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Abstract

The interactions of electromagnetic waves with the human body are complex
and depend on several factors related to the characteristics of the incident
wave, including its frequency, its intensity, the polarization of the tissue en-
countered, the geometry of the tissue and its electromagnetic properties.
That’s to say, the dielectric permittivity, the conductivity and the type of
coupling between the field and the exposed body. A biological system irra-
diated by an electromagnetic wave is traversed by induced currents of
non-negligible density; the water molecules present in the biological tissues
exposed to the electromagnetic field will begin to oscillate at the frequency of
the incident wave, thus creating internal friction responsible for the heating
of the irradiated tissues. This heating will be all the more important as the
tissues are rich in water. This article presents the establishment from a ma-
thematical and numerical analysis explaining the phenomena of interaction
and consequences between electromagnetic waves and health. Since the total
electric field in the biological system is unknown, that is why it can be deter-
mined by the Finite Difference Time Domain FDTD method to assess the
electromagnetic power distribution in the biological system under study. For
this purpose, the detailed on the mechanisms of interaction of microwave
electromagnetic waves with the human body have been presented. Mathe-
matical analysis using Maxwell’s equations as well as bio-heat equations is the
basis of this study for a consistent result. Therefore, a thermal model of bio-
logical tissues based on an electrical analogy has been developed. By the prin-
ciple of duality, an electrical model in the dielectric form of a multilayered
human tissue was used in order to obtain a corresponding thermal model.
This thermal model made it possible to evaluate the temperature profile of
biological tissues during exposure to electromagnetic waves. The simulation
results obtained from computer tools show that the temperature in the bio-
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logical tissue is a linear function of the duration of exposure to microwave
electromagnetic waves.
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1. Introduction

The omnipresence of sources of electromagnetic fields in industrialized coun-
tries and the installation of mobile telephone antennas mean that people residing
in these countries and near these antennas are exposed to them daily, both in
their domestic and professional environment.

An EMF safety program, as described for the RF range in IEEE C95.7, should
be implemented whenever lower level DRLs (or corresponding ERLs) may be
exceeded (program initiation level of security). For people in unrestricted envi-
ronments, the lower level DRLs should not be exceeded. For authorized persons
in restricted environments, the lower level DRLs may be exceeded, but the high-
er level DRLs should not be exceeded. Identification of restricted environments
is achieved through an EMF exposure assessment. Any consistent EMF security
program must implement appropriate controls for access to this restricted envi-
ronment. The goal of the safety program is to prevent exposures that exceed the
upper exposure limits. While safety programs are applied to stationary (or sta-
tionary) sources of electromagnetic fields, portable devices such as cell phones or
professional two-way radios have separate requirements to limit the maximum
spatial average SAR in tissue. Procedures to ensure compliance with DRLs for
lower or higher exposure levels, as applicable, are developed within IEEE ICES
TC34, often in conjunction with Technical Committee 106 of the International
Electrotechnical Commission (IEC) [1].

Radiofrequency electromagnetic fields (EMFs) are used to enable a number of
modern devices, including mobile telecommunications infrastructure and phones,
Wi-Fi, and Bluetooth. As radiofrequency EMFs at sufficiently high power levels
can adversely affect health, ICNIRP published Guidelines in 1998 for human
exposure to time-varying EMFs up to 300 GHz, which included the radiofre-
quency EMF spectrum. Since that time, there has been a considerable body of
science further addressing the relation between radio frequency EMFs and ad-
verse health outcomes, as well as significant developments in the technologies
that use radio frequency EMFs. Accordingly, ICNIR Phasup dated the radiofre-
quency EMF part of the 1998 Guidelines [2].

However, it is in the workplace that these sources are the most frequent and
also the most intense [3]. The potential risks for people exposed to interactions

between electromagnetic fields and the human body are real and therefore re-
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quire protective measures [3].

Exposure to these sources may be voluntary in the event of a medical diagno-
sis such as an NMR imager, hyperemia therapy, ablation or involuntary mobile
telephony, radio or television transmitters, household appliances, computer
screens computers, televisions, security systems in shops and airports, high-voltage
power lines, transformers, etc. [4].

