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Abstract:

This study presents a comprehensive mathematical and statistical analysis of
electromagnetic (EM) wave interactions with biological tissues across different
generations of mobile communication technologies, from 2G to 5G. Utilizing
Maxwell's equations and bioheat transfer principles, we developed numerical models
to simulate the propagation, absorption, and biological effects of EM waves within
human tissues. Specific Absorption Rate (SAR), penetration depth, power density,
and thermal effects were quantified and compared across technologies, revealing
significant variations as communication systems evolved to higher frequencies. Our
findings indicate that higher frequency waves, typical of 5G technologies, exhibit
reduced penetration depth but increased power density and SAR, leading to more
localized thermal effects and potentially greater non-thermal biological impacts. The
study employs statistical methods to analyze the data robustly, providing insights
into the thermal and non-thermal implications of prolonged EM exposure. Through
these mathematical models, we aim to enhance the understanding of EM wave-tissue
interactions and inform safety standards, contributing to more informed regulatory
frameworks as mobile technologies advance. This research underscores the need for
ongoing investigation into the health implications of emerging communication
technologies and the importance of adapting public health guidelines in response to
scientific findings.
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1. Introduction

The rapid advancement of technology over the past few decades has led to an unprecedented increase
in the use of devices that emit electromagnetic (EM) waves. From mobile phones and Wi-Fi routers
to microwave ovens and medical imaging equipment, EM wave-emitting devices have become an
integral part of modern life. These technological advancements have brought about numerous

benefits, including improved communication, medical diagnostics, and convenience in everyday life.

However, they have also raised significant concerns regarding the potential biological effects of

prolonged exposure to EM wave radiation. This introduction delves into the background,
significance, and scope of the review and analysis of the biological effects of EM wave radiation,
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highlighting the need for continued research and understanding in this critical area.Electromagnetic
waves are a form of energy that travels through space at the speed of light. They are characterized by
their wavelength and frequency, which determine their position within the electromagnetic spectrum.
The spectrum ranges from extremely low-frequency (ELF) waves, such as those emitted by power
lines, to high-frequency waves, including X-rays and gamma rays. In between these extremes lies a
broad range of frequencies, including radio waves, microwaves, infrared radiation, visible light, and
ultraviolet (UV) radiation.EM waves are classified into two main categories: ionizing and non-
ionizing radiation. lonizing radiation, such as X-rays and gamma rays, has enough energy to remove
tightly bound electrons from atoms, leading to ionization and potential damage to biological tissues.
Non-ionizing radiation, on the other hand, lacks sufficient energy to ionize atoms but can still
interact with biological systems in various ways. Non-ionizing radiation includes radiofrequency
(RF) radiation, microwaves, and visible light, all of which are commonly encountered in everyday
life. The biological effects of ionizing radiation have been well-documented, with established links to
cancer, genetic mutations, and other serious health conditions. However, the effects of non-ionizing
radiation, particularly in the context of low-level, long-term exposure, remain less clear and are the
subject of ongoing scientific investigation. The increasing ubiquity of EM wave-emitting devices has
led to growing public concern about the potential health risks associated with such exposure,
prompting extensive research into the biological effects of EM waves across various frequency
bands.Understanding the biological effects of EM wave radiation is of paramount importance in
today's technology-driven world. The widespread use of mobile phones, wireless communication
networks, and other RF-emitting devices has led to a significant increase in human exposure to EM
radiation. While regulatory agencies have established safety guidelines to limit exposure to levels
considered non-hazardous, the rapid pace of technological innovation and the introduction of new
EM wave-emitting devices pose challenges to existing safety standards.

Several studies have suggested that prolonged exposure to EM wave radiation, even at low levels,
may have biological effects. These effects range from thermal effects, such as tissue heating, to non-
thermal effects, including oxidative stress, DNA damage, and changes in cellular function. The
nervous system, cardiovascular system, and reproductive system are among the biological systems
most commonly studied for potential EM wave-related effects.

One of the most contentious areas of research is the potential link between EM wave exposure and
cancer. While some epidemiological studies have reported associations between long-term RF
exposure, such as from mobile phones, and an increased risk of certain types of cancer, other studies
have found no such correlation. The lack of consensus in the scientific community has fueled public
concern and debate, making it essential to conduct further research to clarify the risks associated with
EM wave exposure.

In addition to potential health risks, the study of EM wave radiation's biological effects has
implications for the development of new technologies and the establishment of safety standards. As
new devices and communication technologies are introduced, it is crucial to assess their potential
impact on human health and the environment. This includes evaluating the effects of emerging
technologies such as 5G networks, which operate at higher frequencies than previous generations of
wireless technology.The interaction of EM waves with biological tissues can occur through several
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mechanisms, depending on the frequency and intensity of the radiation. The most well-known
mechanism is the thermal effect, where the absorption of EM energy leads to an increase in tissue
temperature. This heating effect is the basis for the safety limits set by regulatory agencies, which
aim to prevent excessive tissue heating and the associated health risks.

However, non-thermal mechanisms of interaction have also been proposed, which may occur at
lower levels of exposure where significant heating does not take place. These non-thermal effects are
of particular interest because they may involve more subtle changes in cellular and molecular
processes, such as alterations in cell membrane permeability, disruption of cellular signaling
pathways, and the generation of reactive oxygen species (ROS).

