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Abstract

The main objective proposed in this article is to provide explanations that can
justify the validity of the results of the studies of the interaction between elec-
tromagnetic fields and the human body, while putting the direct applications
in the characterization and modeling of the macroscopic electrical properties
of biological environments and evaluating the effects of fields induced by
sources of electromagnetic radiation on the human body to establish new stand-
ards on human exposure to electromagnetic fields. To do this, we took into
account, on the one hand, the physical laws based on the Maxwell and Kirch-
hoff equations, with the different physical phenomena of propagation of a 5G
electromagnetic plane wave and on the other hand, the experimental values
that can allow us to model the electrical behavior of the human brain under
the influence of 5G electromagnetic field the Morris-Lecar model is used be-
cause it has the ease of assimilating brain electrical activity. This model uses
the characteristic impedance of the dielectric support and allows us to evaluate
the influence of the current induced by microwave electromagnetic waves in
the brain system studied. The results of 2D simulations obtained from com-
puter tools demonstrate that 5G electromagnetic waves can cause the modifi-
cation of brain rhythm, the disruption of neuronal communication, oxidative
stress and the opening of various ion channels that govern the functionality of
the brain system. This modification can have a very significant influence on
the life of the brain’s biological tissue since electromagnetic waves can influ-
ence the frequency and amplitude of electromagnetic signals in the brain and
this can affect cognitive functions in the brain.
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1. Introduction

Telecommunications networks use radiofrequency electromagnetic fields for wire-
less communication [1] [2]. They have evolved and several generations have fol-
lowed one another. 5G telecommunications networks operate at frequencies not
previously used by previous generations and considerably multiply the emission
sources, which modifies the exposure of fauna and flora to these waves [1]. Since
the mobile phone is a central element of our daily lives, its extensive use is accom-
panied by exposure to RF-EMF. It can have consequences on living beings, given
the proximity of the 5G mobile phone to the user’s head. This exposure raises
many questions about its effects on health and more particularly on the brain as
the organ most exposed during phone calls [3]. Let us also point out that there is
a close link between IoT and 5G, but this link has not only advantages but also
disadvantages, because 5G offers capabilities that significantly improve the oper-
ation and efficiency of IoT applications at several levels [3] [4].

This link also allows the rapid transfer of large amounts of data, which is essen-
tial for IoT devices that collect and analyze data in real-time, that is, the time it
takes for a signal to go from one point to another. This is important for IoT ap-
plications requiring instantaneous responses, such as autonomous cars, connected
health devices, telemedicine, augmented reality, and urban infrastructure man-
agement [3]-[5].

We have proposed a mathematical and numerical approach in this article that is
both analytical, comparative and critical, whose objective is to model the biological
consequences of the electrical activity of the human brain subjected to 5G OEMs [5].

To do this, we implemented the physical laws based on Maxwell’s equations and
Kirchhoff’s laws to model the propagation phenomena of a 5G RF plane electromag-
netic wave in the biological environment. The Morris-Lecar model [6]-[9], which
takes into account the slowest channel, the leakage current, the calcium channel and
the potassium channel, as well as the experimental values taken from the literature,
was used to model and simulate the influence of 5G RF OEMs on the electrical activ-
ity of the human brain [6] [10] [11]. These models use the characteristic impedance
of the dielectric support which makes it possible to evaluate the influence of the cur-

rent induced by microwave electromagnetic waves in the brain system.

2. Methods

This article aims to demonstrate the validity of the results on the interaction be-
tween electromagnetic fields and the human body. The objective is to apply these
results to characterising the electrical properties of biological environments and

assessing the effects of electromagnetic fields on humans, to establish new expo-
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sure standards.

The method used to achieve these objectives considers physical laws, particu-
larly the Maxwell and Kirchhoff equations, as well as 5G electromagnetic wave
propagation phenomena, integrating experimental values to model the electrical
behaviour of the human brain under a 5G electromagnetic field.

