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Resumen

En este trabajo se presenta un analisis de la tasa de absorcion especifica (conocida como SAR, por sus siglas en
inglés) debida a la exposicion de dos fuentes de campo electromagnético en un modelo de cabeza humana; formado
por diferentes tejidos. Las fuentes de campo son un modem Wi-Fi y un telefono celular operando ambos a la
frecuencia de 2.4 GHz. El campo eléctrico necesario en el célculo del SAR se obtiene usando una simulacion
mediante el método de diferencias finitas en el dominio del tiempo (FDTD por sus siglas en inglés). Con el proposito
de evaluar como interactua el campo electromagnético con los diferentes tejidos que componen la cabeza humana,
especialmente los del cerebro, el SAR es desglosado por tejido y los datos son presentados en diagramas de caja,
nueve diferentes tejidos fueron usados en la simulacién. Finalmente, utilizando la ecuacién de bio-calor en su forma
mas simple se realiaz6 un analisis sencillo del incremento de temperatura en cada tejido.

Palabras clave: dispositivos Wi-Fi, distribucién del SAR, ecuacidn de bio-calor, incremento de temperatura, método
FDTD.

Abstract

An analysis of the specific absorption rate (SAR) in a model of a human head, composed of several tissues, as a
result of the exposure to two electromagnetic sources working on the 2.4 GHz WiFi band is presented; the devices
are a WiFi modem and a cell phone. The electric field necessary to get the SAR is calculated using a simulation
based on the finite-difference time-domain (FDTD) method. With a view to evaluating how the electromagnetic
field interacts in different tissues, specially in brain tissues, the SAR is broken down by tissue, and the data are
displayed using box-plots. Nine other tissues were used in the head model. Finally, using a simple bio-heat equation,
a simple analysis of the temperature increase is done as well.

Index terms: Bio-heat equation, FDTD method, SAR distribution, Temperature rate, WiFi devices.
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I. INTRODUCTION

Interaction between the human body, specially the head, and electromagnetic fields (EMFs) produced by cell
phones in phone call mode have been intensively analyzed and regulated by international organizations, and
some of these results can be found in [1], [2], [3], [4], [5] and [6]. However, as far as we know, there are no
similar extensive studies for these mobile devices used as internet access points working with WiFi technology.
In this case, the cell phone is not longer used next to the ear instead, it is used several centimeters from the face,
which causes the EMF to be a far field, not a near field, as in phone call mode. In addition to this, the usage
time can be longer, even several hours watching videos or similar, not just calls for a few minutes.

In Mexico more than 90% of people who use the internet do so or have done so through a cell phone [7], [8].
Due to the above, it is a particular concern to analyze the effects of EMFs working on WiFi bands. In this work,
we try to take into consideration the normal operating conditions for an end user of a WiFi communications
network. It is assumed that the mobile device, a cell phone, is used at 30 cm from the user's face, and the WiFi
modem is located at 2.5 m from the user's right cheek, see Fig. 1.
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Fig 1. Subject exposed to electromagnetic waves from two sources

Recommendations from ICNIRP [4], IEEE [5], and FCC [6] establish the limits to which a person can be
exposed to EMFs based on the temperature increase. In order to have just a coarse value of temperature increase
in the tissues that compose the modeled head, an analysis using the bio-heat equation in its simplest form was
carried out.

Any issue that involves EMFs can be solved using Maxwell's equations; however, the shape and the different
tissues that compose the human being produce several phenomena, so an analytic solution to find the EMF in a
point is a challenging task. Therefore, computational methods are used. The chosen one in this work is the
Finite-Difference Time-Domain (FDTD) method.

I1. SPECIFIC ABSORPTION RATE (SAR) AND BIO-HEAT EQUATION

The specific absorption rate (SAR) indicates the amount of electromagnetic energy, in the form of power,
absorbed per unit mass in a volume when it is exposed to EMFs [9]. The SAR is calculated using (1) and it has
units of W kg*.