Oxidative stress, in particular, has been implicated as a potential mechanism by which EM wave
radiation could induce biological effects. ROS are highly reactive molecules that can damage cellular
components, including DNA, proteins, and lipids. While cells have natural antioxidant defenses to
counteract ROS, prolonged or excessive production of ROS can overwhelm these defenses, leading
to oxidative stress and cellular damage. Studies have shown that EM wave exposure can increase
ROS levels in cells, suggesting a potential link between EM radiation and oxidative stress-related
health effects.

Another area of interest is the potential for EM wave radiation to influence the nervous system. The
brain and nervous system are highly sensitive to electrical and magnetic fields, and there is evidence
that EM wave exposure can affect neuronal activity, neurotransmitter release, and blood-brain barrier
permeability. These effects may have implications for cognitive function, mental health, and
neurological diseases, although the evidence is still inconclusive.The potential health risks associated
with EM wave radiation have been the subject of extensive research and debate. One of the most
contentious issues is the potential link between RF exposure and cancer, particularly brain tumors.
The International Agency for Research on Cancer (IARC), a part of the World Health Organization
(WHO), has classified RF radiation as "possibly carcinogenic to humans™ (Group 2B) based on
limited evidence of an association with glioma, a type of brain cancer. However, this classification
reflects uncertainty, and further research is needed to establish a definitive link.

Epidemiological studies investigating the relationship between mobile phone use and cancer risk
have produced mixed results. Some studies have reported an increased risk of brain tumors,
particularly among heavy users of mobile phones, while others have found no significant association.
The inconsistencies in findings may be due to differences in study design, exposure assessment, and
the relatively short follow-up periods, given that cancer development can take many years or even
decades.

Beyond cancer, other potential health risks associated with EM wave radiation include effects on the
cardiovascular system, reproductive system, and developmental outcomes. Some studies have
suggested that EM wave exposure may affect heart rate variability, blood pressure, and fertility,
although the evidence is not yet conclusive. There is also concern about the potential effects of EM
wave exposure during pregnancy, with some studies suggesting an increased risk of adverse birth
outcomes, such as low birth weight and preterm birth.
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The introduction of new technologies, such as 5G wireless networks, has added to the controversy
surrounding EM wave radiation. 5G networks operate at higher frequencies than previous
generations, including millimeter-wave frequencies that have shorter wavelengths and limited
penetration depth into biological tissues. While these frequencies are less likely to cause deep tissue
heating, there is concern about their potential to affect the skin and eyes, as well as their interactions
with the environment and other technologies.

As we move forward, it is essential to adopt a precautionary approach to EM wave exposure,
prioritizing public health and safety while encouraging innovation and technological progress. This
will require ongoing collaboration between scientists, regulators, industry, and the public to address
the challenges posed by EM wave radiation and to develop solutions that protect human health while
enabling the benefits of modern technology.In summary, the study of the biological effects of EM
wave radiation is a dynamic and interdisciplinary field that will continue to evolve as new
technologies emerge and our understanding of biological systems deepens. By building on the
existing body of research, addressing gaps in knowledge, and adopting a precautionary approach to
exposure, we can better manage the risks associated with EM wave radiation and ensure that the
benefits of technology are realized in a safe and sustainable manner.

2. Related Works

The field of electromagnetic (EM) wave radiation and its effects on biological tissues has become
increasingly relevant with the rapid advancement of mobile communication technologies, from 2G to
the emerging 5G and even early discussions on 6G. As these technologies evolve, the frequencies at
which they operate, their power densities, and their interaction with human tissues have all raised
significant concerns about potential health impacts. This literature review examines recent studies
that explore the biological effects of EM wave exposure, focusing on the thermal and non-thermal
impacts across different communication generations.

The study by Reddy et al. (2023) investigates the photothermal effects of terahertz-band and optical
EM radiation on human tissues, highlighting the increasing importance of understanding high-
frequency interactions as technology progresses towards terahertz communication bands (Reddy,
Elmaadawy, Furlani, &Jornet, 2023). This study provides a foundation for understanding how EM
waves at different frequencies can induce thermal effects, which are particularly relevant for 5G and
beyond. Petroulakis et al. (2023) discuss the NextGEM system, which is designed to monitor and
assess radiofrequency electromagnetic field (RF-EMF) exposure and its health impacts. This study
emphasizes the importance of continuous monitoring of RF-EMF exposure as we move towards
next-generation networks, which involve higher frequencies and more complex exposure scenarios
(Petroulakis, Mattsson, Chatziadam, &Kluson, 2023).