Exposure to electromagnetic fields generates currents inside the body, the
corresponding absorption of energy in the tissues results in an increase in tem-
perature [5]. The health effects generated are mainly a function of the coupling
mechanism, the nature of the fields and the duration of exposure [6]. These
phenomena are all the more important as the intensity and/or the frequency of
the signal are high [3] [7]. In addition to the effects observed on biological func-
tions and health, electromagnetic fields and waves also act on electronic devices
[8]. It is therefore important during the construction of the latter to ensure that
their operation does not interfere with that of other devices or is not itself the
victim of other devices that are sources of fields. To avoid any form of electro-
magnetic compatibility [9] [10] [11]. Several epidemiological and experimental
studies have been carried out on this subject and most of them have led to the
establishment of biological effects that may signify a potential risk of long-term
dangers from electromagnetic waves for the health of a living being [12].

Theoretical studies have also made it possible to estimate the doses of elec-
tromagnetic energy absorbed by animals and humans. The effects of electro-
magnetic fields on a biological cell being the objective of this article, it seems es-
sential to us to describe the biological cell and the molecular structure of the
plasma membrane to underline the difficulties linked to their electrical characte-
rization [13]. This is how we took into account the analyses of some of the au-
thors cited below to help us direct our work in the most appropriate way [1] [9]
[12] [14] [15].

According to TB Carlos KONLACK and Roger TCHUIDJAN [2011] an eval-
uation of the power distribution induced by an electromagnetic wave in a spher-
ical model of the brain allows us to say that [8], the amount of energy received
by the brain from waves is very high compared to that which emerges by radia-
tion, and that almost all of the energy received is transformed into heat (which
can present a danger).

According to DV Land [3], microwave thermography techniques have been
widely used in medical applications to monitor tissue temperature and detect
electromagnetic field in biological tissues. Since the temperature rises in the tis-
sue resulting from energy deposition and is proportional to the square of the
electric field in the tissue; the response to thermal radiation must have the same
sample. The various studies carried out on the subject have shown that the elec-
trical impulses induced by microwave electromagnetic waves can cause the death
of cell tissues (thus, the consequences on the human body can be more serious).

The mechanisms leading to this destruction can differ according to the cha-

racteristics of the impulse, the number as well as the frequency of repetition [16]
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[17].

According to KH Schoenbach, S. Xiao, RP Joshi, JT Camp, T. Heeren, JF Kolb
and S] Beebe [2012] [18], the pulse duration is close to a nanosecond and the
applied field is 1 order of MV/cm. The death of illuminated cells is caused solely
by changes in the different electrical potentials of the different membranes. The
study JT Camp, Y. Jing, J. Zhuang, JF Kolb, S] Beebe, J. Song, RP Joshi, S. Xiao
and KH Schoenbach [2012] [18] show that cell death is caused by electrical ef-
fects, but also by thermal effects. A biological system irradiated by an electro-
magnetic wave is traversed by induced currents of high density [18] [19] [20].

The use of high frequencies, on the order of tens of gigahertz and more, can
cause non-thermal effects detrimental to the health of an exposed biological sys-
tem. It depends on the frequency, the intensity of these waves and the duration
of exposure to them. Thus, the mathematical and numerical approach that we
propose in our article is intended to be analytical, comparative and critical at the
same time [12].

According to A. Bassesuka Sandoka [2021], microwave electromagnetic waves
can lead to an elevation of the electrical potential of biological tissues. Despite
this potential, it is a decreasing function of the depth of penetration, but can lead
to disturbances in the functionality of biological tissues [21].

In this work we demonstrated that from the equation of the electromagnetic
power the quantity of the electromagnetic energy received by the brain is much
higher compared to that which emerges from it by radiation. Thus, almost all of
this energy is transformed into heat, which is more dangerous for the human
body because, this power is important at the end of the biological tissue. In the
same direction, DV Land [3], trying to demonstrate that the increase in temper-
ature in the tissue resulting from the deposition of energy is proportional to the
square of the electric field. After analysis and calculations, we have demonstrated
that the longer the duration of exposure to electromagnetic fields, the greater the
danger. However, TB Carlos KONLACK and Roger TCHUIDJAN [2011] have
tried to demonstrate that the amount of energy received by the brain from waves
is very high compared to that which emerges by radiation, and that almost all of
the energy received is transformed into heat which creates a permanent danger
for the human body.