O-‘ Erms ‘ (1)
Yol

SAR =

Where c-and prepresent the conductivity (S m'*) and mass density (kg m-3) of the tissues, respectively, and Erms
is the rms electric field (V m™).
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Standards and recommendations that limit the exposure to EMFs as [4], [5], and [6] use the whole-body
averaged SAR as well as a local SAR averaged over 10 g of mass as a value of reference to limit the exposure.
However, the averaged value works well in a constant distribution, but SAR is not constant, as can be seen in
(1). Even if the electric field were uniform, SAR depends on the conductivity and density of the tissue, and the
human body is not composed of regular tissue, so SAR can be a constant value. For that reason, we put particular
emphasis on analyzing the SAR in several tissues specially in brain tissues, which can not be studied when
measurements in phantoms are made.

SAR is an indirect measure of the temperature increase. Although it is not an easy task to model the thermal

energy transport in a living being, many efforts have been made [10], [11], [12], and-[13], and the bio-heat
equation given by (2) is widely accepted to perform this task.

pCC:j-It-zqm+kV2T—BT )

If the heat diffusion and perfusion are negligibly, namely, the last two terms are zero, and the heat generation
by a metabolic process is given by (3):

gy, = P(SAR) ®)

So, we can rewrite (2) as (4):

cAT _sar @)
At

Which is valid just for homogeneous bodies and exposure times At of a few seconds. From the above, it is
necessary to get a reliable value of the electric field at each point.

I1l. PARAMETERS USED IN THE FDTD SIMULATION

The FDTD method was introduced by Yee [14]. All the equations used here are too long to write, and they can
be found in textbooks as [15], [16] and [17]. For a more detailed view of all the FDTD equations used in this
work, see [18]. The Convolutional Perfect Match Layer (CPML) method [19] was used in the FDTD simulation
in order to simulate an open area and avoid wave reflections.

A. INCIDENT ELECTRIC FIELD

Before starting the simulation, it is necessary to know the electric field intensity of the electromagnetic waves
that impinge on the object. Electromagnetic waves from WiFi devices working at 2.4 GHz were used in the
simulation whose radiated power is regulated by several standards, ERC [20], [21] and ITU [22]. So, using (5),
the electric field impinging on the head can be calculated:

g POR-G ®)

r

Where E is the electric field (V m™) at a distance r (m) from a transmitting antenna, P; is the power radiated by
the antenna (W), and G is the numeric gain of the antenna.

CC BY-NC-SA 4.0 Cientifica, vol. 27, nim. 2, pp. 01-10, julio-diciembre 2023, ISSN 2594-2921, Instituto Politécnico Nacional MExico
: €270210 | pol: 10.46842/ipn.cien.v27n2al0


https://doi.org/10.46842/ipn.cien.v27n2a10
https://creativecommons.org/licenses/by-nc-sa/4.0/

SAR and Temperature Increase in a Head Model Composed of Several Tisues Ezequiel Ignacio Espinosa Rivas
Produced by Two WiFi Devices Working on the 2.4 GHz Band Roberto Linares y Miranda

The electric field intensity from a mobile device was obtained from the measuring of several devices using an
anechoic chamber and an electric field probe ETS LINDGREN model HI-6105. Eighteen devices were tested,
and it was noticed that there was a significant dispersion in the data. Still, we wanted just an approximated value
in order to use it in the simulation. The value used was 1 V m™ for the mobile device.

B. SOURCE USED

The FDTD object needs to be excited and to do it, the Total-Field Scattering Field (TFSF) technique was used.
The source used was a sine plane wave oscillating at 2.4 GHz, which can be expressed in the computational
domain by (6) as[17]:

f[m,q]=sin(§”(scq—l)J (6)

A

Where | is the delay in time steeps, S is a relationship between the spatial steeps and the time steep called the
Courant number [23], the spatial and time steep discretized is represented by m and q, respectively, and the
number of points per wavelength used is given by N where N, = Sc/ffAt in which At is the time step size and f
is the frequency in Hz.

C. SPATIAL AND TIME STEP SIZE
The object to be solved is a human head, which needs to be turned into a Yee’s object composed of a set of
Yee’s cell. A cube with an edge of 2.5 mm was chosen for each Yee’s cell that composed the discretized head.