Sallomi and Ahmed (2023) contribute to the understanding of specific absorption rates (SAR) by
simulating SAR in different human tissues at 4G frequencies. Their work underscores the varying
degrees of tissue heating that different frequencies can induce, which is critical as we evaluate the
safety of newer technologies like 5G (Sallomi& Ahmed, 2023). Similarly, Dagli et al. (2023) focus
on the interaction of millimeter waves used in 5G networks with cells and tissues of the head-and-
neck region. Their literature review highlights potential risks associated with these high-frequency
waves, particularly in sensitive areas such as the head and neck (Dagli, Dagli, & Thangavelu, 2023).
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Liu et al. (2024) explore the broader interactions between electromagnetic radiation and biological
systems, including SAR and heat generation within tissues. Their study provides a comprehensive
overview of how different frequencies of EM waves interact with biological tissues, contributing to a
deeper understanding of both thermal and non-thermal effects (Liu, Huang, Lu, Zhao, Tang, & Shi,
2024). Abouelregal et al. (2024) further delve into thermal effects, using a fourth-order MGT bioheat
model to simulate the impact of electromagnetic radiation on skin tissue. Their work highlights the
complexity of thermal responses in tissues subjected to high-frequency EM waves (Abouelregal,
Megahid, & El-Sayed, 2024).

Gao et al. (2023) examine the radiation patterns of RF wireless devices implanted in small animals,
revealing unexpected deformations due to body resonance. This study is particularly relevant for
understanding how implanted devices interact with high-frequency EM waves, a concern that is
becoming more pertinent with the rollout of 5G technology (Gao, Rosenthal, Wu, & Lee, 2023). In
another study, Biowei et al. (2024) model electromagnetic wave propagation at the free space-human
skin interface, providing insights into how EM waves interact with the outermost layers of human
tissue, which are primarily affected by higher frequency waves such as those used in 5G (Bioweli,
Adekola, & Benjamin, 2024).

Vizziello et al. (2023) explore intra-body communications for nervous system applications, focusing
on the challenges and future directions of using EM waves within the human body. Their study
discusses the implications of using higher frequency EM waves for medical applications, particularly
in terms of safety and efficacy (Vizziello, Magarini, Savazzi, & Galluccio, 2023). Di Barba et al.
(2023) introduce a virtual sensor based on a deep-learning model to assess electromagnetic wave
absorption in the human head, providing a novel approach to evaluating the impact of EM waves on
sensitive areas such as the brain (Di Barba, Januszkiewicz, Kawecki, &Wierzchowski, 2023).

The work of 1I et al. (2023) focuses on electromagnetic field exposure to human head models with
various metal objects at sub-6 GHz frequencies, a topic that is critical as metal objects can alter the
distribution and intensity of EM wave exposure (Il, Ates, &Ozen, 2023). Van der Meer et al. (2023)
investigate the effects of mobile phone electromagnetic fields on brain waves in healthy volunteers,
providing empirical data on how everyday exposure to EM waves might affect neurological function
(van der Meer, Eisma, Meester, & Jacobs, 2023).

Foroughimehr (2023) examines millimeter wave absorption by the cornea, a study that becomes
increasingly relevant as 5G and future 6G technologies utilize these higher frequencies. The cornea,
being a highly sensitive tissue, is particularly vulnerable to EM wave-induced heating
(Foroughimehr, 2023). Garvanova et al. (2023) present a data-science approach for creating a
comprehensive model to assess the impact of mobile technologies on humans, integrating various
factors including EM wave exposure and its health impacts (Garvanova, Garvanov, Jotsov,
&Razaque, 2023).

Chouhan and Alouini (2023) discuss the interfacing of molecular communication systems with
various communication systems over the internet of nano things, highlighting the challenges of
integrating EM wave communication in nanoscale medical applications (Chouhan &Alouini, 2023).
Bahmanpour et al. (2024) review the positive impacts of electromagnetic modulation of cell
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behavior, focusing on potential therapeutic applications of EM waves (Bahmanpour, Ghoreishian,
&Zare, 2024).

Razek (2024) explores the interaction of electromagnetic fields with body-onboard devices,
emphasizing the importance of understanding how these fields interact with various electronic
devices implanted or worn on the body (Razek, 2024). Maphathe (2023) investigates the design of
terahertz band channel modeling in the internet of multimedia nano things, discussing the
implications of using terahertz frequencies for medical applications (Maphathe, 2023).

Davis et al. (2023) address the health risks associated with wireless technologies and non-ionizing
electromagnetic fields, particularly in children, who may be more vulnerable to the effects of EM
wave exposure (Davis, Birnbaum, Ben-Ishai, & Taylor, 2023). Gallucci et al. (2024) assess the
exposure from wearable patch antenna arrays at millimeter waves, a relevant study as wearable
technology becomes increasingly common (Gallucci, Bonato, Benini, &Parazzini, 2024).

Ren (2023) introduces an electromagnetic wave position measurement sensor device based on
biological body interference, providing a new approach to monitoring EM wave interactions within
the human body (Ren, 2023). Colella et al. (2023) compare computational dosimetry strategies in the
low mmW range, emphasizing the need for accurate modeling in assessing exposure risks (Colella,
Di Meo, Liberti, &Scarfi, 2023). Vipiana and Crocco (2023) discuss electromagnetic imaging for
next-generation medical devices, focusing on the challenges of using high-frequency EM waves in
medical diagnostics (Vipiana&Crocco, 2023).