From experimental studies on large axons, mathematical models simulating the
behaviour of neurons have been constructed. The most complete model and the
closest to biological neurons is the Hodgkin-Huxley (HH) model [6] [10] [11] in
4 dimensions, then come the simplified models in three or two dimensions. The
Morris-Lecar (ML) model [11] is a simple two-dimensional model, but it still re-
tains a biophysical meaning. Another advantage of the ML model is that it can
present the two different classes of excitable neurons, type I and type II. One might
ask what the point of using this simplified model is if we observe the same behav-
iours? The answer could be that this two-degree-of-freedom model allows us to
study mathematically what happens thanks to simplified geometric arguments, a
study in the phase plane being then possible. Thus, the electronic realisation of a
simplified model requires fewer resources [6] [10] [11].

The Morris-Lecar model is suitable for studying the brain because, although
initially developed for barnacle muscle fibers, it captures fundamental principles
of neuronal activity, including the generation of action potentials via the dynamics
of two types of ion channels (calcium and potassium), making it applicable to
more complex neurons and allowing oscillations and synchronization to be mod-
eled at the level of brain networks.

The Morris-Lecar cellular model has limitations such as poor experimental sup-
port and oversimplification of neuronal complexity, making it more of a didactic
tool than an accurate representation of real neurons. For more realistic alternative
models, particularly in humans, we can cite the Hodgkin-Huxley model (which
inspired the Morris-Lecar model), but also more elaborate models such as multi-
compartment models and machine learning-based approaches for a more faithful
representation of human neuronal diversity.

The Morris-Lecar model is used for its ability to simulate brain electrical activ-
ity. This model assesses the impact of microwave electromagnetic waves on the
brain system using the characteristic impedance of the dielectric medium.

To this end, the following aspects frame the structure of this method.

2.1. Modeling the Electrical Activity of the Brain

To model brain electrical activity, Hodgkin-Huxley (1952) [6] [7] introduced this
formalism and described the generation of the action potential in the squid axon,
it is based on the linear approximation of the ionic currents involved and it does
not take into account the spatial dependencies of the membrane potential [8] [9].
This is the fundamental model of neuroscience that involves a transient sodium
current, a persistent potassium current and a macroscopic dynamic leakage cur-

rent of human brain electrical activity at rest, Figure 1 [6] [10].
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Figure 1. Ionic currents in the Hodgin-Huxley model and Catherine Morris and Harold
Lecar [6] [7].

Figure 1 above shows the systems involved in neuroscience describing the
membrane potential 1(#) of a neuron. They take the form of equations involving
the opening g{ 9 of the various ion channels numbered 7=1, 2, ..., L The general
formulation of the model in Figure 1 proposed by Hodgin-Huxley and Catherine
Morris-Harold Lecar is given by the system of equations below [6].

dv(t)

T:izl;gi (t)(vi _V(t))'
dg; (t) _ Gi(v(t))-gi(t)

g
d a(v(9).9(0)

With g =(g,,~-,g, ). The quantities Vj, called Nernst reversion potential are

(1

. 6,(0)20, =121,

given constants. We assume that the functions G{# > 0 (the equilibrium opening
rates) and 7; (the characteristic times) are of class C and there exist constants
O0<7 <7, <o suchthat[11]-[13]:

. <7(v,9)<7,. 2)

Model (1) is simple and the most used to reproduce experimental observations
and phenomena of discharge and cerebral excitability. Many books and “Surveys”
deal with theoretical neuroscience, one can consult [6].

