Iranian Journal of Electrical and Electronic Engineering 02. (2024) 3256

IUeST

Iran University of
Science and Technology

Iranian Journal of Electrical and Electronic Engineering

Journal Homepage: ijeee.iust.ac.ir

The Dynamics of (5G) Millimeter Wave Energy Absorption
in Human Tissue: A Comprehensive Analysis at the Free

Space - Human Skin Interface

Godday Biowei*, Sulaiman A. Adekola**©A) and Kamoli A. Amusa***

Abstract: This paper investigates the dynamics of mmWave at the free space-human
skin interface. The four Fresnel equations tailored for parallel and perpendicular
polarizations, are employed in the analysis. The research reveals that for human tissue
with relative permittivities (18.99, 15.51, 13.35, 11.69, 10.40) and conductivities (22.48,
27.09, 29.76, 31.79, 33.38) S/m, when exposed to 5G mmWave frequencies (24, 30, 35,
40, 45) GHz, respectively, exhibits Brewster angles of (79°,78° 77°,76° 75°),
respectively. Additionally, it is shown that Brewster angles exist between 60° and 80°,
which aligns with existing literature using Gabriel’s skin model. To further validate
obtained results, use is made of the results of the Gabriel’s skin model at (40, 60, 80,
100) GHz with the respective permittivities and conductivities, to generate new power
reflection coefficients for the parallel and perpendicular polarizations for the sake of
comparative analysis. First, comparisons of the curves for the Gabriel’s skin model
reported in the literature with this work, show fairly good agreements. Second, the
Brewster angles of (78°,76° 74° 73°) obtained from this work, for the respective
frequencies compare favorably with (75°,74°,70°,69°) extracted from Gabriel’s skin
model curves reported in the literature, with all values falling within the expected range

of 60° to 80°.
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1 Introduction

HE investigation carried out here is motivated by
growing concerns about the impact of how the
mmWave (5G) penetrates the human tissue through the
skin causing some deleterious effects. It is recognized
that  wireless telecommunication  devices have
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revolutionized global connectivity, yet they stand as the
primary source of electromagnetic (EM) radiations
today. The human body’s absorption of these radiations
poses potential risks, thus leading to neural effects and
the development of cancer [1]. Other uncontrolled
exposures can affect the central nerve system [2], [3].
Despite the hazards and the harmful trappings of the EM
radiations, there are numerous benefits of the radiations
[4]. Most widely utilized EM radiations worldwide are
within the 100 kHz — 300 GHz band. Applications
beneficial to mankind include mobile phones, medical/
industrial applications, medical diagnostics and therapy.

What has received considerable attention in the
literature is the RF energy below 10 GHz in contrast
with the scanty focus on 5G mmWave frequencies.
There has been insufficient analytical study in the
literature on 5G mmWave impact on the human skin,
particularly at frequencies above 10 GHz. Therefore, we
focus attention on frequencies above 10 GHz by
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selecting 5G mmWave frequencies given as (24, 30, 35,
40, 45) GHz. Major interest here is to investigate what
happens when 5G mmWave strikes air-skin interface.
That is to say, the activities begin at the surface.

It is worth pointing out here, ab initio, why we focus
attention on the interface. The significance of the skin
lies in its crucial role as a component that not only
contains and protects the body but also establishes an
impermeably flexible barrier between the external
environment and the intricately regulated internal
systems. It contributes to temperature regulation,
immune defense, and the production of sensory
experiences. The skin consists of epithelial tissue,
covering the body’s surface and lining various internal
passages. Muscle tissue includes both striated
(voluntary) muscles responsible for skeletal movement
and smooth muscles, such as those surrounding the
stomach.

Owing to the electrical characteristics of the human
tissue, 56G mmWave interacts with it in three ways:
transmission, reflection and absorption. It proves
adequate then to split the investigation into two
interrelated and significant aspects. Consequently, the
investigation leverages the activities at the air-skin
interface to two angles identified as Brewster and
critical angles which exhibit some singular interesting
characteristics. First, we start with the Brewster angle
and we treat the critical angle thereafter.

