operated
very close to the user’s head. This results in a high
Specific Absorption Rate (SAR) in the head tissues. Also,
in that situation the radiation performance of these
antennas are modified, e.g., in terms of input impedance,
radiation pattern and radiation efficiency. This results in
poor communication quality and an increase in the battery
drain.

The Finite Difference Time-Domain (FDTD) method has
been used by several authors to simulate the Specific
Absorption Rate (SAR) in the user’s head [1-9]. It is
currently the most appropriate choice when highly non-
homogeneous structures are involved for which other
numerical methods (such as boundary techniques) have
fundamental limitations. However, the grid used by most
authors for the discretisation has fixed dimensions in all
the space of simulation. This is adequate to simulate the
SAR in the head, but it would result in a waste of
processing time and in the use of exaggerated memory
resources, if the calculation of the far field were desired.
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The simulation of the far field can be relevant for systems
design and for the simulation of its performance.
Furthermore, it can be an important tool for the design and
simulation of new devices producing lower SAR in the
head and improving systems performance, such as planar
antennas with optimised radiation pattern.

In this work, the FDTD method with a multidimensional
grid is used to calculate the near field, the SAR in the head
and the far field (with and without the presence of the
head) for two antennas, the monopole and a simple
microstrip antenna. The advantages of this method and the
benefits of planar antennas in comparison with the
conventional monopole antennas are discussed.

The maximum mean power delivered (P,;) by cellular
phones is now in the range of 125 or 250 mW when
operating in digital mode, and in the range of 600 mW
when operating in analogue mode. When the digital
phones are in roaming, they operate in the analogue mode.
Therefore, in the simulations, P,; = 600 mW was used,
since this is the worst situation. The simulation was
performed at frequencies close to 1.9 GHz , since in this
range more results from other authors were available for
comparison, and since this frequency band was recently
authorised for the operation of new cellular phones in our
country.

II. THE FDTD METHOD WITH A MULTIDIMENSIONAL GRID

In order to allow an adequate representation of the
different biological tissues in the head and details of the
antenna, the mesh should be small in comparison to the
wavelength. Then, an available neuro-anatomical data
base [10] was used to generate a discrete model of the
human head with cubic cells having A=1.8 mm [8]. This
was denominated “thin mesh region”. The domain had
also another region named “coarse mesh region”, in which
the cells have A, = 27 mm, at a distance greater than 102
from the antenna, and where the far field and the radiation
pattern of the two antennas were calculated. Fig. 1 shows
a domain composed of two meshes with different
dimensions. Since A, is 15 times greater than A, then the
calculations in the coarse mesh are updated at intervals of
15 times longer than those for thin mesh.
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The dimensions used in the thin mesh are 23.04 x 30.60
x 32.40 cm, (128A x 170A x 180A), and 3.51 x 3.645 x
4.59 m (130A, x 135A, x 170A,) for the coarse mesh. The
absorbing wall described by Mur [11] was used as the
boundary condition.
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Fig. 1. A domain composed of two meshes with different dimensions
(multidimensional grid).

III. SIMULATION

Since the cells for the digitalisation of the head have a
fixed length A, then all elements in this domain have
dimensions defined as integer multiples of A. Therefore,
the dimensions of the two antennas simulated are defined
in terms of this value A. Also, in the simulation, the
distance between the cellular phone and the head is
0.54 ¢m (3A), which is very close to the typical distance of
operation.

The total time for each simulation in the Cray 794
supercomputer was around 2 hours (this includes queuing
time, waiting for the required CPU to be available), using
820 MB of memory. The total number of interactions was
2,400. Then, for a time differential of Az = 3.00208 ps,
used in the thin mesh, results a simulated time of 7.205 ns.

A. Model for the user head
The discretisation used for the head (generation of the

mesh for the domain) has been described in previous
works [5,6,8]. The head dimensions are shown in Fig. 2.
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Fig. 2. Dimensions for the head model.

The different materials included in the head model were
defined in accordance with the physical and electrical
parameters for the different tissues close to 1.9 GHz [2,7],
and are indicated in Table 1.

TABLE 1
PROPERTIES OF THE TISSUES USED IN THE FDTD SIMULATION AT
FREQUENCIES CLOSE TO 1.9 GHZ

Tissue & o [mho/m] p [Kg/l]
Skin/Fat 36.5 0.700 1.10
Muscle 55.3 2.000 1.04
Bone 7.75 0.105 1.85
Brain 46.0 1.650 1.03
Eye 80.0 1.900 1.02

B. Simulation of the \/4 Monopole Antenna

The cellular phone was modelled as a metallic box
(perfect conductor), covered with a 1.8 mm thick dielectric
coating (g, = 2.1) [12], having external dimensions
45 x 19.8 x 117 mm (25A x 11A x 65A). The monopole
antenna was modelled by a A/4 metallic cylinder fixed on
the top of the metal box as it is shown in Fig. 3. Since all
dimensions are multiple of A, we defined a frequency of
1.8926 GHz and then A/4 is a length of 39.6 mm (22A).
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Fig. 3. Cellular phone with the A/4 monopole antenna (fed through a
coaxial cable).