Cells are polarized and for to describe this potential difference across the mem-
brane, neuron models are based on the elementary laws of electrical circuits. The
cell membrane plays the role of a capacitor and we therefore write [6] [14] [15]:

CH(H = Q(f) with G the capacity, vthe potential, Q the electric charge. These

parameters are related by the following system of equations:

-2
t
dv(t) ’ G)
c . leap (1)
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The constant C= 1 pF/cm?* will often be taken equal to 1 in the rest of this article
[6] [7]. Then we consider that currents through the membrane result (in parallel)
from the capacitance effect and the opening of ion channels (Calcium Ca, potas-
sium K, and chloride CI~ associated with the leakage current). Each ionic current
Ii results from a resistance modulated by the opening of the channel that we de-
scribe by Ohm’s law, v = R.Z from which the relation, considering that a current

Lyim is applied.
leap (1) + 2215 (1) = L,
(1) =g (v(t)-Vi), 4)
9 =

D~

We can then assume that g, (t)=G;(v(t)) and reduce the complexity of the
model (1) [6]. Typically, only the slowest channel is kept and, for the electrical
activity of muscle cells, a proven model consists of keeping only the leak current,
the calcium channel and the potassium channel [6] [7]. The model proposed by
Catherine Morris and Harold Lecar under this hypothesis can be written in this
form [6] [15]:

O 160 (Ve ~v(0) 1 (V) (Vi V(1) 0 (Ve (1) -
)6 (u(0) 0. 1)

The numerical values of the parameters v;allow us to determine the G;through

the following relation:

(V)= (6)
1+exp []/ij

The main ingredients of the genesis of an action potential by a nerve cell
(mainly the temporal separation between the two variables and the cubic shape of
the v nuclein) appeared in two-dimensional models and captured by the FHN
model [6] [15]-[18].

2.2. Modeling of Emissions Radiated by GSM Telephones

Starting from the wave equations below obtained from Maxwell’s equations. For
the electric and magnetic fields, we are interested in, the wave equations, at a point

I and at time £ are given respectively by [1]:

2 2

V><V><E(r,t)+,uogo%E(r,t):,u0§?J(r,t) (7)

2

V><V><I:|(r,t)+,uogo%H(r,t):,uOVxJ(r,t) (8)

where E is the electric field, H is the magnetic field and i and & are the
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magnetic permeability and electric permittivity of air (vacuum), respectively. The

wave equations are written as follows [1] [2]:

0 1 0
AE(r,t)—,uOgO?E(r,t)=ng(l’,t)+,uoaJ(I’,t) (9)
62
VXVXH(r,t)+/.logoa?H(r,t):VX\](r,t) (10)

The modeling of the radiated emission contribution of each discretization cell
takes into account the currents in the structure, obtained by an appropriate method
[19]. First, a discretization cell is considered equivalent to a dipole. Then, in this
case, only one dimension, which is the length, is considered.

To achieve this goal, two main approaches can be used for such a calculation:
the quasi-steady state approximation and the infinitely small dipole approxima-
tion [19] [20].

We know that the fields E(r,t) and H(r,t) can be written in terms of the
vector potential A and the scalar potential ¢. The notion of potentials has been
used in order to simplify the resolution of Maxwell’s equations. Figure 2 below

shows the structure of a discretized cell [19] [20].

Figure 2. Discretization cell [1].

It is shown that, for a cell crossed by a current and whose section is very small
compared to the length, the radiation will be considered equivalent to that gener-
ated by an electric dipole. Thus, the vector potential is given by [1]:

— jk|r=r|

€ ar (11)

Hy
A=0.
4 -[C r—r|
where 7is the current through the cell and C'is the length.
The radiated emissions are perfectly defined by the magnetic field and the elec-
tric field. Using the Lorentz gauge, we can write the electric field as a function of

the vector potential alone [19].
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H =iV><A (12)
Ho
1
E=- VxVxA (13)
J&y Ly

We consider the discretization cell presented in Figure 2. The vector potential
is given by [19]:

L e—jk\r—r’\
A="—] —av' (14)
4 i II r—r
In our 1D case, we consider y = X . The vector potential is written:

— jk|r=r]
oo a2 e’ ,

=—1 dx 15
A 4 XJ.-dx/z r—r| (15)

By applying the quasi-steady state approximation to Equation (15), we there-

fore find:
/u — jkr dx/2 1 2
=g’ — X 16
A= he [, P (16)
The calculation gives:

dx J( dx)z .