Brewster angle can be used to investigate the behavior
of plane thermal waves as they encounter the interface
between different media. This application has been
explored elsewhere [5]. The Brewster angle,
characterized by zero reflection, is found to be
applicable only under specific combinations of the
diffusivity and thermal conductivity for both the incident
and transmission media. What had been explicitly
studied hitherto, are the experimental and theoretical
investigations of thermal wave propagation produced by
time-dependent heat sources [6], [7]. It has been
investigated how thermal resistance can affect energy
transmission across a boundary thereby setting a
threshold over which the effect can be ignored [8].
Cancellation of reflection is the sole determinant on
which the existence of Brewster’s angle depends.

Although the concept of Brewster angle is
conventionally associated with electromagnetic wave
propagation, it is also applicable to other types of time-
harmonic waves such as mechanical waves in elastic
media [9], [10]. While the Brewster angle can be
employed when considering thermal waves, evidence of
such applicability is scanty, although thermal Brewster
angle has been used in non-destructive testing [11].
Indeed, non-destructive evaluation has been achieved
through what is known as thermal diffusivity relating to

thermographic imaging [12], as well as thermal sensing
[13] including thermal invisibility [14]. In dealing with
physical systems, what is vital is a better understanding
of the heat transfer between adjacent media in the
direction normal to the interface and across all angles of
incidence. A fundamental idea to be borne in mind is the
notion of angle-dependent characteristics of thermal
waves when considering the issue of complex structures
in which the situation of two-dimensional models arises
S0 as to understand how heat flow propagates across the
media [15]-[17].

When use is made of the Brewster effect, it has been
shown how optical image edge detection for amplitude
and phase objects can be performed. Experimental
validation has established how the orientation of
amplitude and phase gradients within objects influence
the directionality of the image transformation [18]. In
the realm of analog image processing, investigators have
paid attention to this in the literature. What has been
described in [19] is the implementation of optical
differentiation based on the excitation of what is known
as surface plasmon polariton modes in Kretschman
configuration [19]. Hitherto, image edge detection has
been carried out using resonant structures for the
situation of monochromatic light [20]. An experimental
validation carried out in [21] borders on the application
of the Brewster angle to optically detect edges in images
of both phase and amplitude objects, although the
application is limited to beams propagating in the plane
of incidence [21].

Critical angle is of great practical utility which has
been explained in several scientific studies exemplified
by the usage in clinical sciences among others. The basic
application borders on the knowledge of refractive index
measurements concerning electrical parameters of the
human tissue. Those electrical parameters are identified
as the relative permittivity and conductivity of the
human tissue. Practical measurements are classified by
what is known as “in vivo” measurements. Samples of
work done in the literature about the aforementioned
parameters of the human tissue are exemplified in what
follows. More specifically, human tissue samples have
been used in refractive index measurements [22]. Also
considered, are the optics of the human skin, human skin
in vivo determination of the micro-spectroscopy of the
skin, refractive indices estimation at eight wavelengths,
complex refractive index measurements of biological
tissues, experimental refractive index measurements of
biological tissues as well as modified refractive index
measurements and the use of confocal microscopy to
measure refractive index of tissues [23]-[30]. Other
authors addressed the use of optical coherence
tomography, in consideration of wave penetration,
therapeutic applications and penetration through stratum
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cornea [31]-[34].

A detailed application of critical angle when used in
refractive index measurement “in vivo” under partial
contact of the skin, has been extensively investigated
[35]. In [35], the authors precisely determined through
experimental measurements, that the refractive index
(RI) values are within 1.51 to 1.53 (n=151ton =
1.53) at the wavelength of 550 nm. Since refractive
index is given by n = /¢, which means within relative
permittivity of 2.28 to 2.34 (&, = 2.28 to 2.34). It ought
to be noted that 550 nm (f = 5.45 x 10'* Hz) is the
wavelength of yellow light. It is equally worth
remarking that RI describes the status of the skin.
Consequently, knowledge of n is essential for the
evaluation of the characteristics of the human skin. Since
the epidermis is the closest layer to the skin surface, it is
logical to use the epidermis to measure the RI of the
human tissue. In this wise, an average proves admissible
for this purpose. Thus, use can be made of the upper and
lower surfaces of the epidermis. In that way, what are
applied, are the physical and optical distances between
the interfaces. This is just one method. The second
method involves the interrelationship between critical
angle and the reflectance. Reflectance is the ratio of the
intensity of reflected radiation to that of the radiation
incident on a surface. This method is more effective than
the first method because it makes use of the ratio of the
surface and interior reflections [35].