It is a question not only of analyzing, but also of comparing the various theo-
ries of specialists in the field in order to draw useful lessons from them for ana-
lyzing and evaluating the effects induced by microwaves in the biological tissues
studied. To this end, the purpose of this article is to simulate the exposure of the
human body to microwaves in order to characterize and evaluate the tempera-
ture profile in the biological system (human brain). For this, we will use an elec-
trical model of biological tissues in order to deduce by electrical-thermal analogy
the thermal model of the tissues. For this purpose, the FDTD Finite Difference
Time Domain method is used to solve Maxwell’s equations in order to simulate

the propagation of the electromagnetic wave in biological media. Once the elec-
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tromagnetic problem has been solved, the bio-heat equation and the thermal
model of biological tissues based on electrical analogy will allow us to evaluate
the temperature profile of a human tissue during exposure to electromagnetic

waves absorption of electromagnetic energy.

2. Theoretical Model
2.1. Mechanism of Interaction of OEMs—Biological Tissues

When a biological entity is exposed to electromagnetic radiation, interactions
occur with the electrical charges of tissues or cells. The below shows how inte-
ractions can cause biological effects that are not necessarily harmful to health
[22]. Nowadays, it has become essential to be able to characterize the propaga-
tion of the electromagnetic field in a complex medium to guarantee the quality
of the systems but also to address public concerns about the proliferation of ra-
dio station antennas base. In terms of communication and information of the
population, it is important to have tools to quantify the levels of electromagnetic
fields [23]. They come in various forms such as the power line, telecommunica-
tion relays, induction welding tools, mobile phones or household appliances
(hair dryer, induction hob, microwave oven) [24]. The complexity of these phe-
nomena is due to several factors, in particular the characteristics of the incident
wave: its frequency, polarization and intensity. The parameters measured are the
conductivity o and the permittivity & which respectively reflect the mobility of
the free charges contained in this medium and the polarizability of the medium
subjected to an electric field. Information on the structure and composition of
tissues such as water content or the presence of a tumor can be obtained by

measuring these properties [25] [26] [27].

2.1.1. Wave Coupling—Human Biological Tissue

There are three types of coupling with the human body [28] [29] [30]: coupling
with the EBF electric field (<100 kHz); coupling with the EBF magnetic field and
coupling with the RF electromagnetic field (100 kHz to 300 GHz). This tech-
nique consists of solving Maxwell’s equations numerically by approximating the
spatial and temporal derivatives with finite differences using an explicit scheme:
this means that at each time step, it is possible to calculate all the derivatives
without having to invert matrices. The numerical technique of finite differences
is used for solving differential equations. The previous equations are then trans-
lated by FDTD as follows [4]:

1) For the Magnetic Field
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2.2. Thermal Modeling of Biological Tissues Exposed to
Electromagnetic Waves
2.2.1. Electrical Model of a Biological Tissue
Humans live in an electromagnetic environment created by many field sources.
These sources can have very different characteristics of frequency, voltage levels,
current or power [20]. They come in various forms such as the power line, tele-
communication relays, induction welding tools, mobile phones or household
appliances (hair dryer, induction hob, microwave oven) [24]. In many situations,
the presence of the human body in the radiation area of the source does not af-
fect the power emitted. If the source of the electromagnetic field is known (fol-
lowing in situ measurements or a prior calculation), it is possible not to explicit-
ly model the source but only the human body [17]. This feature is often leve-
raged in models to limit their complexity [25]. The difficulties in modeling hu-
man exposure to electromagnetic fields are due to the particular electrical and
geometric properties of the body and the variety of radiation sources.

The fundamental concepts of dielectric phenomena in biological media and
their interpretation of interactions at the cellular level are well established [31]
[32] [33]. Based on the work of Professors Schwan [34] [35] and Foster [36], the
dielectric properties of cells are frequency dependent and exhibit relaxation and
resonance phenomena, which are a function of different polarizations. The re-
laxations are named a, S and y and are more often referred to by the term dis-
persion because the resulting dielectric absorption is observable over a wide
range of frequencies [25] [32] [33] [34] [36]. In the context of this article, the
search for a corresponding electrical model leads us to consider a multi-layered
biological tissue as a transmission line represented by Figure 1.