X=X |ty e
A =41 e ¥ log (17)

4n dx ( dsz s s

X+—+, || X+— | +y*+z

2 2

The infinitely small dipole approximation is widely used in electromagnetic
modeling and especially in the field of antennas. In this case, the length of the
dipole is infinitesimally small compared to the wavelength. Typically, it is less than
a tenth. Note also that the distance of the observation point from the origin of the
dipole is an important parameter in this approximation. The vector potential is
written:

e—jkr

Y7
A = e I, p dx (18)
In order to improve the calculation precision, we exploit the calculation ap-
proach based on the Maclaurin series. This approach is based on the fact that the
length of the dipole is infinitely small compared to the wavelength. It resembles
the infinitely small dipole approximation which is only a special case of it. Thus,
we choose an order higher than the first order for calculation improvement.
X

r
By changing the variable (a = XE, n= 7 et Q= Z) in expression (17), we ob-

tain the integral expression of the potential vector, considering Equation (19) below:

’

. p N2, 2,2
— jk|r—r —jky/(x=X")"+y“+z
e“ ! e! (=) ey

r—r ) \/(x—x’)2+y2+zz

(19)
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The new expression of the vector potential integrating the variable a is of the

following form:

i 2_ 2
aj2i € j2n\n°-2Qa+a

y2
A =21 -
At de/Z/l [772 —2Q6(+0!2
e—j2m 7]2—2Qa+a2

Considering —————= f(a), giventhat a <1 Takinginto account
Jn’ —=2Qa +a?

the dimensions of discretization cells are very small compared to the wavelength,

da (20)

the development of the function f (@) in the form of a Maclaurin series is in the

following polynomial form:

f ()= f(0)+f’(O)a+%f”(O)a2+%f"’(0)a3 (21)
Moreover, f'(0)=f"(0)=0 because in the calculation of the integral of the
polynomial equivalent to fbetween —dx/24 and dx/2/, terms of odd order, in par-

ticular those of the first and third order, are zero.

u ., (1 ax 1 ., ..dx°
A(x,y,z)=—I,| =T (0)—+—1"(0)— |e 22
(y)4n*{2(),1 24()ﬂb3x =
It is this last order which makes it possible to improve the precision. The com-
ponent following oxof the vector potential is written, as in the case of the infinitely
small dipole, as a function of the wavelength, of the length of the dipole. The ex-

pression of the vector potential is given by:

M ik E 1 2 itr)\2 2.2 ; J 2
A= e dx((r+24r3(x (Jkr)" +(3x* —r®)(1+ Jkr)) dx ) (23)

Determining the radiated emissions of a cabling system involves two main
steps: calculating the conducted emissions and deducting the radiated emissions.
The first consists of determining for each discretization cell the current passing
through it. Then, knowing both the geometry and the current value at each fre-
quency, we use the analytical calculation approach to define the contribution of
each of the discretization cells. The EM field at any point in space is the contribu-
tion of each cell and it is obtained by summing the different components of the

magnetic and electric fields.

2.3. Biological Tissues: Electrical Properties

From an electromagnetic point of view, biological media appear as materials at
the same time [21]-[42]:
v Non-magnetic,
v’ Tonic conductors,
v" Lossy dielectrics.