Finally, it is worth pointing out here that microwave
frequencies relate to electromagnetic waves with
frequencies ranging from 300 MHz to 300 GHz. This
frequency range has numerous applications, including
radar systems, wireless communications, and medical
imaging. In [36], the authors investigated the effects of
microwave frequencies in the range 41.650 GHz to
41.795 GHz on human cells. The study revealed that,
there are no significant effects on the cells when exposed
to those frequencies. It is shown in [37] that at the air-
skin interface about 26-41% of the normal incident wave
is reflected. In [38], it was also stated that between 30-
40% of microwave at 60 GHz is reflected at the air-skin
interface; while [39] showed that 90% of microwave
energy impinging the human body is absorbed by the
skin. At the two frequency domains, the changes concern
the electrical parameters which are the permittivity and
conductivity. At the lower frequencies, the permittivity
of the tissue is greater than the conductivity, while at the
higher frequencies the conductivity is greater than
permittivity

The analysis articulated in this paper begins by
outlining the development of the plane wave around the
skin using Maxwell’s equations. Upon hitting the skin
surface, part of the wave is reflected while the rest is
transmitted. Fresnel’s equations at the air-skin interface

are used to derive expressions for the power reflection
coefficients for both parallel and perpendicular
polarizations.  These  coefficients for  parallel
polarizations help determine the Brewster angles of
interest. Electrical parameters (e,., o) for the frequencies
24, 30, 35, 40, and 45 GHz are sourced from the ITIS
Foundation website [40] which is more comprehensive
than those provided by FCC (Federal Communications
Commission) [41]. The skin model applied is
homogeneous and assumes no multiple reflections,
allowing for the calculation of the Brewster angles. The
study is then compared with the seminal work of Wu et
al. [42] to validate the findings. However, Wu et al. used
Gabriel’s skin model and a different frequency range of
40, 60, 80, and 100 GHz. Since Wu et al. did not provide
the necessary electrical parameters, we used the ITIS
Foundation website [40] again to obtain the
corresponding parameter for their frequency range. This
method enabled reasonable comparisons between our
results and the power reflection coefficients profiles
reported by Wu et al.’s [42] for parallel polarization. The
Brewster angles were extracted from Wu et al.’s [42]
data. Additionally, we computed the perpendicular
polarization power reflection coefficients in our study
and compared the results with those of Wu et al.’s [42].
All  comparative analyses showed fairly good
agreements.

The paper is organized as follows: Section 1 provides
an introduction. Section 2 explores the dynamics of 5G
mmWave at the air-human skin interface, beginning with
the decoupling of Maxwell's equations and describing
the adopted model, followed by an introduction to
Fresnel’s equations relevant to interface events such as
normalized power reflection coefficients, Brewster
angles, and critical angles. This section also outlines the
significance of the Specific Absorption Rate (SAR).
Section 3 presents a thorough discussion of results,
including validation. Section 4 offers concluding
remarks, highlighting the main contributions.

2 Unraveling the dynamics of (5G) mmWave at the
air-human skin interface Fonts

Investigating the behavior of (5G) mmWave
frequencies at the interface between air and human skin
involves  understanding the EM  environment
surrounding the skin. This environment adheres to
Maxwell’s equations, describing a source free and
charge-free medium.

2.1 Decoupling Maxwell’s equations and solution for
(E, H) fields
When source-free and charge-free Maxwell’s
equations are decoupled, they yield second-order partial
differential equations for the electric (E) and magnetic
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(H) fields, respectively, representing the propagation of
these fields in free space with constant velocity with no
acceleration. Thus, decoupling Maxwell’s equations
gives rise to a second-order partial differential equation
for the electric field vector, given as
s
V2E — o2 2 = 0
(1)

and

V2 — o0 28 = 0 (1b)
for the magnetic field vector, where the phase velocity
assumes a form expressed as v, = 1/,/1y, in Which
(uo, £o) are the permeability and dielectric permittivity of
free space, respectively.