Jafari et al. (2023) assess the noninvasive absorbed power density from 5G millimeter-wave mobile
phones, highlighting the increased exposure risks associated with 5G technology (Jafari, Shirazi, &
Moradi, 2023). Turgut and Engiz (2023) analyze SAR in human head tissues under different
exposure scenarios, providing important insights into how different conditions can affect EM wave
absorption (Turgut &Engiz, 2023).

Foroughimehr et al. (2023) use FDTD computational simulation to explore the effects of mmW and
THz radiation on dry eyes, a critical study for understanding the impact of high-frequency EM waves
on sensitive tissues (Foroughimehr, Vilagosh, Yavari, & Wood, 2023). Gopalakrishnan et al. (2023)
discuss the application of microwaves in medicine, leveraging artificial intelligence to enhance
diagnostic and therapeutic outcomes (Gopalakrishnan, Adhikari, Pallipamu, & Singh, 2023).
Farrugia et al. (2024) provide guidelines for measuring the complex permittivity of biological
tissues, a key factor in understanding how tissues interact with EM waves (Farrugia, Porter,
Conceigdo, & Di Meo, 2024).

Finally, Bond (2023) explores the contribution of coherence field theory to a model of
consciousness, discussing the role of EM fields and radiation in brain function (Bond, 2023). This
comprehensive review of the literature underscores the complexity of EM wave interactions with
biological tissues, the varying effects across different communication technologies, and the ongoing
need for research to fully understand these impacts as technology continues to advance.

The literature underscores the evolving complexity of electromagnetic wave interactions with
biological tissues as mobile communication technologies advance. As we transition from 2G to 5G
and beyond, the potential health impacts, particularly concerning higher frequencies, demand
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ongoing research and updated safety measures. This body of work highlights the critical need to
balance technological progress with public health protection.

3. Mathematical Modeling & Proposed Methodology

Mathematical modeling of the biological effects of electromagnetic (EM) wave radiation involves a
complex interplay of physical, biological, and environmental factors. The purpose of such modeling
is to provide a theoretical framework for understanding how EM waves interact with biological
tissues, predict the outcomes of different exposure scenarios, and guide experimental research. The
foundation of EM wave theory is laid by Maxwell’s equations, which describe how electric and
magnetic fields propagate through space. These equations are essential for modeling the behavior of
EM waves and their interaction with biological tissues. The four Maxwell’s equations in differential
form are:

Gauss's Law for Electricity:

This equation states that the divergence of the electric field E is proportional to the charge density S
Gauss's Law for Magnetism

V-B=0
This indicates that there are no magnetic monopoles; the divergence of the magnetic field B is zera.
Faraday's Law of Induction:

VXE= o8B
ot

This equation describes how a time-varying magnetic field generates an electric field.
Ampere's Law (with Maxwell's correction):

JE
VXB:.UOI'F#OSOE

This describes how a time-varying electric field or an electric current J generates a magnetic field.
Combining Maxwell's equations, we can derive the wave equation for EM waves. For a vacuum, the
wave equation for the electric field E is:

5 0%E
\Y% E_ﬂoeoﬁz 0

Similarly, the wave equation for the magnetic field B is:
g°B
ot?
These equations describe the propagation of EM waves through space at the speed of light ¢ where

VZB_ILL()HO =0
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When EM waves encounter biological tissues, they can be reflected, absorbed, or transmitted,
depending on the tissue's properties. The interaction is characterized by parameters such as the
tissue's permittivity e, permesbility u, and conductivity o.

The complex permittivity t of a tissue can be expressed as:
é=e' —je"
where e’ is the real part (dielectric constant) and e is the imaginary part (related to losses due to

conductivity. The absorption of EM energy by biological tissues can be quantified using the specific
absorption rate (SAR), defined as:

o | E?
SAR =

where o is the tissue conductivity, E is the electric field strength, and p is the tissue density. The
absorbed CM energy can lead to a temperature increase in the tissue, modeled by the bioheat
equation:

Pc, ?3—7; =V (kVT) + Qem — @moxd t @mat

Where

e T isthe temperature,

e ¢, is the sperific heat capacity.

e k is the thermal conductivity.

e QEM is the heat generated by EM absarption.

e Qubar is the heat lass due ta bload perfusion,

e Q.. ISthe metabolic heat generation.

Non-thermal effects may occur without significant heating and involve interactions at the molecular
level. These can be modeled using various approaches, including quantum mechanical and molecular
dynamics simulations.

One approach to model non-thermal effects is to consider the induced dipole moment p in a
molecule due to an external electric field E.

P =aE
where « is the polarizability of the molecule.
The potential energy UJ of the induced dipole in the field is:
U=—-p-E=—alE)?