Therefore, the spatial step size is: Ax = Ay = Az = 2.5 mm.

In order to get the time step size, (7) must be satisfied [23]:

CAt < L

\/ N 1 N 1 )
(Axf  (ay)  (az)f

Where c is the speed of light. Thus, the time step is At = 4.8113 x 102 s so that (7) is fulfilled.

The head size is not the same for all the people. Nevertheless, it was chosen a head with a size of 17.0 cm x
20.5 cm x22.0 cm. The model of the head is composed of nine tissues, and the anatomy of the head was set up
using the data from [24] and [25]. The electrical properties, as well as the physical properties of the model, were
gotten from [26], [27], [28], [29], and [30]. In Fig. 2 is displayed a sagittal section of the model used in the
simulation.
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Fig 2. Sagital section of the model of the head used in the simulation, nine tissues and air were considered.

IV. RESULTS

A. SPECIFIC ABSORPTION RATE

Due to the difference between the maximum and minimum values of SAR and in order to have a better
visualization of SAR distribution, it was necessary to turn them into decibels. This conversion was made using
(8), where the maximum value of SAR in a Yee’s cell found was used as reference so that 0 dBsar = 2.5626x10°
SW kg™

SAR, , .
SARdB = 10 |Og 10 W (8)

Fig. 3 shows the results of SAR distribution along the head model. From Fig. 3, it is noticed that plane 1, namely
the correct check, and the face have an uniform SAR distribution. These areas are where the EMFs coming
from the WiFi devices impinge. However, the EMFs coming from mobile devices are attenuated as long as they
propagate along the head due to the skin effect. Besides, the several layers of tissue that make up the model
produce multiple reflections that causes an interference phenomenon. As a result, a. non-uniform SAR
distribution in the whole model of the head is caused. Table 1 displays the maximum, mean, and minimum
values of SAR found for the entire model of head and in each plane of Fig. 3.
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Fig 3. SAR distribution in the model of head used due to two sources of electromagnetic field. Values in dBsar.

TABLE 1
SAR VALUES FOR THE WHOLE MODELED HEAD AND FOR EACH PLANE OF FIGURE 1.

Minimum

Whole model  4.0091x10*

Plane 1

Plane 2

Plane 3

Plane 4

Plane 5

Plane 6

Plane 7

7.0137x10°

9.6420x10°

5.1308x101°

2.5573x101°

1.9768x101°

5.1055x10!

1.8607x10%°

Mean

3.4970x10°

4.3595x10°

1.5671x10°

9.4278x10°®

9.9191x10°

8.8688x10°

1.1471x10°

7.2785x10°®

Maximum

2.5626x103

6.2217x10*

9.5751x10*

1.1057x103

2.5626x103

1.1294x103

8.7679x10*

5.3400x10°®

The SAR is broken down by tissue in Table 2 with a view to giving the best description of SAR distribution
and seeing SAR values in each tissue. In Fig. 4, these data are displayed by means of box plots. The data shown
in the box plot are maximum, third quartile, median, first quartile, and minimum [31], [32]. From Table 2 and
Fig. 4, it can be seen that although the maximum value of SAR is located in the skin, the cerebrospinal fluid
(CSF) has a third quartile bigger than the skin and tissues, as the white matter has the largest medium value of
SAR and the gray matter has the third largest median value of SAR, both of them important cerebral tissues.
The authors wish to emphasize that these data cannot be obtained with uniform models such as the phantom

models.
TABLE 2.
VALUES OF SAR IN EACH TISSUE, ALL VALUES INW Kg'1.