Each of egs. (1a) and (1b) is homogeneous vector
Helmholtz equation that is equivalent to three scalar
wave equations, one for each component along x —, y —
and z — directions. Without loss of generality, suppose
the wave propagates along the positive z — direction
such that E has only x — component, then

E = RE,(2) )
Use of egs. (2) and (1a) yields:
PE@ _ g2g () =0 (2a)
972 X

Equation (2a) is a scalar wave equation, a linear
homogeneous partial differential equation whose
solution is

E,(z) = Eqe 1P? 4+ E{elf? (2b)
where E, and E; are constants

Since the wave is assumed propagating in the positive
z — direction, E; = 0, so that eq. (2b) reduces to

E,(z) = Egeif? (2¢)

Inserting exp (jwt) time variation that is earlier

suppressed,

E(z t) = V2Re[E,(z)e/*]]

= \/ERe[Eoei(wt—BZ)f(] 3)
or
E(z,t) = V2E, cos(wt — Bz)R ()
and
H(z t) = V2H, cos(wt — Bz)§ (5)

provided (X, §) are unit vectors in the x —, y — directions,
respectively, and where the amplitudes are related by

Ho =2 6)

Mo = F (62)

provided 1, is the intrinsic impedance of free space.
Thus, (E,H) fields whose solutions are given by egs.
(4) and (5), respectively, are the oscillating waves in free
space, which is the environment where the human skin
lies. These are waves impinging on the surface of the
skin.
It is now necessary to briefly discuss the model

and

adopted for the problem, which is considered in what
follows.

2.2 The Model

The model depicted in Figure 1 demonstrates the
propagation of EM waves at an oblique angle of
incidence. It includes layers of human skin to align with
the primary focus of the paper’s analysis. For simplicity,
a hypothetical interface is considered, ignoring certain
effects like thermal resistance. The model also assumes
uniform  electrical  properties  (permittivity  and
conductivity) throughout the skin, eliminating the need
to account for possible multiple reflections at the skin
layer boundaries. Essentially, the body tissue is assumed
to be homogeneous, excluding the lower layers of the
skin, the thickness of the layers, and the effects of sub-
reflections from the interface of the lower epidermis
layers. The next phase involves analyzing the dynamics
of electromagnetic wave energy at the air-skin interface,
which includes examining the Fresnel equations.

2.3 Fresnel Equations

Investigated here, to examine what happens when the
oscillating wave expressed by eq. (4) strikes the human
skin at air-skin junction, is the dynamics of mmWave at
the interface. This presents a boundary-value problem
requiring a solution through appropriate boundary
conditions. Fig. 1 depicts the necessary oblique
incidence wave scenarios where Fig. 1(a) represents
perpendicular polarization while Fig. 1(b) describes the
situation for parallel polarization. The electric field is
taken as the reference field. Consequently, polarization
is defined with respect to the electric field. Thus,
perpendicular polarization is where electric is
perpendicular to the plane of incidence. With this
background established, one is now in a suitable position
to fully consider the analysis of oblique incidence, which
is of practical interest in this paper.

As in Euclidian geometry (E,,H,) stands for
perpendicular polarized fields identified by the
subscript (L), while (E;, H,) represents parallel
polarized fields typified by the subscript (II). Two
boundary conditions are imposed on the air-skin
interface. These are: tangential H is continuous across
the boundary and tangential E is also continuous across
the boundary. A straightforward algebraic manipulation
leads to the emergence of the famous Fresnel equations
expressible in forms given as [42]:

r, = ?_5_ _ cos ;- er—sin? §; )
El  cos6j+/e—sin? §;
EY 2 cos 6

= ﬁ = cos Bj+4/¢€ —lsin2 i (8)
= ]

F" _ E_|1| _ CErcos 0+ er—sin® B (9)
Ej £r c0S 0j+/er—sinZ 8;
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_ Eﬁ _ 2 cos B
0= E_Ill - € COS 9i+\/srTnzei (10)
provided (T,,t,) stand for the reflection and
transmission  coefficients for the perpendicular
polarization, respectively, while (I}, 7;) are the
reflection and transmission coefficients for parallel
polarization, respectively; E!, ET and E' stand for the
incident, reflected and transmitted electric fields,
respectively, e, is the relative permittivity of the human
skin and ©; is the angle of incidence of the wave at the
interface. When use is made of egs. (7) — (10), the
reflected components of the incident wave at the
interface leads to an expression given as
E" =TE! (12)
while the transmitted component provides an expression
cast as
Et = 1E! (12)
where T' assumes expressions in eqgs. (7) and (9) for
perpendicular and parallel polarized incident waves,
respectively, and T assumes the forms given by eqgs. (8)
and (10) for the perpendicular and parallel polarized
incident waves, respectively.
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Fig. 1 Oblique incident 5G mmWave polarization at the
interface (a) perpendicular (b) parallel