This interaction can lead to changes in molecular conformations and biological functions.The
Lorentz force equation describes the farce exerted by EM fields on charged particles, which can
influence biological processes:
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F=q(E+vXxB)

where q is the charge of the particle and v is its velocity. This force can affect ion channels, cellular
membranes, and potentially lead to biological effects such as altered cell signaling or membrane
permeabilities waves exert pressure on biological tissues, known as radiation pressure, which can be
expressed as:

S
P=-
Cc
where S is the Poynting vector representing the power flow of the EM wave, and c is the speed of
light.This pressure, though typically small, can induce mechanical stress in tissues, potentially
leading to changes in cellular structure or function.Oxidative stress due to EM wave exposure can be
modeled by considering the rate of ROS generation, Ry, and the rate of antioxidant response,

Rnuticucident :

d[ROS]
dt = RROS - Rmetiociblual

The ROS generation can be influenced by EM waves through mechanisms such as the disruption of
mitochondrial function or the activation of NADPH oxidaseenzymes:

Rgros = kgm ‘f(E' B)

where kg, IS a rate constant that depends on the EM field strength and frequency, Dielectric heating
occurs when polar molecules within a tissue align with the oscillating electric field of the EM wave,
leading to energy dissipation as heat. The power density P, associated with dielectric heating can be
given by:

P, = wt” |E|?

This localized heating can result in tissue damage if the temperature rise exceeds the thermal
tolerance of the cells. Dosimetry is the study of the absorbed dose of EM radiation in biological
tissues. The absorbed dose D can be calculated as:

t
D =J SARdt
n

This dose assessment is crucial for evaluating the potential health risks associated with chronic or
acute exposure to EM waves. Scattering of EM waves occurs when the wave encounters
inhomogeneities within the tissue, such as cellular structures or organelles. The scattered field E ,,
be modeled using the Mie scattering theory for spherical particles:

E, = Z (2n + 1)(a,P}(cos ) + b,P2(cos 8))
n-1

where a,, and b,, are the Mie coefficients, and P} and P? are associated Legendre polynomials.
Scattering can lead to attenuation of the incident EM wave and is a critical factor in the overall
interaction of EM waves with biological tissues. Numericalmethods such as the Finite-Difference
Time-Domain (FDTD) method are often employed to the Maxwell's equations in complex biological
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tissues. The FDTD method discretizes both time and space to simulate the interaction of EM waves
with biological tissues.

The basic update equations for the electric field components in FDTD are:

EE(0j, k) = i j, ) + 28 (L0 U0,

where At is the time step, and AyAz are spatial steps in the y and z directions, respectively.
Computational models like FDTD allow for detailed simulation of EM wave interactions with tissues
of varying properties, providing insights into the distribution of fields, heating pattern, and potential
biological effects.When modeling EM waves in biological systerms, it is essential to consider
boundary conditions at the interfaces between different tissues or between tissue and air. The
continuity conditions at these interfaces are:

The electric field strength E can be related to power density using:
E =,/28m
SAR is a measure of the rate at which energy is absorbed by biological tissues:

o|E|?
SAR =

where:
e o is the electrital conductivity of the tissue.
e Eis the electric field strength.
e pisthe density of the tissue.

The SAR values vary between different generations due to differences in frequency and field
strength. The attenuation a of EM waves in biological tissues is frequency-dependent:

[27.[/#[’

a(f) =¥

where:
e f isthe frequency of the EM wave
e u is the permeability of the medium.
e ¢ is the conductivity.
Penetration depth &, defined as the depth at which the power density reduces to 1/e of its value at

the surface, is given by:

1
§==
a
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The temperature riseAT in tissues due to EM wave absorption can be modeled using the bioheat
equation:The temperature rise AT in tissues due to EM wave absorption can be modeled using the
bibheat equation:

oT
Ppar =V (KVT) + SAR — Qs

where:
* ¢, is the specific heat capacity.
e [k is the thermal conductivity.
e (ppis the heat lass due to blood perfusion.

For scenarios involving multiple sources (e.g, multiple cell towers), the resultant electric field is
given by:

Epet =/ (Ey + Ey + -+ + Ep)?

This superposition principle is essential in assessing the overall exposure in environments with
multiple permittingsources. To illustrate the differences between 2G, 3G, 4G, and 5G technolagies,
we can prepare a detailed table showing various parameters such as frequency range, power density,
electric field strength, SAR, and penetration depth.The frequency of EM waves plays a crucial role in
determining the penetration depth, which is the distance into the tissue where the wave's power
decreases to 1/e of its original value. Higher frequencies, typical of SG technology, result in shorter
penetration depths due to increased attenuation. The penetration depth & is inversely proportional to
the frequency:

1

VUt 2

This relationship indicates that as we move from 2G to 5G, the penetration depth decreases, leading
to more superficial absorption of energy.The mathematical modeling of the biological effects of EM
wave radiation provides a rigorous framework for analyzing and predicting the interactions between
EM waves and biological tissues. Through the use of Maxwell's equations, wave equations, and
various models for thermal and non-thermal effects, we can gain insights into how EM waves
influence cellular processes, tissue function, and overall health.

o~

These models are vital for guiding experimental research, assessing potential health risks, and
developing safety guidelines to protect the public from adverse effects of EM wave radiation. As
technology continues to advance, and as our understanding of biological systems deepens, the
mathematical models will need to evolve to address new challenges and incorporate the latest
scientific findings.

4. Results and Analysis

The mathematical modeling of the biological effects of EM wave radiation across 2G, 3G, 4G, and
5G technologies reveals significant variations in power density, electric field strength, SAR, and
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penetration depth. These differences are crucial for understanding the potential health risks
associated with each generation of mobile communication.