In general, biological tissues have a diamagnetic character. Certain substances
such as ferritin, hemosiderin or methemoglobin with a paramagnetic nature are

naturally present in the human body [41] [42]. However, the human body is still

DOI: 10.4236/0japps.2025.159193

2939 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2025.159193

A.B.S. Nzao

considered non-magnetic for the study of induced electromagnetic fields, and the
magnetic permeability of biological tissues is therefore taken equal to that of a
vacuum. Regarding electrical properties, given the chemical composition of bio-
logical tissues, the free charges capable of creating conduction currents are ions.
These ions can move more or less freely under the effect of an electric field. They
are subject to friction forces and stresses due to the structure of the tissues. Con-
sequently, their mobility depends on the frequency of the source field. The pres-
ence of electric polar molecules of various sizes and also subject to friction, con-
tributes to giving biological environments a lossy dielectric character. The human
body therefore presents highly heterogeneous electrical properties at the micro-
scopic (cellular structures) and macroscopic (organs) levels [41] [42]. The micro-
scopic structure of a tissue can sometimes give it macroscopic anisotropic electri-
cal properties: this is the case of muscles, for example, which are made up of cells
that are very elongated in a single direction. In general, to characterize biological
environments, we use the notions of conductivity (o) and relative permittivity
(&, ) such that the density of electric current induced by the | pulsating electric
field wis E [41] [42]:

j=(o+jowsye, )E (24)

where &; is the electrical permittivity of the vacuum.

These properties are often derived from macroscopic measurements on a given
tissue considered homogeneous (and sometimes anisotropic) [41]-[44]. The con-
ductivity thus defined includes the static conductivity of the medium as well as
the effect of dielectric losses. Sometimes, the notions of complex conductivity (o)
or complex relative permittivity (&, ) are used. The current density and the elec-

tric field are then given by the relations:
j=cE=(c'+jo")E (25)
j = jwe,e E = jo(e + je)E (26)

For most tissues [43] [44], it is not possible to carry out measurements allowing
electrical characterization in vivo. It is often necessary to perform these in vitro
measurements on tissue samples taken from deceased subjects. This very strong
constraint poses the problem of conditioning the tissue to be studied. Indeed, the
cellular structure can deteriorate rapidly after death, and the electrical properties
can vary depending on many parameters that are difficult to control in vitro such
as blood supply, hydration level or temperature. This particular distribution of
charges at the interfaces results in a very high impedance between the electrode
and the biological environment for frequencies below a few kHz. The spectro-
scopic study of this interface impedance shows that it can be modeled in the form
[43]-[45]:

Z, =K(jo)" 27)

With O<a<1

The electrical characterization of biological media requires the use of a meas-
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uring device and a model allowing the extraction of conductivity and permittivity
parameters. There are several measurement methods which differ depending on
the frequencies studied [43]-[46]. For each method, there are different more or
less complex models to represent the measuring device and the sample tested [46].
Different empirical models can be used to approximate the frequency variations
of the electrical properties of biological media.

- Debye Model

The complex permittivity is expressed in the form [43] [46] [47]:

. Ag
& =& — Ji-’_Zn » (28)
&, 1+ Jﬁ
[0

n

where &, isthe relative permittivity at infinite frequency, @, is the character-

n
istic pulsation corresponding to relaxation n, o is the conductivity at zero fre-
quency and Ag,, is the permittivity variation for relaxation n. This is the basic
model for representing relaxation phenomena.

- Cole Model Cole

This model introduces an additional parameter «, characteristic of the fre-

quency dispersion of each relaxation n [43] [46]-[49]:

. A
g =6 — oty (29)

we, L-an
wn

It is a simple model giving a good representation of the frequency behavior of
the conductivity and permittivity of biological media, but it does not represent the
physical phenomena at the origin of this behavior. It is used very frequently, no-
tably by Gabriel.

Generally, the Cole Cole model allows a better representation of the measured
values than the Debye model [47]. The universal dielectric response model repre-
sents the complex permittivity by a constant phase function of the form ( ja))m1 .
The model combining the Debye and universal dielectric response models pro-
posed by Raicu is of the type [50]-[55]:

e =i a (30)
% ((joT )" +(jeT)”)

&

Regardless of the model used, the different parameters are adjusted using opti-
mization algorithms to correspond as precisely as possible to the values resulting

from the measurements.