2.4 Normalized Power

The instantaneous power radiated by an EM wave is
generally expressed as,
B2

P=Exg =% (13)

n

where (*) represents the conjugate notation. In eq. (13),
(E, H) stand for the instantaneous electric and magnetic
field vectors, respectively, and n represents the intrinsic
impedance of the medium. Thus, the normalized power
related to both the reflected and transmitted waves at the
interface can be quantitatively articulated in the
following form:

P, = (1)? (14)
for the normalized reflected power and for normalized
transmitted or absorption power,

P, = (1)? (15)
provided P, represents normalized power in egs. (14)
and (15), T stands for eq. (7) or (9) (i.e.T, or[}); and t
represents eq. (8) or (10) (i.e. T, or Ty).

In this paper, the interest is in the reflected power and
not the transmitted or absorbed power which shall be the
focus of the companion Paper Il to follow in the near
future. Perhaps it will not be amiss to state that, the
portion of the incident wave absorbed is embedded in
the human tissue. It should be understood that to
estimate the amount of EM energy absorbed requires the
knowledge of the electrical parameters of the human
tissue.

The situation that is of interest here is what is
addressed in what follows.

2.5 Brewster and Critical Angles at the Interface

Brewster angle denoted by g, is associated with
parallel polarization which is fully represented in the
oblique incidence depicted in Fig. 2(a).
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Fig. 2 Events at the boundary of air-skin interface (a) Brewster
angle at the interface for parallel polarization (b) Critical angle
at the interface for perpendicular polarization

In that figure, the total EM wave is transmitted without
reflections at the Brewster angle. What happens before
reaching the Brewster angle and thereafter, is worthy of
investigation. For this purpose, the relevant forms of the
equations derived in section 2.3 are needed here for the
purpose of analytical investigations. Thus, use is made
of egs. (9) and (14) to generate the design curves for the
normalized reflected power.

2.6 “In vivo” Electrical Parameter Measurements

“In vivo” measurements of the electrical parameters of
the human tissue can be affected through the use of radio
frequency (RF) reflected power and the critical angle
concept. Experimental refractive index and conductivity
measurements of the human skin have been achieved
through the use of reflectometers and vector network
analyzers or reflected RF energy from the skin [35].
Examples abound in the literature. Using partial contact
of the skin [35] provides how a refractive index within
1.51 to 1.53 has been achieved. This corresponds to
relative permittivity within 2.28 to 2.34.

As stated earlier, there is a temperature gradient,
symbolized by T in Fig. 2, at the point of contact on the
human skin where RF energy strikes the skin. Analysis
of heat conduction process is essential in such a
situation. In [5], it has been stated that the heating
process at the interface when such condition occurs,
follows a diffusion equation given as:

V2T(x) = £ {T(x, 1)} (16)
provided T(x,t) is the time-dependent temperature
distribution function while D stands for diffusivity of the

medium. One can readily see that eq. (16) is a Laplacian
equation which can be solved by well-known methods.

In the usual case of time-harmonic wave as applicable
here with exp(jwt) time variation such that

T(x,t) = Re[T(x)el*] (17)
then eq. (16) is expressible in the frequency domain in a
form given as

V2T(x) = w?T(x) (18)
where, w is the angular frequency in radians and the
exp(jwt) time variation has been suppressed. Details of
the solution can be found elsewhere [5].

2.7 Specific Absorption Rate (SAR)

The Specific Absorption Rate (SAR) measures the rate
at which RF energy is absorbed per unit mass by a
human body when exposed to a Radio Frequency (RF)
EM field. It is quantitatively expressed in a form given
as Wu et al, [42]-[43].

SAR = Zdiss = (19)

p
provided Py (W) is the power dissipated in the tissue,
m is the tissue mass (kg) under exposure, o is the
conductivity [in Siemens/meter (S/m)] of the tissue, p is
the tissue mass density (kg/m®) and E is the root mean
square value of the electric field strength (V/m)
dissipated in the tissue.