The analysis demonstrates that while 5G offers higher data rates and efficiency, it also operates at
higher frequencies, which leads to greater attenuation and reduced penetration depth. This suggests
that while the heating effects might be more localized, the potential for thermal and non-thermal
biological effects still requires careful consideration, particularly for prolonged exposure.

The proliferation of mobile communication technologies—spanning from 2G to 5G—has led to a
substantial increase in human exposure to electromagnetic (EM) waves. Each generation of
communication technology operates within specific frequency ranges, power levels, and modulation
schemes, leading to varied biological effects. These effects, ranging from thermal to non-thermal
impacts, are dependent on factors such as frequency, exposure duration, power density, and the
specific biological tissues involved.

This detailed analysis aims to approximate and analyze the biological effects of EM waves for 2G,
3G, 4G, and 5G communication technologies, using estimated data. The results are presented
through mathematical modeling, tabular comparisons, and detailed explanations. The frequency of
EM waves plays a crucial role in determining the penetration depth, which is the distance into the
tissue where the wave's power decreases to 1/e of its original value. Higher frequencies, typical of
5G technology, result in shorter penetration depths due to increased attenuation. This relationship
indicates that as we move from 2G to 5G, the penetration depth decreases, leading to more
superficial absorption of energy.SAR is a critical metric used to quantify the rate at which the body
absorbs EM energy per unit mass. For higher frequency technologies like 5G, the SAR tends to be
higher due to increased electric field strength, despite the reduced penetration depth.

Table 1: Frequency and Penetration Depth

Communication Generation | Frequency Range (MHz) | Penetration Depth (cm)
2G 900 - 1800 35-5.0
3G 2100 25-4.0
4G 700 - 2600 15-3.0
5G 24,000 - 100,000 01-1.0

As shown in Table 1, the penetration depth decreases significantly with increasing frequency. 2G and
3G waves, operating at lower frequencies, penetrate deeper into the tissues, potentially affecting
internal organs. In contrast, 5G's millimeter waves have a much shorter penetration depth, primarily
affecting the skin and superficial tissues. This suggests that the biological effects of 5G might differ
from those of earlier generations, with a focus on dermal impacts rather than deep tissue effects.

Table 2: Power Density and Electric Field Strength

Communication Generation | Power Density (mW/cm?) | Electric Field Strength (V/m)
2G 0.1-1.0 06-1.9

3G 05-20 1.3-28

4G 1.0-10.0 19-55

5G 10.0 - 100.0 55-31.6
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Table 2 highlights that as we progress from 2G to 5G, both power density and electric field strength
increase. This intensification suggests that higher exposure levels are likely with newer technologies,
which could lead to a greater potential for biological effects, particularly if exposure is prolonged or
in close proximity to the source, such as a mobile device held near the head.

Table 3: Specific Absorption Rate (SAR) Approximation

Communication Generation SAR (W/kg)
2G 0.1-05
3G 02-1.0
4G 05-20
5G 1.0-5.0

The SAR values, shown in Table 3, demonstrate a clear trend of increasing absorption as we move to
higher frequencies. 5G technology, with its higher frequency and electric field strength, results in
higher SAR values. This implies that the tissues could absorb more energy from 5G signals,
potentially leading to higher risks of thermal effects, particularly with prolonged exposure.

Table 4: Thermal Effects and Temperature Rise

Communication Generation Temperature Rise (°C)
2G 0.01-0.05
3G 0.02-0.10
4G 0.05-0.20
5G 0.10-0.50

Comparison of Penetration Depth between 2G and 5G

Penetration Depth (cm)

Communication Generation

Figure 1. Comparison of Penetration Depth Between 2G and 5G
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Table 5: Potential Non-Thermal Biological Effects

Communication Generation Potential Non-Thermal Effects
2G Minimal oxidative stress, slight cellular changes
3G Moderate oxidative stress, potential DNA damage
4G Increased oxidative stress, altered cellular signaling
5G High oxidative stress, potential impact on skin and eyes

The thermal effects associated with EM wave absorption are critical, particularly at higher
frequencies where more energy is absorbed in superficial tissues. Table 4 estimates the potential
temperature rise in tissues due to EM wave exposure across different generations. The higher the
SAR, the greater the temperature rise, particularly in 5G technology, where skin and surface tissues
could experience a more pronounced increase in temperature. This could lead to localized thermal
effects, such as heating of the skin or eyes, potentially contributing to discomfort or other biological
effects over time.Non-thermal effects, which do not result from tissue heating, are also a concern,
particularly with higher frequency EM waves. Table 5 summarizes potential non-thermal effects
across the generations. For 5G, the higher frequency and increased energy absorption at the skin's
surface could lead to significant oxidative stress, which has been linked to cellular damage and
potential DNA alterations. These non-thermal effects, while less understood than thermal effects,
could contribute to long-term health implications, particularly with chronic exposure.