The characteristic parameters of the model are: C* linear capacity of the fabric
([F/m] = [A.s/(V-m)]); R} linear resistance of the fabric [}/m] = [V/(A-m)]; G*
linear transverse conductance of the tissue ([1/(Q-m)] = [A/(V-m)]) and L® li-
near inductance of the tissue ([H/m] = [V-s/(A-m)]).

Such a biological system exposed in an electromagnetic environment will be

the seat of induced voltage whose propagation is governed by the following rela-

tionship:
2 2
Mz L'.C'.MJF(R'.C'_L'.G')MJF R’~G’~u(x,t) =0 (7)
oX ot )
If the linear capacitance C'and the linear resistance R 'are zero, we obtain:

s2u(x,t) Su(xt)
——<=(L"-C")——= 8
Oox? ( ) ot ®

Thus, the electrical model of the biological tissue corresponding to equation
13 is given by Figure 2.

Figure 3 can be transformed into the following form to obtain the dielectric
model of a multilayered human tissue.

From Figure 3, we deduce Equation (9) below.
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R’ R’ L'

Figure 1. Electrical model of a multi-layered biological tissue.

L' L' L'

u(y

- -

Figure 2. Simplified electrical model of the multi-layered biological system.

* - .ee

D T UT T Lo

4

o S o

Figure 3. Transformation by the principle of duality.

5%i(xt)
ox?

si(xt)
=(R"-C")———= 9
(R"C)— ©)
The structure of relation (9) is similar to that of heat transfer in a homogene-

ous and isotopic biological medium.

2.2.2. Thermal Model of a Biological Tissue

As a reminder, the evacuation of the greatest quantity of heat in the biological

medium is done by conduction. To implement the thermal model of the biolog-

ical tissue irradiated by the electric field, we consider that the biological medium

is unidirectional and homogeneous. For this purpose, relation (9) describes the

model of temperature propagation in a biological medium.
57T (x,t)  pc 6T (x.t)

5x° A, ot (10

It is recalled here that: A, thermal conductivity of the biological medium
[W/m-"K]; ¢ specific heat capacity [J/(kg-"K)] and p: density of the biological
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tissue [kg/m’].

The analogy with the electrical model of biological tissue forces us to consider
the thermal capacities and resistances of biological tissue as quantities related to
a unit of length. Moreover (contrary to electrical conventions: in a dipole the
incoming current is positive), for Figure 4 giving the equivalent thermal dia-
gram of the biological tissue, we will consider as positive the heat leaving the di-
pole represented by the heat source p.

It is however possible to simplify the model by considering that the thermal
resistance is negligible compared to the thermal capacity of the biological system.
In this case, a special case can be represented by the segmented structure illu-
strated in Figure 5.

We will see in the following lines how this can be possible. Consider our

thermal brain model irradiated by an RF electromagnetic wave see Figure 6 be-

low.
R, R
F C
C
A T, _1-2
T1 2
- - cessennnan

Figure 4. Thermal model of a biological tissue.

.. S 2

> esscssas —

Figure 5. Thermal model of the biological tissue of a real case.

Figure 6. Thermal model of biological brain tissue irradiated by an RF electromagnetic
wave.
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The bio-heat equation corresponding to Figure 6 is of the form:

5(T
(P)=pC,, —(5:5) (11)
Is:
L
Tre__- (p 12
ot pCth< 12

with (P) Loss of power in the biological tissue in Watt; C, : Tissue heat ca-
pacity in [W-s/°K] and T,;: Average tissue temperature rise in "C.

The FDTD method applied to the model of Figure 6 and to Equation (12)
makes it possible to take into account the dependence of the electrical and ther-
mal parameters of the biological tissue with the temperature. In general, the al-
gorithm for solving Equation (12) breaks down as follows:

- The first step is to initialize some parameters, such as:

* The temperature: the initial value of the temperature of the fluid is fixed.

* The calorific power, ie. any phenomenon that can induce a temperature var-
iation in the biological medium, in particular the SAR...

- Finally, the temperature is calculated through Equation (12) in the volume,
then at particular points such as interfaces and corners.

As in the case of the FDTD, the spatial discretization consists in evaluating the
temperature components. These are “contained” in parallelepipedic cells divid-
ing the volume to be studied. The temperature is calculated at the nodes. As a
result, the calorific power is also, which requires bringing the SAR, calculated at
the center of the grid, to the temperature calculation points (Figure 7).