SAR is measured in watts per kilogram (W/kg). Its
value cannot exceed 2 W/kg, with a limit of 1.6 W/kg
for mobile devices. It is important to note that in this eq.
(19), E, o and p are functions of the position within the
tissue, which is beyond the scope of this paper but will
be addressed in a forthcoming companion paper.

This paper primarily focuses on the refection
coefficient at the skin surface for evaluating Brewster
angle, which is its main objective. However, a brief
discussion of SAR is provided here. SAR involves the
dynamics within the tissue structure, primarily
concerning the transmitted electric field. The transmitted
electric intersects with the tissue’s conductivity,
inducing the conduction current density j = oE which
makes Maxwell’s equations inside the tissue
inhomogeneous. These inhomogeneous Maxwell’s
equations are evident in the internal structure of the
model shown in Figs. 1 and 2. Decoupling Maxwell’s
equations provides a solution to the electric field
associated with the propagation parameters o
(attenuation constant) and B (propagation wave number).
Consequently, penetration depth & is expressible in a
form given as;

o|E|?

5=- (20)

Equation (20) along with the usual expression for the

power density (PD) radiated by a transmitting antenna at

the far-field distance d, can be used to evaluate SAR.
The power density (PD) is given as [42].

_ G¢Py (21)

T 4md?
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where G, is the transmitting antenna gain, P, (W) is the
total power fed into the antenna and d(m) is the distance
from the radiation source.

MATLAB simulations of the electric field can
demonstrate how the damped oscillating transmitted
wave behaves within the internal structure of the skin,
comprising the epidermis, dermis and hypodermis with
the following dimensions [44]:

Epidermis: (0.006 —0.1) mm

Dermis: (1.2-2.8) mm

Hypodermis (subcutaneous tissue): (1.1 —5.6) mm
This gives a total of 8.5 mm for the three layers.

These topics will be thoroughly discussed in the
upcoming companion paper, which falls outside the
scope of this current work. That paper will investigate
how the Specific Absorption Rate (SAR) at the surface
of exposed tissue compares to the SAR deeper within the
tissue.

3 Results and Discussion

The numerical results presented here are derived from
the equations established in section 2. Our primary
objective is to illustrate the behavior of normalized
power reflection coefficients at the interface between
free space and human skin at five selected frequencies
within the mmWave band: 24, 30, 35, 40, and 45 GHz.
These frequencies are staggered 5 GHz apart to facilitate
comparative analysis. Due to the limited availability of
measured electrical parameters at these frequencies in
existing literature, we utilized data provided by ITIS
Foundation website [37] website. Figs. 3-5 display the
computed profiles using pairs of relative permittivity and
conductivity for these frequencies, as detailed in Table 1.
Before discussing Figs. 3-5, it is essential to examine the
entries in Table 1, which lists the electrical properties of
three tissues: skin, kidney, and heart. Column 1
identifies the mmWave frequencies (24 to 45 GHz), and
column 2 and 3 describe the permittivities and
conductivities, respectively. The tissue Skin, Kidney and
Heart are clearly indicated.

For the skin, the computed power reflection
coefficients against the angle of incidence are plotted for
each frequency (24, 30, 35, 40, 45 GHz) in Figs. 3(a) to
3(e). Each figure indicates the corresponding
permittivity and conductivity, as wells as the frequency
and tissue type. The Brewster angles, representing the
turning points on the angle of incidence axis, and the
critical angles are also highlighted and the numerical
values are provided in Table 2. Notably, the critical
angle for each of all five frequencies is 90°. Figs. 4(a) to
4(e) illustrate the same analysis for the kidney tissue,
using the electrical parameters from Table 1.

As with the skin, Brewster angles and critical angles
are identified in the figures, and the numerical values of

Brewster angles are provided in Table 3. For the heart
tissue, Figs. 5(a) to 5(e) show the profiles for the five
frequencies, using the parameters from Table 1 and the
numerical values of the Brewster angles are tabulated in
Table 4. The descriptions of the design curves for skin
and kidney apply similarly to the heart.