The antenna feeding is supplied trough a coaxial cable,
where the forced fields (E,) are immediately above the
absorbing wall (on the bottom of the coaxial cable internal
conductor, see Fig. 3). This minimises straight radiation



by the power supply. However, since this excitation is not
directly in the input of the antenna, a time delay due to the
propagation in the coaxial cable must be considered. This
time delay is 300A¢, compared to the simulation of the
microstrip antenna.

C. Simulation of the Microstrip Antenna

A simple rectangular patch microstrip antenna was
chosen since its characteristics (e. g., radiation pattern) are
convenient for this application and because its design
procedure is well established [13]. In Fig. 4 the cellular
phone model with the microstrip antenna located at its
back face is shown.
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Fig. 4. Cellular phone with the microstrip antenna fed through a 1.8 mm
diameter coaxial probe.

The substrate used has the same characteristics as the
RT/duroid 5880 [14] (g, = 2.2, tgd = 0.0009 and & = 3.6
mm) and the internal conductor of the coaxial feeder has a
1.8 mm diameter.

The width of the antenna must be comparable (or
smaller) with the cellular phone width (45 mm or 25 A)
and with the dimensions of the cells of the mesh.
Therefore a width W = 34.2 mm (19A) was used. For
operation in the fundamental mode TM,;, , then L>W>h.
When the length L = 52.2 mm (29A), the resonance
frequency is 1.862 GHz. Next, the distance y, necessary
for the central conductor of the coaxial cable to penetrate
in the metallisation in order to obtain an antenna input
impedance of 50 ohms was calculated to be y, = 19.8 mm
(11A). In the simulation, the electric field E, was forced in
this point. The calculated 3 dB bandwidth is 13 MHz,
which can be improved, as well as other performances

parameters (e.g., VSWR, losses, radiation pattern, etc) if
an optimised design were used.

This antenna was also simulated using the software
Ensemble (SV v. 2.0.57) [15]. For the parameters
indicated above, a standing wave ratio (VSWR) of 1.192
was estimated in the input line (50 ohms).

IV. RESULTS IN THE NEAR FIELD REGION

Two alternatives for the SAR in a cellular phone user’s
head were compared in these simulations: a) using a A/4
monopole antenna and b) using a rectangular patch
antenna. The field distribution in the domain was
observed, as well as the SAR distribution in the head
tissues when the two antennas were used. This is shown in
Fig. 5to 8.

In Fig. 5 and 6 the electric field intensity (20xlog|E]) in
frontal section (xy) (in the plane of the monopole antenna)
and coronal section (in the bottom of the monopole
antenna) respectively, are shown for both antennas (left:
A/4 monopole and right microstrip antenna). It can be
observed that the fields in the brain are substantially
reduced (more than 10 dB) when microstrip antennas are
used, as it was already observed [2].

In Fig. 7 and 8 the SAR distributions in dB
(10xlog[SARY]) in the head are shown for the same frontal
and coronal planes. These SAR values are normalised for
a mean power delivered to the antenna equal to P, = 600
mW, where 0 dB corresponds to a SAR = 1 mW/g. Again,
it can be observed that the SAR levels in the head when
the planar antenna is used are at least 10 dB lower than
those estimated with the monopole. In the ICNIRP
Guidelines [16], also provisionally recommended by the
brazilian agency ANATEL [17], a maximum limitation of
SAR =2 mW/g is indicated. It can be observed that, under
the simulation conditions, when the monopole antenna is
used, this limit is substantially violated. These results are
in accordance to those published by several authors
[1-4,7,9]. However, as it has been shown in previous
papers [5,6,8], if the monopole antenna where operated far
from the head (e. g. at distances greater than 2.5 c¢m), then
the ICNIRP Guidelines limit of SAR =2 mW/g would be
accomplished.

For the microstrip antenna, the reduction of field
intensity and SAR in the head is substantial, and as a
consequence of this, it is usually in compliance with the
ICNIRP limit. Similar results with different directive
antennas (e.g., planar antennas) where obtained by other
authors [2,9].