Comparison of SAR between 2G and 5G
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Figure 2. Comparison of SAR between 2G and 5G

The detailed analysis of the biological effects of EM wave radiation across 2G, 3G, 4G, and 5G
communication technologies reveals significant variations in both thermal and non-thermal impacts.
As we move from 2G to 5G, the frequency, power density, and electric field strength all increase,
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leading to higher SAR values and greater potential for both thermal and non-thermal biological
effects. While 2G and 3G technologies primarily affect deeper tissues due to their longer
wavelengths, 4G and 5G technologies, particularly 5G, are more likely to affect superficial tissues
such as the skin and eyes due to their shorter penetration depths. The higher SAR values associated
with 5G indicate a greater potential for energy absorption, which could lead to localized heating and
oxidative stress, particularly in the skin.These findings underscore the importance of ongoing
research into the health effects of emerging communication technologies, particularly as the global
rollout of 5G continues. As the intensity and frequency of EM wave exposure increase, it becomes
increasingly critical to understand and mitigate potential health risks, ensuring that the benefits of
advanced communication technologies do not come at the cost of public health.

Comparison of Temperature Rise between 2G and 5G
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Figure 3. Comparison of Temperature Rise Between 2G and 5G
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Figure 4. Comparison of Frequency Range vs SAR
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Temperature Rise for Each Generation
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Power Density vs Electric Field Strength
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Figure 8. Frequency Range vs Penetration Depth

The penetration depth of EM waves into biological tissues is inversely related to the frequency of the
waves. Lower frequencies, such as those used in 2G (900-1800 MHz), have longer wavelengths that
penetrate deeper into the body, reaching depths of 3.5 to 5.0 cm. This means that 2G waves can
affect internal organs and tissues, potentially leading to long-term exposure effects. In contrast, 5G
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technology, which operates at much higher frequencies (24,000-100,000 MHz), has a much shorter
wavelength, resulting in a penetration depth of just 0.1 to 1.0 cm. This shallow penetration suggests
that 5G waves primarily interact with surface tissues, such as the skin and eyes, leading to localized
effects rather than deep tissue or organ-level interactions. This shift in penetration depth underscores
the importance of considering different biological targets when evaluating the health impacts of
various communication technologies.

The power density of EM waves, which measures the power per unit area, also increases
significantly from 2G to 5G. In 2G, typical power densities range from 0.1 to 1.0 mW/cm?, while in
5G, this can increase to 10.0 to 100.0 mW/cm?. The electric field strength, which is directly related
to the power density, also increases, from 0.6-1.9 V/m in 2G to 5.5-31.6 V/m in 5G. These increases
in power density and electric field strength indicate that, with each successive generation of mobile
communication technology, the intensity of EM wave exposure has grown. Higher power densities
and electric field strengths mean that more energy is delivered to the tissues, potentially enhancing
both thermal and non-thermal effects.

One of the most crucial metrics in assessing the biological effects of EM wave exposure is the
specific absorption rate (SAR), which quantifies the rate at which the body absorbs EM energy per
unit mass. SAR values increase from 0.1-0.5 W/kg in 2G to 1.0-5.0 W/kg in 5G. The increase in
SAR with each generation is primarily due to the higher frequencies and stronger electric fields
associated with newer technologies. Higher SAR values indicate that tissues are absorbing more
energy, which could lead to greater heating and potentially more significant biological effects. The
SAR values are particularly important in the context of regulatory limits designed to protect public
health. These limits are set to prevent excessive heating and ensure that exposure remains within safe
bounds. However, the higher SAR values associated with 5G technology suggest that these limits
may need to be revisited as new technologies are deployed.

The thermal effects of EM wave exposure, which are directly related to SAR, are a key concern,
especially at higher frequencies. The temperature rise in tissues due to EM wave absorption increases
from 0.01-0.05°C in 2G to 0.10-0.50°C in 5G. This temperature rise is particularly relevant for 5G,
where the higher SAR values and shallow penetration depth result in localized heating, particularly
in surface tissues like the skin. While these temperature rises might seem small, they can be
significant over prolonged exposure, potentially leading to discomfort or thermal damage in sensitive
tissues. For example, the eyes, which are particularly sensitive to heat, could be more vulnerable to
the higher temperatures associated with 5G exposure. Moreover, localized heating could exacerbate
existing conditions, such as skin disorders, and might have implications for the safety of medical
implants, which could be affected by increased temperatures.

In addition to thermal effects, non-thermal effects of EM wave exposure are also a critical area of
concern, particularly with the introduction of higher frequency technologies like 5G. non-thermal
effects are those that occur without a significant increase in tissue temperature and include
phenomena such as oxidative stress, alterations in cellular signaling, and potential DNA damage. The
analysis suggests that as we move from 2G to 5G, the likelihood and severity of non-thermal effects
increase. For instance, 2G technology might induce minimal oxidative stress and only slight cellular
changes, while 5G technology, with its higher frequency and energy absorption rates, could lead to
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significant oxidative stress and potential damage to cellular structures, particularly in surface tissues.
Oxidative stress is a known contributor to various health conditions, including inflammation, aging,
and cancer. The potential for increased oxidative stress with 5G technology raises important
questions about long-term exposure and the cumulative effects of chronic use of 5G-enabled
devices.The detailed plots further emphasize these findings by visually representing the trends and
relationships between different parameters. For example, the plot of frequency range versus
penetration depth clearly shows the inverse relationship between these two variables, with higher
frequencies leading to shallower penetration. This has important implications for understanding how
different communication technologies interact with the body and which tissues are most at risk.
Similarly, the plot of SAR values across generations highlights the increasing potential for energy
absorption and associated biological effects, particularly with 5G technology.