Table 1 Electrical Properties of Tissues [40]

Frequency (GHz) Relative Permittivity  Conductivity (S/m)
Skin
24 18.99 22.48
30 15.51 27.09
35 13.35 29.79
40 11.69 31.79
45 10.40 33.38
Kidney
24 24.83 28.96
30 20.87 34.24
35 18.38 37.82
40 16.41 40.79
45 14.85 43.32
Heart
24 25.98 30.22
30 21.79 35.81
35 19.16 39.59
40 17.09 42.74
45 15.43 45.39
Further analysis involves comparing relevant

parameters from Table 1. Table 2 details the refractive
indices, Brewster angles, and critical angles for skin,
showing that Brewster angles generally decrease with
increasing frequency, while critical angles remain at 90°.
Similar trends are observed for kidney and heart tissues
in Figs. 4 and 5 as well as Table 3 and 4.
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conductivity o (S/m): 22.48, 27.09, 29.76, 31.79 and 33.38 at
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Brewstes angle As a further analysis, it is necessary to consider
relative comparisons of relevant parameters that are
germane to this paper. In this regard, use is made of
i entries of Tables 2, 3 and 4, which display comparative
_ W M % N R b characteristics for the Skin, Kidney and Heart,
Angle of Incidence (degrees) respectively. Parameters spelt out in the tables are
(b) relative permittivity, conductivity, refractive index,

Brewster critical angles for the five frequencies 24, 30,

A 35, 40 and 45 GHz used in this paper. It is clearly seen

in those tabular presentations how values of the Brewster

£, = 19.16,0 = 39.59 angles generally decreases with increasing operating

(c) 35 GHz frequencies, while the critical angles occur at 90° in all
cases. Expectedly, the refractive indices also decrease
with increasing frequencies.

We are now in a position to consider the validation of
the results of this paper by comparisons with similar
works in the literature. This is considered in what

X X 0 N % ™ X follows.

Angle of Incidence (degrees) Presented in Table 2 are data extracted from Figs. 3(a)

(© — 3(e) in relation to Brewster and critical angles of
incidence for the skin. Also, Table 3 describe similar
data entries for Kidney while Table 4 indicate those for
the Heart.

Table 2 Brewster and critical angles associated with five
different frequencies (Skin)
Frequency Skin

(GHz) € alS/m)  n__ 6 6;
24 18.99 22.48 436 79° 90°
30 1551 27.09 394 78° 90°
13.35 29.76 365 77° 90°
i 40 11.69 31.79 342 76° 90°
¥ 45 1040 3338 323 75°  90°
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Table 3 Brewster and critical angles associated with five
different frequencies (Kidney)

Frequency Kidney
(GH2) €, o(S/m) n 0y 0.
24 24.83 28.96 4.99 80° 90°
30 20.87 34.24 457  79° 90°
35 18.38 37.82 429  78° 90°
40 16.41 40.79 405 77° 90°
45 14.85 43.32 385  76° 90°

Table 4 Brewster and critical angles associated with five
different frequencies (Heart)

Frequency Heart
(GHz) & a(S/m) n (0 0¢
24 25.98 30.22 509 81° 90°
30 21.79 35.81 467  80° 90°
35 19.16 39.59 438  79° 90°
40 17.09 42.74 413  78° 90°
45 15.43 45.39 393  77° 90°
3.1 Validation

The electrical parameters at the mmWave frequencies
(24, 30, 35, 40, 45 GHz) for human tissue used in Table
1 were sourced from the ITIS Foundation website [40].
However, Wu et al. [42] used different frequencies (40,
60, 80, 100 GHz) for air-skin interface without providing
their electrical parameters. They employed the Gabriel’s
skin model. Therefore, we obtain parameters for those
frequencies as well, using ITIS Foundation data [40], as
summarized in Table 5. For validation, we compared
results for parallel and perpendicular polarizations.

3.1.1 Parallel Polarization

We compared results for parallel polarization using the
frequencies from Wu et al. [42] and our derived
parameters, shown in blue in Fig. 6, superimposed on
Wau et al.’s characteristics. Table 3 compares percentage
power reflections and Brewster angles from our
computations with those extracted from Wu et al.’s
curves. Our Brewster angles of (78°, 76°,74°, 73°) show
a decrease with increasing frequency, aligning
reasonably  with their approximate values of
(75°,74°,70°,69°). The critical angle remains at 90°,
while Wu et al.’s profiles [42] did not reach the critical
angle. The agreement between our results and those of
Wu et al. demonstrates the validity of our findings. Wu
et al. [42] suggested Brewster angles should range
between 60° and 80° for parallel polarization, and our
results between 73° to 78° falls within this range.