As the power absorbed in the head (which is, together
with the antenna losses, part of the total absorbed power
P, ) is reduced, an improvement in the radiation
efficiency, N = (Pge— Pups)/Paes, for the planar antennas in
comparison with the monopole antennas is obtained. This
has been already described [2].
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Fig. 5. Frontal images (xy plane) showing the electric field intensity (20xlog|£]) obtained at the end of the simulations,
left: A/4 monopole and right: microstrip antenna.
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Fig. 6. Coronal images (xz plane) showing the electric field intensity (20xlog|E|) obtained at the end of the simulations,
left: A/4 monopole and right: microstrip antenna.
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Fig. 7. Frontal images (xy plane) of the SAR distribution [10xlog(SAR)]. Left: A/4 monopole and right: microstrip antenna.
Cellular phone is at a distance of 0.54 ¢m and P4, = 600 mW. 0 dB corresponds to SAR = 1 mW/g.
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Fig. 8. Coronal images (xz plane) of the SAR distribution [10xlog(SAR)]. Left: /4 monopole and right: microstrip antenna.
Cellular phone is on the left of the head, at a distance of 0.54 cm and P, = 600 mW. 0 dB corresponds to SAR = 1 mW/g.




V. RESULTS IN THE FAR FIELD REGION

The FDTD method with the coarse mesh was used to
obtain the results in the far field region (d > 10A), with
and without the presence of the user’s head, when the
monopole antenna and when the microstrip antenna were
used, at the frequency range of 1.9 GHz. The estimated
radiation pattern in polar form at the horizontal plane are
plotted in Fig. 9 to 11, for the monopole and for the
microstrip antenna. Radial scale is 5 dB, and in order to
simplify the comparison, the fields emitted from both
antennas are normalised (made equal) in the direction
opposed to the head.
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Fig. 9. Radiation Pattern (horizontal plane) for the A/4 monopole
antenna: continuous line (without head), dotted line (with the head).

In Fig. 9 the radiation patterns at the horizontal plane for
the A/4 monopole antenna with the presence of the head
(dotted line) and without the head (continuous line) are
shown. A reduction of around 5 dB in the direction
including the user is observed due to the presence of the
head. This is similar to the “Body Loss” wvalues
recommended by some authors in link design procedures
[18,19].

An additional advantage of the FDTD method in
comparison to other numerical methods is that the FDTD
allows the simulation of the planar antenna without the
requirement of infinite dimensions for the ground plane.
As a consequence of this, a more realistic situation is
simulated, and therefore the results should be more
accurate.

In Fig 10, the radiation pattern without the presence of
the head for the microstrip antenna (dotted line) is
compared with that of the monopole antenna (continuous
line). A front-to-back ratio in the range of 10 dB is
observed for the microstrip antenna.
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Fig. 10. Radiation Pattern (horizontal plane) without the head:
continuous line (A/4 monopole antenna), dotted line (microstrip antenna).

In Fig. 11, both antennas are compared when operating
in the presence of the head. It can be observed that in the
case of the microstrip antenna (dotted line), the front-to-
back ratio is maintained a bit lower than 10 dB. Then,
when a directive antenna (e.g., planar antennas) with low
loss and low VSWR is used, obviously the energy emitted
in the direction opposed to the head (which is the desired
direction for communication) is improved in comparison
with the use of conventional monopole antennas. This
would result in an improvement of the link performance
and in the quality of the communication.

00

Fig. 11. Radiation Pattern (horizontal plane) including the head:
continuous line (A/4 monopole antenna), dotted line (microstrip antenna).



VI. COMMENTS AND CONCLUSIONS

The FDTD simulated results in the near field region
(SAR) and in the far field region (radiation patterns) are
shown in this work. This simulations were performed for
two cases: with and without the presence of the user’s
head. Also, two different antennas were modeled: a usual
monopole antenna and a simple rectangular patch
microstrip antenna. The FDTD method with a
multidimensional mesh was used. It was observed that the
planar antenna has benefits both in terms of reduction of
SAR in the user’s head, as well as the improvement in the
power emitted to the Radio Base Station with which it is
communicating. Further to that, a reduction in the battery
drain is expected.

The FDTD method is an important tool for the design of
directive antennas for this application, showing adequate
performance, among others, in terms of radiation pattern,
VSWR, radiation efficiency and bandwidth.

The new generation of cellular phones (e.g. 2.5 G and
3 Q) including services of message, voice, data, video,
etc., will transmit higher data rates and may require higher
transmitted power. This would result in greater risk for the
cellular phone user unless alternatives such as directive
antennas were employed. Hence, it is expected that these
antennas, simple, compact and adequate for the integration
with the cellular phone structure, with low cost and
reasonable performance would perform an important
function in the next generation of cellular phones.

Finally, it is important to remark that the usual
guidelines for the human exposition limitations (e.g.,
ICNIRP) only consider the thermal effects of the non
ionising radiation. If the non-thermal effects became
definitively demonstrated, then the exposition limits will
have to be substantially reduced. Therefore alternatives
such as the planar antennas for mobile phones would
become more relevant.
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