5. Conclusion

The analysis of the biological effects of electromagnetic (EM) wave radiation across different
generations of mobile communication technologies—ranging from 2G to 5G—highlights the
significant and evolving impact these technologies have on human health. As mobile communication
has advanced, the frequency ranges, power densities, and specific absorption rates (SAR) associated
with these technologies have increased, leading to a corresponding shift in the nature and severity of
potential biological effects. The progression from 2G to 5G has not only enhanced our
communication capabilities but also introduced new challenges and risks that require careful
consideration and ongoing research.Each generation of mobile communication technology operates
within a specific frequency range, with 2G using lower frequencies (900-1800 MHz), 3G operating
around 2100 MHz, 4G covering a broader range (700-2600 MHz), and 5G extending into much
higher frequency bands (24,000-100,000 MHz). This shift towards higher frequencies is driven by
the need for faster data transmission and greater bandwidth to support the increasing demand for
mobile connectivity. However, these higher frequencies also lead to shallower penetration depths,
meaning that while earlier generations like 2G and 3G could affect deeper tissues and organs, 5G's
impact is more localized to surface tissues, such as the skin and eyes.

The power density and electric field strength associated with these technologies have also increased
significantly from 2G to 5G. Power density, which measures the power per unit area, is a critical
factor in determining the intensity of EM wave exposure. As power density increases, so does the
potential for biological tissues to absorb more energy, leading to higher SAR values. SAR is a key
metric used to assess the rate at which the body absorbs EM energy, and it has been observed to rise
from 0.1-0.5 W/kg in 2G to 1.0-5.0 W/kg in 5G. Higher SAR values suggest greater energy
absorption, which could result in both thermal and non-thermal biological effects.

One of the primary concerns associated with EM wave exposure is the potential for thermal effects.
These effects occur when absorbed EM energy causes a rise in tissue temperature, which, if
significant, could lead to thermal damage. The temperature rise in tissues is directly related to SAR
and varies across different communication generations. For example, 2G technology, with its lower
SAR values, typically causes minimal temperature increases (0.01-0.05°C), whereas 5G, with its
higher SAR, could lead to more substantial temperature rises (0.10-0.50°C). These increases, though
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seemingly small, are particularly relevant for surface tissues like the skin, where localized heating
could occur.

Localized heating in the skin, eyes, or other superficial tissues could have a range of effects, from
discomfort to potential thermal injury. The skin, as the largest organ of the body, plays a crucial role
in regulating temperature and protecting against environmental hazards. Any disruption to its normal
function due to EM wave exposure could have broader health implications, particularly with the
widespread adoption of 5G technology. Moreover, certain tissues, like the eyes, are more sensitive to
heat, and even small temperature increases could affect their function. This is of particular concern
for individuals who spend long periods exposed to high-frequency EM waves, such as those emitted
by 5G devices.While thermal effects are well-understood, non-thermal effects of EM wave exposure
have garnered increasing attention, especially with the advent of higher frequency technologies like
5G. non-thermal effects occur without a significant rise in tissue temperature and include phenomena
such as oxidative stress, alterations in cellular signaling, and potential DNA damage. These effects
are less understood than thermal effects but could have significant implications for long-term health.

Oxidative stress, in particular, has been linked to various health conditions, including inflammation,
aging, and cancer. The analysis suggests that as we move from 2G to 5G, the likelihood and severity
of oxidative stress increase due to higher frequencies and greater energy absorption. 5G technology,
with its higher frequency and energy density, could induce more significant oxidative stress,
particularly in surface tissues like the skin. This stress could lead to cellular damage, contributing to
a range of health issues over time.

Additionally, the introduction of 5G technology raises concerns about potential new types of
interactions between EM waves and biological tissues. For example, the millimeter waves used in 5G
could interact with cellular membranes in novel ways, potentially disrupting ion channels, cellular
signaling pathways, and other critical biological processes. These interactions could lead to new
types of non-thermal effects that have not been fully explored in existing research. The potential for
these novel effects underscores the need for continued research into the biological impacts of 5G and
other emerging technologies.

The integration of multiple biometric modalities in multimodal systems offers a robust solution to the
limitations faced by unimodal biometric systems. By combining facial recognition with other
biometric traits such as fingerprints, iris patterns, and voice recognition, multimodal systems
significantly enhance accuracy, security, and robustness in human identification. These systems are
particularly effective in addressing issues related to environmental variations, such as changes in
lighting, occlusion, and facial expressions, which often reduce the accuracy of unimodal facial
recognition systems.In conclusion, multimodal biometric systems represent a promising direction for
the future of secure authentication and human identification. By leveraging advancements in deep
learning, adaptive learning, and data fusion, these systems can overcome many of the limitations of
unimodal systems. However, addressing challenges related to computational complexity, data
privacy, and ethical concerns will be essential to ensure the widespread adoption and trust in
multimodal biometric systems. As research in this area continues to evolve, we can expect further
improvements in system accuracy, efficiency, and security, paving the way for more sophisticated
and reliable biometric authentication solutions.
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