2.4. Interaction of RF Electromagnetic Waves with the Human
Brain

To study the consequences of electromagnetic fields on living beings using Max-
well’s equations, we can follow an approach based on the modeling of electromag-

netic fields and their interaction with biological tissues [1] [2].
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To do this we have a few steps that we must follow to carry out this modeling:
- Problem identification:
- Using Maxwell’s equations:

The Maxwell equations to be implemented to model the coupling of electro-
magnetic fields-biological tissues are as follows [1]:

Maxwell-Gauss model expressing the electric field-biological tissue coupling:

v.E=L (1)
&o

Maxwell-Gauss model expressing the conservation of the magnetic field:
V-B=0 (32)
Maxwell-Faraday model the unification between the electric field and the mag-
netic field:
0B

V-E=—-—— 33
p (33)

Maxwell-Ampeére model expressing the magnetic field-biological tissue cou-
pling:
. OE
V-B= +&— 34
Hy (J 0t j (34)
The absorbed power density D (W/m?) in the biological environment trans-

formed into heat is given by the following relation:

_dP :O-_ZEZG—Zar

dar 2

(35)

By introducing the density, we can also, from Equation (35), obtain the specific
absorption rate (SAR) which is expressed in W/kg as follows [27]:

sAR=2 =7 |gf (36)

PP

2.5. The External Electric Field and the Internal Brain Current

The relationship between an external electric field applied to the head and internal
brain currents is not a simple direct relationship but a complex interaction de-
scribed by Ohm’s law, requiring the brain to be modelled as a conducting medium
whose properties depend on tissue geometry, tissue conductivity, and boundary
conditions at the skull. The external electric field, applied to the scalp, induces an
internal electric field in the brain. This induced electric field is then the cause of
the internal conduction currents that circulate in the brain tissue.

Tissue Geometry Assumptions

Simplified Models. For simpler calculations, the brain can be modeled as a
sphere or a series of concentric spheres, with each layer representing a different
tissue (e.g., skull, cerebrospinal fluid, gray matter, white matter).

Realistic Models: More accurate models use magnetic resonance images (MRI)

to segment the different brain regions and reconstruct their three-dimensional
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geometry.

Structural Complexity: The brain’s geometry is very complex, with folds (gyri-
fication) and varied structures, making it difficult to model perfectly.

Conductivity Assumptions

White Matter Anisotropy: White matter conductivity is generally higher along
nerve fibers (conduction axis) than perpendicular to them, a phenomenon called
anisotropy.

Isotropic Conductivities for Other Tissues. The conductivity of gray matter,
cerebrospinal fluid, and the skull is often considered isotropic (identical in all di-
rections) in simplified models.

Variable Conductivities. The conductivity of different brain tissues varies con-
siderably, ranging from low values for the skull to higher values for gray matter
and fluid.

Boundary Conditions

Dirichlet Conditions (Imposed Potential): The electrical potential at the skin
surface (where the external field is applied) is often fixed to represent the source
of the field.

Neumann Conditions (Imposed Flux): The external surface of the head (the
scalp), the injected electric current can be specified. The absence of current through
the skull (insulation) is also a common condition.

Interface conditions. The interfaces between different tissues (for example, be-
tween the skull and the cerebrospinal fluid), continuity of the electric field (or po-
tential) and current flow is imposed, which is related to the continuity law of elec-
tromagnetism.

Non-reflection conditions: If the models are extended outside the head, condi-
tions can also be imposed to avoid spurious reflections of the electromagnetic wave,

representing the external field as a receding wave.