In the volume, Equation (12) is discretized as follows:

- In Cartesian coordinates, 3D:

At

Tas (1 3,K)=Tag (i, 5. k) = P(i,j.k) (13)
th
- In cylindrical coordinates, 2D:
il /s N/ At .
Tt (i k)-Ta (k)= C. P(i,k) (14)
- In one-dimensional 1D:

Az

T, Pc

Figure 7. The “thermal” knit, in 2D.
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T () Th ()=~ (P(¥) as)

The flux of the incident power can be calculated using Poynting’s theorem,
the Poynting vector P is equal to the average power that crosses the unit area
of the wave plane, so the flux of P represents a power, in our case of a plane
wave with direction Oz the vector P (z) has only one component A 2) because
almost all of the energy received by the Biological tissue is transformed into heat,

which makes it possible to write:
1
(P)=ZR.(ExH) (16)
The absorbed power density D (W/m?) in the biological medium transformed
into heat is given by the following relationship:

dP(Z) O 9
D E az 17
dz 2 0® (17)

By introducing the density, we can also from Equation (17) obtain the specific

absorption rate (SAR) which is expressed in W/kg as follows:

SAR:9=1‘5‘2 (18)

p 2p
The numerical model of SAR is given by the relation below:

2

SAR(i, j,k)=%‘E(i, j.K) (19)

ko = 2nf /1,8, (20)
We can also write the following thermodynamic energy conservation equa-
tion:

P(z)dt = pCyd(AT,g) (21)

By integrating the two sides of Equation (21), we obtain:
PCo (AT,g) = P(2)-4 2

We can deduce the temperature variation in the brain as follows:

P
AT, =—2t (23)
PC,
with p the mass and volume of a human brain; ¢ duration of irradiation in
hours; AT,; temperature variation in the brain in "C and C, mean specific

heat capacity of the brain [J/kg-K].

3. Numerical Simulation
3.1. Bio-Electrothermal Parameters
We will exploit the previous theoretical analysis to evaluate the power distribu-

tion induced by a 1.8 GHz electromagnetic wave (GPS) in a model of the pro-
posed biological tissue. The mass and volume of a human brain are estimated to
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average 1.3 kg and 1.5 liters respectively. This corresponds to an average density:
p=870kg/m®;C, =4000J/kg-K; P =1mW/C-m?;
c=07mS/m; E,=87V/m; «=0.1; f=4rad/m and k,=37.

3.2. Results

Considering the frequency of 1.8 Giga Hertz [Ghz] of propagation of electro-
magnetic waves and the depth of penetration of electromagnetic waves in a bio-
logical medium varying from 0 to 30 millimeters. The results of the simulation
are given in Figures 8-12, and Figure 14 below. Figure 13 presents the results
obtained experimentally in the work of [Rakotomananjara D.F and Randriami-
tantsoa P.A [2020] [37]] and [TB Carlos KONLACK and Roger TCHUIDJAN
[2011] [38]].

3.3. Discussions

Figure 8 and Figure 9 give the electromagnetic power received by the brain as a
function of the depth traversed, showing that the power received is more concen-
trated at the end of the brain closest to the area of the head where the telephone

3
€25
O
s 2
=
c15
|-
S 1
c
0.5
0

0 5 10 15
Penetration depth in Cm

Figure 8. Absorbed power curve as a function of penetration depth.

3
2.5
2
1.5
1
0.5
0

Power in mW/Cm 3

0 5 10 15
Penetration depth in Cm

Figure 9. Trend curve of absorbed power as a function of penetration depth.
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B 2]
o o

N
o

0 1 2 3 4 5 6 7
GHz

Figure 10. Power curve according to frequencies.

D(z) in mW/ Cm?
¢ = N
o o1k 01T DD O W

o

0 5 10 15
depth in Cm

Figure 11. Trend curve absorbed power density versus biological tissue thickness.