3.1.2 Perpendicular polarization

For perpendicular polarization, we generated profiles
using the electrical parameters from ITIS foundation
[40] and compared the results with Wu et al.’s [42]
results of (40, 60, 80, 100 GHz). Fig. 7 shows our
computed profiles in blue, superimposed on Wu et al.’s
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[42] characteristics. The fairly good agreement between

the profiles further validates our results.

Power Reflection Coefficients

Power Reflection Coefficients

Power Reflection Coefficients

40GHz
Blue line: Present work

Angle of Incidence (degrees)

@)

“a w—B0GHZ
Blue line: Present work

Angle of Ingidence (degrees)

(b)

04 BOGHz
Blue line: Present work

X T4
F. 00004885

05 —— 40 GHz

& GO GHz

o — - 80 GHz

» T——— —— 100 GHz
03 g =

1] I.L‘I ] E:J \'.I;.l 6‘:] b-J T Sll.'- l ab
Angle of Incidence (degrees)

©



100GHz,

w
= 09
o Blue line: Present work
=== 0B
2
E
8 0.7 | X 73
v 0.0009636
c
2 051 £ 40 GHz
Dol o —§— 60 GHz
= ——— —E1-80 GHz
o o3 n T —£—100 GHz
- .
% 02 1
o :”': % -
o i i L i - .
o 1w 2 3 4 S0 60 70 B0 80
Angle of Incidence (degrees)
(d)

Fig. 6 Profiles of parallel polarization power reflection
coefficients of this work compared with those in the literature
[42, page 75, Fig. (5a) for Gabriel’s skin model air-skin
interface]

Table 5 Comparative Results of Power Reflection Coefficients
and Brewster Angles

Freque & g % Reflection Brewster Angle
ncy (S/m) This [42] This [42]
(GHz) Work Work
40 11.69 31.79 39 43 78° 75°
60 7.98 36.39 32 38 76° 74°
80 6.39 38.39 29 34 74° 70°
100 5.59 39.43 26 30 73° 69°
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Fig. 7 Profiles of perpendicular polarization power reflection
coefficients of this work compared with that in the literature
[42, page 75, Fig. (5b) for Gabriel skin model air-skin
interface]

4 Concluding Remarks

The free-space-human skin interface serves as a crucial
boundary for predicting and understanding the behavior
of mmWave within human tissue. This paper utilizes the
four Fresnel equations for parallel and perpendicular
polarizations to thoroughly examine this critical
interface. The study reveals that human tissue with
relative permittivities of skin (18.99, 15.51, 13.35,
11.69, 10.40) and conductivities (22.48, 27.09, 29.76,
31.79, and 33.38) S/m, when exposed to 5G mmWave
frequencies (24, 30, 35, 40, 45) GHz, respectively,
exhibits Brewster angles (79° 78° 77°,76° 75°).
Significantly, at these Brewster angles, all mmWaves
penetrate the human tissue without reflecting off the skin
surface — an innovative discovery highlighted in this
paper. The Brewster angle is shown to decrease with
increasing frequency. Other findings indicate similar
characteristics across the 24 to 45 GHz mmWave
frequency range. Additionally, Brewster angles between
60° and 80° are observed at various frequencies, where
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the entire parallel polarization energy is absorbed by the
human skin. This aligns with existing literature using
Gabriel’s skin model.

To further validate our results, we compared our
findings  with Gabriel’s skin ~ model at
(40°,60°,80°100°) GHz, using respective
permittivities and conductivities to generate new power
reflection  coefficients for both  polarizations.
Comparisons of our curves with those from Gabriel’s
model show fairly good agreements. Our Brewster
angles of (78°,76°74°73°) for the respective
frequencies compare favorably with the
(75°,74°,70°, 69°) from Gabriel’s model, all within the
expected 60° to 80° range. A table of comparisons is
provided for completeness. The differences can be
attributed to the different models used.
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