2.6. Modeling of Electrical Activity of the Brain under the Influence
of the Electromagnetic Field

Under the influence of the electromagnetic field radiated by the GSM phone, the
current induced by the latter is superimposed on the I, ,, membrane stimula-
tion current. For this purpose, the model proposed by Catherine Morris and Har-

old Lecar under this hypothesis can be written in the form (37):

dVd_it) :(Istim + it )+G|_ (VL _V(t))
+Gyy V(1) +&(1)) (Va V(1)) + Ny (D)[ Vi —v(1)] (37)
N6, (v1)-0c()  (v)

3. Results

Source of Model Parameters and Results

Considering experimental data of the brain biological tissue presented in the
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works of Benoit Perthame [6], the frequency range varying from 3.5 to 30 Gigas
Hertz [ Ghz ] of propagation of 5G RF electromagnetic waves radiated by the GSM
phone in the human brain and the interaction models proposed above (see equa-
tions from (1) to (37)), the results of the 2D simulations obtained are presented in
Figures 3-8. Figure 4(b), Figure 7 and Figure 8(b) present the results obtained
experimentally in the respective works of Benoit Perthame [6], (/n vitro experi-
ment by Rachid Behdad, 2016) [56] and (Rakotomananjara DF and Randriamit-
antsoa PA) [57].

4. Discussions

Considering the neuroscience theory based on the Morris-Lecar model, and typi-
cally considering the slowest channel and the electrical activity of muscle cells on
the electromagnetic field and the modeling of cellular excitability as well as the
influence on the cell concentration and mechanism of action of the electrical ac-
tivity of the human brain, we can say that the electrical activity of the brain reflects
a strong influence of the current that forms potential differences on the different
points of the surface that can have consequences on the human brain ( Maxwell’s
equations to visualize the effects of 5G RF electromagnetic waves).

Figure 3 represents the numerical resolution block of the Morris-Lecar Model.
Figure 4(a) show the simulation results of the electrical activity of the brain with-
out the influence of 5G RF with the choices of electrical parameters of the Morris-
Lecar Model. The dynamics show a large excursion before returning close to the
initial data. The brain excitation rhythm is periodic with a period of 9 seconds and
an excitation frequency of 0.11 Hz. This result is close to the experiments pre-
sented in the work of (Benoit Perthame, 2023) [6] see Figure 4(b).
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Figure 3. Brain rhythm simulation block (Morris-Lecar model) for an applied excitation current of 10 mA without influence of the
current induced by the 5G RF electromagnetic field.
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Figure 4. (a) Simulation result of brain electrical activity without influence of current in-
duced by 5G RF electromagnetic field (Solution of Morris-Lecar system with choices of
brain electrical parameters) and (b) Simulation result of brain electrical activity (Benoit
Perthame, 2023) [6].

Figure 5 shows the numerical resolution block of the Morris-Lecar model re-
producing the electrical activity of the brain under the influence of 5G RF OEMs.
However, Figure 6 demonstrates the simulation result of the electrical activity of
the brain under the influence of the 190 pA current induced by the 5G RF electro-
magnetic field. Under the action of OEMs, the brain rhythm can undergo periodic
and excitation frequency changes; which can lead to a change in the state of con-
sciousness, sleep cycle disruption, cognitive modulation, disruption of neuronal
communication, brain plasticity, respiratory depression, sleep cycle disruption...
if the membrane excitation period is reduced to 0.1 second, it leads to an increase
in the membrane excitation frequency up to 10 Hz. These results confirm the in
vitro experiments of Rachid Behdad [56], presented in Figure 7(a) and Figure
7(b).
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Figure 6. Simulation result of the electrical activity of the brain with the influence of the
190 mA current induced by the 5G RF electromagnetic field (Solution of the Morris-Lecar
system with the choices of electrical parameters of the brain).