SAR in W/kg
Sy S 22090090
N W s OO N © © -

o
=

0o 0001 0002 0003 0.004 0005 0.006 0.007 0.008 0.009 0.01

Penetration depth into the skin in m

Figure 12. Trend SAR attenuation in the skin: result published by Rakotomananjara D.F
and Randriamitantsoa P.A of the [2020] [Telecommunications, Automation, Signal and

Images Research Laboratory] [37].

handset is stuck. It is this end that heats up the most. This is analogous to a pan
on fire, in fact it is the area of the pan exposed to the fire that will heat up the
most. In the same way that a microwave oven heats food, the brain will be

heated when it is irradiated by electromagnetic waves. The thermal effects are
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due to the dissipation in heat of the energy of the radiation reaching the tissues.
The water molecules present in the biological tissues will begin to oscillate at the
frequency of the incident wave, thus creating internal friction responsible for the
heating of the irradiated tissues. This heating will be all the more important as
the tissues are rich in water. However, electromagnetic waves can also cause
non-thermal effects.

Figure 10 shows that the electromagnetic power absorbed in the biological
tissue (brain) decreases when the frequency of the waves which irradiate it in-
creases. Thus at low frequencies, that is to say below a few tens of megahertz, it
is the biological effects of a thermal nature which are preponderant, whereas at
high frequencies the thermal effects are not very significant. However, the use of
high frequencies, of the order of tens of gigahertz and more, can lead to
non-thermal effects that are harmful to health.

The curve in Figure 11 shows that the energy absorbed is a function of the
conductivity of the biological medium and decreases in the direction of propaga-
tion. Dosimetry consists in establishing the relationship between an electromag-
netic field distribution in free space and the fields induced inside biological tis-
sues or generally the human body. In other words it is the quantification of the
energy in a medium exposed to an electromagnetic field by evaluating the spe-
cific absorption rate (SAR), Figure 12 shows the attenuation of the SAR in the
skin, we can clearly see that very little energy is absorbed and most of it is ab-
sorbed in the epidermis (0.1 Cm). These results can be compared with those ob-
tained experimentally in the work of Rakotomananjara D.P and Randriamitant-
soa P.A [2020] [37], in Figure 13.

We notice from the above that the electrical impulses of microwave electro-
magnetic waves cause an increase in heat in the different biological media stu-
died and Figure 14 shows that the heating of the biological tissue as a function
of the duration of irradiation will continue to increase and in a quasi-linear
manner with the duration of the communication. This result can be compared to
the work of TB Carlos KONLACK and Roger TCHUIDJAN [2011] [38].

6

Temperature rise in °C

0 2 4 6 8 10 12 14 16
Exposure time in hours

Figure 13. Trend temperature variation in biological tissue over irradiation time.
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Figure 14. Trend curve A@ = f1): Results published by TB Carlos KONLACK and Roger
TCHUIDJAN [2011] [38].

4. Conclusion

In this article we have chosen the modeling approach based on the elec-
tric-thermal analogy of a human biological tissue, taking into account on the one
hand the physical phenomena of the propagation of a plane microwave electro-
magnetic wave and on the other hand the experimental values in order to simu-
late the distribution of electromagnetic energy in human biological tissue ex-
posed in an electromagnetic environment and the temperature profile of the bi-
ological system studied. The proposed work mainly aims to provide arguments
to justify the relevance of the results of studies of the interaction between elec-
tromagnetic fields and the human body. It can also find direct applications in the
precise characterization of biological environments and in the establishment of
new standards on human exposure to electromagnetic fields. We have tried to
take advantage of the many advantages of this method, namely the reduction of
simulation time, the possibility of simulating complex systems like the one un-
der study. The simulation result obtained in this article is similar to that ob-
tained experimentally in the work of [Rakotomananjara D.F and Randriami-
tantsoa P.A]. As a result, we have therefore deemed it useful that modeling based
on the electrical-thermal analogy of a human biological tissue analyzed from
bio-heat equations is more suitable for the study of a system as complicated and
disparate as a biological tissue complex. Of all the analyzes and modeling, Max-
well’s equations can also be used in detail to model human biological tissues ex-
posed to microwave electromagnetic waves by taking into account all of these

parameters.

Perspective

A direct prospect of this study is the application of one of the method that we

used, that is to say the electronic circuit method to enrich the models of existing
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human biological tissues with a view to the simulation of impact of electromag-
netic waves on living beings living near relay antennas. Other electromagnetic
parameters could be taken into account to develop an electrical model of biolog-
ical tissue in a more complex and complete form. This method is also intended
to be tested on other tissues, possibly outside the framework of the biological
tissues treated in this article. The complete modeling of the brain, heart, faith
and simulation constitutes a much broader perspective and can also be analyzed

in a complete way from the MoM method.
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