Tissue Minimum First quartile Median Third quartile Maximum
Skin 5.1055x1011 1.1507x108 4.9434x107 1.3432x10* 2.5626x103
Skull 4.6758x101t 3.4378x108 1.8275x10% 3.2078x10° 1.3656x103
CSF 2.2206x1010 7.6537x108 8.3195x107 2.3741x10° 1.1956x103
Gray Matter 2.1877x1010 7.5134x108 5.0138x107 5.2390x10°% 7.8167x10*
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White Matter 1.9767x10° 1.6702x107 8.8920x107 3.7897x10¢ 1.1834x10*
Bone (spine) 4.0091x101* 2.5954x10%° 8.5429x10° 5.9910x10® 1.2820x10®
Muscle 6.0694x1011 9.3103x10° 2.5167x107 2.8922x10° 1.8940x1073
Muscle (inside 2.1647x10° 1.8201x10® 1.1107x10° 4.8641x10° 1.3656x103
mouth)

Tongue 4.4142x107 2.9337x10® 4.5524x10° 9.5441x10% 9.4273x10*
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Fig. 4. Box-plots of SAR distribution by tissue.

B. TEMPERATURE INCREASE

In some papers, [33], [34], and [35] (4) are used to quantify the temperature increase due to EMFs in a material
similar to phantom. (4) must be used just for short periods [34], and homogenous bodies, here, are used with At
=60s.

Fig. 5 displays by means of a box-plot the temperature increase distribution for the model of head used, and in
Table 3, the breaking down of temperature increase by tissues is shown. Regarding the temperature increase,
the skull has the maximum value. However, it must be taken into account that, for the sake of simplicity, the
heat diffusion and perfusion were negligible, but this was done to have a coarse value of the possible
temperature increase in each tissue due to the two sources of the electromagnetic field.
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Fig 5. Box-plots of temperature increase by tissue.

TABLE 3.
VALUES OF TEMPERATURE INCREASE IN EACH TISSUE, ALL VALUES IN °C.

Tissue Minimum First quartile Median Third quartile Maximum
Skin 8.7523x1013 1.9726x101° 8.4745x107° 2.3026x10% 4.3931x10°
Skull 2.1580x1012 1.5866x10°° 8.4348x10® 1.4805x10¢ 6.3029x10°
CSF 3.3309x1012 1.1480x107° 1.2479x10% 3.5612x107 1.7934x10°

Gray Matter 3.5476x1012 1.2183x107° 8.1305x10%° 8.4958x108 1.2675x10°
White Matter 3.2946x1012 2.7838x107° 1.4820x108 6.3162x108 1.9724x10°
Bone (spine) 1.8503x1012 1.1978x1010 3.9428x101° 2.7650%x10° 5.9173x108
Muscle 1.0115x1012 1.5517x101° 4.1945%x10° 4.8203x107 3.1657x10°
Muscle (inside 3,6078x1011 3.0336x10% 1.8512x107 8.1069x107 2.2760x10°
mouth)
Tongue 4.3895x10% 5.3341x10% 8.2772x10% 1.7352x107 1.7140x10°

V. CONCLUSIONS

The human body is made up of various tissues; it is not a uniform set, so we believe that making use of uniform
models to obtain the SAR is not enough, either by means of simulations or phantom measurements, because the
uniform models do not take into account a significant phenomenon that is of multiple reflections. When there
are reflections, the phenomenon of constructive and/or destructive interference of the electromagnetic wave
occurs, which can cause some tissues to be more affected by the electromagnetic field than others.

In addition, uniform models use the averaged SAR; although the averaged value works well in an uniform
distribution, SAR is not constant. Due to the above, box-plots that describe better no uniform distributions were
used, and what is more, a breaking down of SAR and temperature increase values by tissue was done. In this
way, it can be noticed more clearly which tissues can be more affected than others.

Although the SAR and temperature increase values are far below the given in the recommendations, the long
time that the mobile device is used must be taken into account. The authors are aware that the temperature
analysis done was very simple and that more research is still needed for exposure times of hours since, as is
well known, these devices are increasingly used to watch videos and movies. In other words, they can be used
for hours, but the analysis done can give us a basic idea of which tissues may be more affected by this use.
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Not only that, the authors are conscious of the use of new operating bands, such as 5 GHz, and those used by
5G technology. A person is not only subjected to one electromagnetic field source but to several ones.
Therefore, an analysis much more detailed must be done in which all these sources are taken into account, so
we hope that this paper can be used as as one of the bases for a much broader work to establish standards and
recommendations on the use of wireless technologies as was done at the time with the cell phone used for phone
calls.
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