The curve in Figure 8(a) shows that the absorbed energy is a function of the
conductivity of the biological medium and decreases in the direction of propaga-
tion. This is the quantification of the energy in a medium exposed to an electro-
magnetic field by evaluating the specific absorption rate (SAR) and attenuation in
the skin, we see that very little energy is absorbed and most of it is absorbed in the
epidermis (0.1 Cm). These results can be compared to those obtained experimen-
tally in the work of (Rakotomananjara DP and Randriamitantsoa PA, 2020) [57],
in Figure 8(b). Electromagnetic waves can cause several harmful effects on living
beings that several studies have confirmed. However, these effects are varied and

depend on several parameters, including frequency, intensity and duration of ex-
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Figure 7. Influence of variation in neuron stimulation current on the electrical rhythm of

the brain (/n vitro experiment by Rachid Behdad, 2016) [56].

5. Conclusions and Perspectives

In this paper, we have chosen the modeling based on mathematical and numerical

analysis on the analytical formalism of calculation of the electromagnetic field

emitted by a dipole which takes into account, on the one hand, the physical phe-
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nomena of propagation of microwave electromagnetic plane wave and on the
other hand the experimental values of 5G RF electromagnetic radiation emitted

by the mobile phone in the spatiotemporal domain.
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Figure 8. (a) Result of absorbed power density as a function of the thickness of the biolog-
ical tissue. (b) Trend of SAR attenuation in the skin: result published by (Rakotomananjara
DF and Randriamitantsoa PA from, 2020) [Research Laboratory in Telecommunications,
Automatics, Signals and Images] [57].

5G brings an Energy Efficiency designed to be more energy efficient, which is
crucial for battery-powered IoT devices, thus allowing a longer life and less mainte-
nance. The integration of 5G with IoT has many benefits, but it also comes with
potential risks and dangers that deserve to be considered, such as Data security,
IoT device vulnerabilities, DDoS attacks, Interoperability issues, health risks, etc.
For health, however, studies on the effects of 5G radio waves are still ongoing and
some people remain concerned about the potential consequences, especially due
to the increase in exposure to radio frequencies.

Although 5G and IoT offer incredible opportunities for connectivity and inno-
vation, it is crucial to implement robust security measures and appropriate regu-

lations to mitigate these potential risks.
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The interactions of electromagnetic waves with the human brain are complex
and dependent on several factors related to the characteristics of the incident
wave, particularly in terms of thermal and non-thermal effects, although these ef-
fects have a considerable impact on sleep, and we implemented the Morris-Lecar
model as a basis for evaluating the modification of brain electrical activity to ob-
tain consistent results.

The simulation result obtained in this article is similar to the model experi-
ments presented in the works of (Benoit Perthame) [6] and Rakotomananjara DP
and Randriamitantsoa PA [57]. These results show that under the influence of 5G
RF OEMs, the electrical activity of the brain (although these results are still pre-
liminary and require investigation), these waves can bring changes that can lead
to biological consequences related to imbalances in different mental states (atten-
tion, relaxation, sleep, etc.), to the disruption of neuronal communication, affect-
ing cognitive functions, memory and concentration. Added to this is the oxidative
stress that can affect the functionality of brain membranes, the alteration of cere-
bral blood circulation as well as the change in neurotransmission that can influ-
ence cognition and mood, since 5G waves operate at higher frequencies than pre-
vious generations of mobile technology and this raises questions with biological
tissues and the brain, because they have direct influences on electroencephalog-
raphy. Therefore, we considered it useful that the modeling of a human biological
tissue analyzed from Maxwell’s equations and the Morris-Lecar model is more
suitable for the study of a system as complicated and disparate as a complex of
biological tissues.

A direct perspective of this study is the application of one of the methods we
used for the simulation of the impact of electromagnetic waves on living beings
living near relay antennas. Other electromagnetic parameters could be taken into
account to develop an electrical model of biological tissue in a more complex and
complete form. This method is also intended to be tested on other tissues, possibly
outside the scope of the biological tissues discussed in this article. The complete
modeling of the brain, heart, faith and simulation constitutes a much broader per-

spective and can also be comprehensively analyzed from the MoM method.
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